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Determination of heterocyclic amines by liquid
chromatography–quadrupole time-of-flight mass spectrometry
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Abstract

This paper discusses the applicability of coupling liquid chromatography (LC) to mass spectrometry (MS) using a time-of-flight (TOF) mass
analyzer for the analysis of heterocyclic amines (HAs). Accurate mass measurement (<2 mDa) with both MS–MS and in-source CID MS–MS
was carried out to confirm the elemental composition of some fragments previously reported. Some isobaric assignments (fragments containing
N versus CH2 and NH3 versus CD2H) were distinguished by taking advantage of the resolution provided by the TOF mass analyzer. On the
other hand, the LC–MS analysis of HAs in MS acquisition mode was also performed. Quality parameters of the method were established.
The linearity range extended over three orders of magnitude, limits of detection were in the pg level and good short-term precision values
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R.S.D., 1.2–8.0%) were obtained. The LC–ESI-TOF method was applied to the determination of HAs in a lyophilized meat extra
esults obtained were comparable to those given by MS–MS with triple quadrupole and ion trap instruments.

2004 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the time-of-flight (TOF) mass analyzer
as re-established itself as a mainstream technique in mass
pectrometry (MS)[1–3]. TOF has distinct advantages over
canning instruments. These include the detection of a high
ercentage of ions, fast acquisition rates, relatively high sen-
itivity, and large mass range. Recent advances in ionization
ources such as electrospray (ESI) and matrix-assisted laser
esorption ionization (MALDI), along with the development
f high speed electronic and computers, have allowed TOF
nalyzers to develop rapidly in the last decade. Furthermore,

he introduction of an ion-mirror (reflectron) that corrects po-
itional and velocity discrepancies in the acceleration region
as permitted an increase in resolution. But while sector in-
truments provide higher resolution, their use has decreased
ue to their size and cost and the requirement of specialized

echnicians. Additionally, high accuracy in mass measure-
ents is another important characteristic provided by TOF

∗ Corresponding author. Tel.: +34 93 402 12 75; fax: +34 93 402 12 33.

mass analyzers for both qualitative and quantitative ana
These instruments allow confirmation of the elemental c
position of the ions when performing fragmentation stu
and also provide high selectivity in the determination of
compounds in complex matrices. However, TOF analy
have an instrumental drift as a consequence of temper
fluctuations, which can cause changes in the applied vo
Thus, in order to improve mass accuracy, corrections vi
mass of an internal standard reference compound (lock m
is needed. In the last few years, a high number of studies
cerning the use of TOF for the analysis of a wide variet
compounds have been published. For instance, high mo
lar weight compounds such as proteins[4–6] and also sma
organic molecules[7–11]have been analyzed, which dem
strates the high versatility of the TOF instruments.

Triple quadrupole and ion trap mass spectrometer
ing tandem mass spectrometry (MS–MS) coupled to li
chromatography (LC) have proved highly successful in
determination of a family of low molecular weight mu
genic compounds named heterocyclic amines (HAs). To
more than 20 HAs have been isolated from heated prot
E-mail address:galceran@apolo.qui.ub.es (M.T. Galceran). ceous foodstuffs, and some of them are suspected to be human
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carcinogens. Consequently, it is important to develop sensi-
tive and selective analytical methodologies to determine the
amounts of HAs present in cooked foods at low ppb level, in
order to estimate intakes and risks to human health[12–15].
To our knowledge, the TOF analyzer has not been used un-
til now, although high resolution MS with magnetic sector
instruments was employed at the beginning of 1980s for the
characterization of mutagenic fractions[16–19]. Low reso-
lution mass analyzers have enabled the analysis of HAs in
complex samples such as foods and body fluids, providing
high selectivity and sensitivity. Moreover, in the last few
years, studies on fragmentation pathways of HAs have been
performed[12,20–23], although the ions could only be tenta-
tively assigned due to the low resolution and poor accuracy in
mass measurements (>0.1 Da) provided by quadrupole and
ion trap analyzers. At present, TOF instruments can solve
such problems because they can distinguish between ions that
have the same nominal mass but different elemental compo-
sition.

In this work, the high mass accuracy measurements pro-
vided by the Q-TOF instrument in combination with MS–MS
and in-source collision induced dissociation (CID)-MS–MS
experiments have been used to establish the fragmenta-
tion pathways of HAs. Additionally, the applicability of a
LC–ESI-TOF method for the analysis of HAs was studied.
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search Chemicals Inc. (Toronto, Ont., Canada), and
1-methyl-9H-pyrido[4,3-b]indole (Harman) and 9H-
pyrido[4,3-b]indole (Norharman), from Sigma (St. Louis,
MO, USA). HAs methanolic stock standard solutions of
80�g g−1 were prepared and used for further dilutions.
Diethylamine was purchased from Sigma (St. Louis, MO,
USA) and heptylviologen from Aldrich (Milwaukee, WI,
USA). These two reagents were dissolved in methanol and
water, respectively.

For fragmentation studies, individual standard solutions
(10�g g−1) were used for the infusion of each analyte into the
MS system, and they were dissolved in methanol/formic acid.
For quantitative analysis, a D3-IQ methanolic solution as lock
mass (0.5�g g−1) was post-column infused at 1–5�l min−1.

Standard mixtures of all amines with TriMeIQx as inter-
nal standard at different concentration levels were prepared
by weight to establish the linearity range and the calibra-
tion curves. Standards and samples were passed through a
0.45�m filter before injection into the LC–MS system.

HPLC grade ethyl acetate and gradient grade acetoni-
trile and methanol were purchased from Merck (Darmstadt,
Germany). Analytical grade ammonia solution (25%) and
formic acid (98%) were obtained from Merck (Darm-
stadt, Germany) and ammonium acetate from Fluka (Buchs,
Switzerland). Water was purified in an Elix-Milli Q system
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uality parameters were established, and then quantific
f HAs in a lyophilized meat extract was carried out to c
are the feasibility of the TOF-MS acquisition with resp

o the tandem MS mode used previously with other m
nalyzers[15].

. Experimental

.1. Chemicals

The HAs studied, which are shown inFig. 1, were 2-
mino-1,6-dimethylimidazo[4,5-b]pyridine (DMIP), 2-ami-
odipyrido[1,2-a:3′,2′-d]imidazole (Glu-P-2), 2-amino-3
ethylimidazo[4,5-f]quinoline (IQ), 2-amino-3-trideutero
ethylimidazo[4,5-f]quinoline (D3-IQ), [2-13C]-2-amino-
-methylimidazo[4,5-f]quinoline (2-13C-IQ), 2-amino-3,4
imethylimidazo[4,5-f]quinoline (MeIQ), 2-amino-3,8-d
ethylimidazo[4,5-f]quinoxaline (MeIQx), 2-amino-8-m

hyl-3-trideuteromethylimidazo[4,5-f]quinoxaline (D3-MeI-
x), [2-13C]-2-amino-3,8-dimethylimidazo[4,5-f]quinoxa-

ine (2-13C-MeIQx), 2-amino-6-methyldipyrido[1,2-a:3′,2′-
]imidazole (Glu-P-1), 2-amino-3,4,8-trimethylimidazo[4
]quinoxaline (4,8-DiMeIQx), 2-amino-3,7,8-trimethylim
azo[4,5-f]quinoxaline (7,8-DiMeIQx), 2-amino-3,4,7,

etramethylimidazo[4,5-f]quinoxaline (TriMeIQx), 3-amino
,4-dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1), 3-amino
-methyl-5H-pyrido[4,3-b]indole (Trp-P-2), 2-amino-1
ethyl-6-phenylimidazo[4,5-b]pyridine (PhIP), 2-amino
H-pyrido[2,3-b]indole (A�C), and 2-amino-3-methyl-9H-
yrido[2,3-b]indole (MeA�C), obtained from Toronto R
Millipore Co., Bedford, MA, USA). Diatomaceous earth
raction cartridges (Extrelut-20) and refill materials were
ided by Merck (Darmstadt, Germany); PRS sodium f
500 mg) and encapped C18 (100 and 500 mg) Bond El
artridges, coupling pieces and stopcocks were from V
Harbor City, USA). Nitrogen (N1) was supplied by Air Li
ide (Madrid, Spain); and argon was of 99.995% purity

t was purchased from Carburos Metálicos (Madrid, Spain)

.2. Instrumentation and MS conditions

A quaternary pump system from Waters (Milford, M
SA) model Alliance 2690 was used to carry out the sep

ion of HAs by reversed phase liquid chromatography u
Symmetry® C8 column (Waters, Milford, USA), with

article size of 5�m, 2.1 mm i.d. and 150 mm in length. O
imum separation was achieved with a binary mobile p
t a flow-rate of 300�l min−1. Solvent A: acetonitrile; so
ent B: 30 mM acetic acid/ammonium acetate buffer a
.5. The gradient elution program was: 0–0.5 min, 5%
.5–15 min, 5–20% A; 15–18 min, 20–60% A; 18–24 m
0% A; 24–27 min, return to initial conditions; 8 min po
un delay. The sample volume injected was 5�l.

The LC system was coupled to a quadrupole time-of-fl
Q-TOF-2TM) mass spectrometer (Micromass, Manche
K) equipped with a Z-spray ESI source working in posi
ode. Data acquisition was carried out by MassLynx

oftware. The infusion of analytes and lock mass solu
as performed by a syringe pump (Harvard Apparatus
assachusetts, MS, USA). Optimal ionization source w

ng parameters were: capillary voltage, 2.5 kV; cone volt
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Fig. 1. Structures and abbreviated names of the HAs used in this study.

40 V; source temperature, 135◦C; desolvation temperature,
390◦C; cone gas flow-rate, 50 a.u.; and desolvation gas flow-
rate, 300 a.u.

To increase mass accuracy, the Q-TOF instrument was cal-
ibrated using six HAs, prepared in methanol–30 mM acetic
acid/ammonium acetate pH 4.5, 50:50, at a level of 10�g g−1.
The calibration standard mixture contained DMIP (m/z:
163.0983), A�C (m/z: 184.0874), Trp-P-2 (m/z: 198.1031),
MeIQ (m/z: 213.1140), 7,8-DiMeIQx (m/z: 228.1249), and
TriMeIQx (m/z: 242.1405). Moreover, in order to extend
the calibration mass range, diethylamine (m/z: 74.0969) and
heptylviologen (m/z: 354.3035) were added to the calibra-

tion standard mixture. The infusion of this solution was per-
formed every day for an accurate calibration of the TOF
analyzer.

Continuum mode TOF mass spectra were recorded using
single MS, MS–MS and in-source CID-MS–MS modes from
m/z100 to 250 with a duty cycle of 1.0 s. The acquired data
were converted to centroid (80% of the top peak area) to im-
plement lock mass adjustment and to generate the accurate
mass spectra. D3-IQ (internal standard reference mass) was
post-column infused by means of a tee piece to perform the
lock mass correction in the single MS mode acquisition. The
relative abundance of the [M + H]+ of D3-IQ (m/z202.1169)
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must be∼10%. A window width of±0.05 Da was selected to
achieve enough selectivity and to decrease the noise (i.e. bet-
ter limits of detection). For MS–MS mode, the precursor ion
(i.e., the protonated molecular ion [M + H]+) was selected in
the quadrupole analyzer (m/zwindow of 1.0) and fragmented
in the hexapole cell by applying collision cell offset voltages
between 25 and 35 V, depending on the compound, and using
argon as collision gas at a pressure of 15 psi. Product ion spec-
tra were recorded in the TOF analyzer fromm/z100 to 250.
Afterwards, the spectra were lock mass corrected using the
m/zvalue of the precursor ion. In order to perform in-source
CID prior to MS–MS analysis, a cone voltage between 80
and 90 V in the ionization source was used.

2.3. Sample treatment

A lyophilized meat extract containing HAs at a level
of 35–60 ng g−1 extract was analyzed[24]. To extract the
analytes from this sample, a previously described clean-up
method[25] was used. Briefly, 1 g beef extract sample was
homogenized in 12 ml 1 M NaOH and mixed with diatoma-
ceous earth. The amines were eluted from the extraction col-
umn, containing the diatomaceous earth mixture, directly to
a propanesulfonic acid (PRS) cartridge using 75 ml ethyl ac-
etate. The cartridge was dried and rinsed with 6 ml 0.01 M
H ch
c
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Fig. 2. In-source MS fragmentation curves of MeIQx.

the HAs eluted during the first 15 min of the chromatogram,
working conditions had to be energetic enough to favor ionic
evaporation. For instance, source and desolvation temper-
atures that provided a maximum response were 135 and
390◦C, respectively. Due to the high efficiency of the ionic
evaporation provided by the Z-spray source, post-column ad-
dition of acetonitrile was not necessary[15] to increase the
response of the analytes.

To study in-source fragmentation, cone voltage was var-
ied from 10 to 100 V and curves of ion intensity versus cone
voltage were obtained. As an example,Fig. 2 shows the in-
source fragmentation curve for [M + H]+ and the three most
abundant fragments (m/z 199, 173, 172) for MeIQx. For all
HAs similar behavior was observed and in order to prevent
the [M + H]+ fragmentation and to maximize its response a
cone voltage of 40 V was selected for further experiments.
Under these experimental conditions, single MS spectra of
HAs obtained with the Q-TOF instrument agreed with those
previously reported using quadrupole and ion trap mass ana-
lyzers[15]. For all the analytes, the base peak was the [M +
H]+ and no further fragmentation was observed.

The Q-TOF instrument enabled data acquisition with
high mass accuracy (<2 mDa) in both V-OpticsTM and W-
OpticsTM configurations. In this last-mentioned case, an ad-
ditional ion-mirror in the TOF analyzer was activated and
t ro-
d m-
p d
∼ o-
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c ause
o ur-
p ieve
b

3

us-
i rs
Cl, 15 ml MeOH–0.1 M HCl (6:4) and 2 ml of water, whi
ontained theless-polarcompounds (Trp-P-2, Trp-P-1, A�C,
eA�C and PhIP). After adding 25 ml of water, the co
ined acidic washing solutions was neutralized with 50�l
f ammonia. The resulting solution was passed throu
18 (500 mg) cartridge and the amines retained were el
sing 1.4 ml of methanol–ammonia solution (9:1, v/v) p
iding the namedless-polar extract. The PRS column wa
hen coupled to a C18 (100 mg) cartridge, and after that t
ost polar amines (DMIP, IQ, MeIQ, MeIQx, 4,8-DiMeIQ
,8-DiMeIQx, Glu-P-1 and Glu-P-2) were eluted from
ationic exchanger with 20 ml of 0.5 M ammonium ace
olution at pH 8.5. The adsorbed HAs were then eluted
18, using 0.8 ml of methanol–ammonia solution (9:1, v
roviding the namedpolar extract. The two extracts wer
vaporated to dryness under a stream of nitrogen and th
lytes were redissolved in 300�l of a solution containing th

nternal standard in methanol-ammonium acetate 30 m
H 4.5 (1:1, v/v). Finally, the two extracts were separa

njected in the LC–MS system.
A Supelco Visiprep and a Visidry SPE vacuum manif

Supelco, Gland, Switzerland) were used for manipula
ith solid-phase extraction cartridges and solvent evap

ion, respectively.

. Results and discussion

Electrospray working parameters were optimized by
usion of HA solutions, and the optimal values achieved
iven inSection 2. Due to the high water content (>70%)
he unique flight path of the ions is effectively doubled, p
ucing a two-fold improvement in resolution. As an exa
le, for the [M + H]+ peak of MeIQx, W-mode provide
10,800 full width at half maximum (FWHM) height res

ution, while V-mode offered∼5800 FHWM, although wit
wo-fold greater sensitivity. Consequently, the W-mode
hosen to perform the HAs fragmentation studies bec
f the higher resolution obtained, while for quantitation p
oses the V configuration was selected in order to ach
etter sensitivity and lower limits of detection.

.1. Fragmentation pathways of the HAs

The MS–MS spectra of HAs was previously studied
ng triple quadrupole[12,20,21]and ion trap mass analyze
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[23]. However, due to the low resolution and the poor mass
accuracy of these instruments, some ions were explained by
different elemental compositions. In this work, the MS–MS
spectra of HAs using the Q-TOF instrument were studied
to obtain a more accurate assignment. First, argon pressure
and collision energies for all analytes were optimized in or-
der to obtain both the maximum signal for product ions and
at least∼10% for the parent ion (optimal values are given
in Section 2). In these conditions, spectra for all the com-
pounds were obtained and lock mass corrected using the ex-
act mass of the corresponding precursor ion, [M + H]+. Next,
the elemental composition of product ions was assigned. In
general, the MS–MS spectra of HAs were similar to those
obtained previously in an ion trap instrument[23] in terms
of fragmentation patterns. For most of these assignments the
calculated mass accuracy was <1.9 mDa. Nevertheless, some
differences were observed in both relative abundance of ions
and fragmentation patterns. This may be due to the fact that
multiple collisions occur along the hexapole cell in the Q-
TOF while in the ion trap the fragment ions are stabilized
just after their generation, avoiding subsequent fragmenta-
tions. As an example,Fig. 3 shows the MS–MS spectrum
obtained with the Q-TOF instrument for MeIQx, where the
assignments with their corresponding mass accuracies are
also indicated. Due to the resolution provided by the TOF
a d

and assigned, although the resolution only allowed them/z
separation at 70% valley, as can be observed inFig. 3. The
fragment atm/z172.0860 can be explained by the direct loss
of •CN2H2 as Toribio et al.[23] indicated, while the frag-
ment atm/z 172.0737 corresponded to the consecutive loss
of •CH3 and•HCN, which agreed with the MS3 spectra pre-
viously obtained with an ion trap[23]. Similarly, the presence
of the ion ofm/z131.0497 can be explained as the consecu-
tive loss of•CH3 and•C3N2H4, by means of the breaking of
the pyrazine ring. This fragmentation also occurred for the
rest of quinoxalines (Fig. 1).

For the MS–MS spectra of some carbolines (A�C,
MeA�C, Trp-P-2, Trp-P-1, Glu-P-2, Glu-P-1), several frag-
ment ions showed higher relative abundances in the Q-TOF
instrument than in the ion trap analyzer[23]. As an exam-
ple, for Trp-P-2 (Fig. 4) the high intensity of the product
ion atm/z 154.0670 can be explained by two simultaneous
fragmentation processes, the direct loss of•CN2H4 and the
consecutive loss of•NH3 and•HCN from the ion [M + H]+.
Unfortunately, for both cases the elemental composition was
the same, so theirm/zvalues are identical and, consequently,
only one peak was observed with a total abundance coming
from both contributions. Moreover, adducts atm/zhigher than
the precursor ions were only observed in the MS–MS spectra
obtained with the ion trap (Fig. 4). As previously explained
[ rap.
nalyzer, two fragment ions ofm/z172 can be distinguishe
Fig. 3. MS–MS spectra of MeIQx obtained with a Q-TOF instrument, sho
23], this is due to ion–molecule reactions inside the ion t
wing the assignment of each fragment with its corresponding mass accuracy.
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Fig. 4. Comparison of the MS–MS spectra of Trp-P-2 obtained with (A) a
Q-TOF and (B) an ion trap instrument.

The MS–MS spectra of IQ and MeIQx showed the loss of
NH3, while, for the deuterated compounds (D3-IQ and D3-
MeIQx), Toribio et al.[23] have suggested the possible loss of
•CD2H in addition to the loss of NH3. However, the MS–MS
spectra obtained with the Q-TOF instrument showed only
one peak with anm/z corresponding to the loss of•CD2H
with good accuracy (1.7 mDa, seeTable 1). But the loss of

Table 1
Confirmation of the elemental composition of several fragments of HAs, in th

MS–MS spectra

HAs Q-TOF

Measuredm/z Proposed fragment Exact mass (Da) Ac cy (mDa)

D3-IQ 185.0793 [M + H CD2H]+ 185.0810 1.7
D3-MeIQx 200.0908 [M + H CD2H]+ 200.0919 1.1

In-source CID MS–MS spectra

Q-TOF

Measuredm/z Proposed fragment Exact mass (Da) Accura cy (mDa)

D3-IQ 158.0700 [M + H CD2H HCN]+ 158.0701 0.1
157.0642 [M + H CD2H DCN]+ 157.0639 −0.3

13C-IQ 157.0631 [M + H CH3
13CHN]+ 157.0640 0.9

NH3 should not be discarded since it was observed in IQ,
MeIQx and13C labeled compounds although at low relative
abundance (∼5%). This low abundance and the high resolu-
tion required to separate these ions (∼20,000) prevented their
separation in the Q-TOF instrument. These ions could only
be differentiated using high resolution MS analyzers such as
magnetic sectors or Fourier transform ion cyclotron (FT-ICR)
instruments.

In order to study higher order spectra of some of the HAs,
in-source CID fragmentation was combined with MS–MS
analysis in the Q-TOF instrument. For this purpose, in-source
fragmentation curves of IQ and MeIQx and their labeled cor-
responding compounds were obtained. The collision cell off-
set voltage was maintained at the minimum value (10 V) in
order to prevent fragmentation into the collision cell. The
Z-spray source cone voltage was ranged from 10 to 100 V,
monitoring in the TOF analyzer the ions formed. As can be
observed inFig. 2, at∼80 V, several fragment ions of MeIQx
were obtained in the ESI source, which agreed with those
obtained in the MS–MS spectra using the Q-TOF instrument
(Fig. 3). The isolation of these fragments by the quadrupole
and their fragmentation in the collision cell allowed us to ob-
tain in-source CID-MS–MS spectra. After lock mass correc-
tion of the spectra using the exact mass of the precursor ion,
the elemental composition of the fragment ions was assigned.
T ob-
t
t xam-
p
o s ac-
c
p en
t nce,
i
a ver,
t lyzer
a rag-
m
s es. For
e MS–MS and in-source CID MS–MS spectra

Ion trap[23]

curacy (mDa) Proposed fragment Exact mass (Da) Accura

[M + H NH3]+ 185.0903 11.0
[M + H NH3]+ 200.1012 10.4

MS3 spectra

Ion trap[23]

cy (mDa) Proposed fragment Exact mass (Da) Accura

[M + H NH3 HCN]+ 158.0794 9.4
[M + H NH3 DCN]+ 157.0732 9.0
[M + H CD2H HCN H]+ 157.0623 −1.9

[M + H CH3 HCN H]+ 157.0595 3.6

he in-source CID MS–MS spectra are similar to those
ained previously in MS3 with an ion trap instrument[23], and
he mass accuracy obtained was <2.0 mDa. By way of e
le,Fig. 5shows the product ions of the ion [M + H CH3]+
f IQ, and the assignments with the corresponding mas
uracies are also indicated. Comparing with the MS3 spectra
rovided by the ion trap[23], more fragmentation is se

o have occurred with the Q-TOF instrument. For insta
ons atm/z 142 and 130 assigned to the losses of•CN2H2
nd•C2N2H2, respectively, were more abundant. Moreo

he high mass accuracy obtained with the TOF mass ana
llowed confirmation of some of the alternatives in the f
entation pathways previously proposed[23], andTable 1

hows the accuracy in mass measurement for these cas
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Fig. 5. In-source CID-MS–MS spectra of the ionm/z184, corresponding to
the•CH3 loss of the [M + H]+ of IQ, obtained with the Q-TOF instrument.

instance, the in-source CID-MS–MS spectra of the ion ofm/z
185 [M + H CD2H]+ of D3-IQ gave the product ions atm/z
158.0700 and 157.0642, which corresponded to the losses of
•HCN and•DCN (0.1 and−0.3 mDa of mass accuracy, re-
spectively). Likewise, another confirmed fragment of13C-IQ
was the product ion atm/z157.0631, corresponding to [M +
H CH3

13CHN]+ instead of [M + H CH3 HCN H]+, be-
cause of the higher accuracy achieved, 2 ppm (−0.3 mDa), in
front of 12 ppm (−1.9 mDa).

3.2. LC–MS analysis of HAs

To attain greater selectivity in an LC–MS method when
analyzing complex samples, the use of tandem mass spec-
trometry is recommended. For HAs, this was demonstrated
in a previous study[15], where an evaluation of three
LC–MS instruments was performed. Here, the feasibility of
an LC–MS(TOF) method that provides selectivity via accu-
rate mass measurements is compared with LC–MS–MS ones
with both triple quadrupole and ion trap, that offered selec-
tivity via tandem mass spectrometry.

For the LC–MS(TOF) data acquisition, a lock mass so-
lution of D3-IQ was continuously post-column infused at
1�l min−1. The possible existence of ionic suppression in-
duced by the infusion of the lock mass was checked. An HAs
s ith-
o the
r n was
a g the
a

MS-
( rrec-
t ed
m
t
t
a

such
a -

Fig. 6. Extracted ion chromatograms of a standard solution of HAs
(0.4�g g−1) in MS acquisition mode, obtained with a Q-TOF instrument.
Working conditions are given inSection 2.

earity range and short-term precision were studied at two con-
centration levels. LODs were established as the amount of an-
alyte that produces a signal-to-noise ratio of 3:1. They were
calculated using standard methanol/buffer solutions at low
concentration levels (results inTable 2). They can be com-
pared with those of a previous work[15], showing that LODs
with the TOF analyzer are similar to those obtained in SIM
mode in a triple quadrupole instrument (∼4 pg) but higher
than the LODs in MRM mode (∼1 pg), although with the
TOF instrument the high accuracy in mass measurement pro-
vides unambiguous identification of the compounds. More-
over, the LODs obtained with the TOF analyzer were similar
or slightly lower than those obtained with the ion trap instru-
ment in both full scan (∼20 pg) and product ion scan modes
(∼15 pg).

Linearity range was studied from the limit of quantitation
(LOQ) to 2.5�g g−1 (LOQ was established as the amount
of analyte that produces a signal-to-noise ratio of 10:1). For
all analytes, the response was linear up to 1.5�g g−1, indi-
cating that the linearity range varied over three or four or-
ders of magnitude. It was similar or slightly higher than that
obtained using triple quadrupole and ion trap instruments
[15]. Calibration curves were established at six concentration
tandard solution was injected and acquired with and w
ut infusion of the lock mass solution. No decrease in
esponse of the analyte was observed when this solutio
dded to the chromatographic eluent, thus demonstratin
bsence of ionic suppression.

Once the acquisition had been performed, the LC–
TOF) data were recalculated using the lock mass co
ion. For quantitation, them/zcorresponding to the protonat
olecular ion was used with a window width of±0.05 Da in

he V-OpticsTM configuration. As an example,Fig. 6shows
he chromatogram of a standard solution of HAs (0.4�g g−1)
cquired at these conditions.

To check methods’ performance, quality parameters
s limit of detection (LOD), limit of quantitation (LOQ), lin
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Table 2
Quality parameters

HAs Standard solution Meat extract

LODs Repeatability (%R.S.D.) (n = 6)a LODs

pg injected ng g−1 Low concentration Medium concentration pg injected ng g−1 extract

DMIP 3 0.7 7.6 7.4 23 1.4
Glu-P-2 16 3.6 6.9 2.4 18 1.1
IQ 5 1.1 7.4 5.6 31 1.9
MeIQx 5 1.1 7.1 5.5 9 0.5
MeIQ 10 2.2 5.8 5.5 31 1.9
Glu-P-1 9 2.0 6.5 6.5 14 0.8
7,8-DiMeIQx 3 0.7 7.8 1.2 7 0.4
4,8-DiMeIQx 4 0.9 7.9 1.6 9 0.5
Norharman 14 3.1 8.0 2.5 30 1.8
Harman 7 1.6 7.1 2.2 19 1.1
Trp-P-2 4 0.9 4.1 2.0 8 0.5
Trp-P-1 2 0.4 7.6 2.3 4 0.2
PhIP 2 0.4 6.1 4.0 10 0.6
A�C 27 6.0 7.3 7.5 49 2.9
MeA�C 5 1.1 7.6 3.9 16 1.0

a Low concentration: 0.07�g g−1; medium concentration: 0.4�g g−1.

levels using TriMeIQx as internal standard and they were fit-
ted to a lineal function, giving regression coefficients better
than 0.999 for all the analytes.

To determine short-term precision, six replicate injections
of a HAs standard solution at low (0.07�g g−1) and medium
(0.4�g g−1) concentration levels were carried out, and exter-
nal calibration was applied to calculate their concentration.
The relative standard deviations (%R.S.D.) were lower than
8% (Table 2), showing that this method provides the values
of repeatability required for an accurate analysis of HAs.

3.2.1. Quantitation of HAs in a meat extract by
LC–MS(TOF)

The LC–MS method was applied to the determination of
HAs in a meat extract, which was used as reference material in
a European interlaboratory exercise[26]. In this sample, the
noise was high due to the complexity of the matrix; therefore,
during analysis, the flow-rate of the lock mass infusion was
increased to 5�l min−1 to maintain the relative abundance of
the lock mass at a detectable level. To determine the LODs
of the method in this sample, a meat extract free of HAs was
spiked with very low amounts of analytes (∼3 ng g−1 sample)
and processed following the clean-up procedure described
in Section 2. As shown inTable 2, LODs in meat extract
were always higher than those for standard solutions (up to
fi ise
a hose
o htly
b ent).

ex-
t n-up
p s
p four
c -
m meat

extract. The results obtained after the quantitation are given
in Table 3. As can be seen, these results are in agreement
with those reported by other laboratories which participate

Fig. 7. Extracted ion chromatograms of HAs present in a meat extract in MS
acquisition mode, obtained with a Q-TOF instrument. Working conditions
are given inSection 2.
ve-fold), due to matrix complexity that affects both no
nd ionization efficiency. These values are lower than t
btained in product ion scan (ion trap instrument) and slig
etter than those given by SIM (triple quadrupole instrum

Six individual, fully independent analyses of the meat
ract were carried out on three different days. The clea
rocedure is described inSection 2. Quantitation of HAs wa
erformed by the standard addition method, spiking at
oncentration levels. As an example,Fig. 7shows the chro
atograms corresponding to the HAs present in the
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Table 3
Results of HAs quantitation in a lyophilized meat extract using LC–MS(TOF) in MS acquisition mode, and comparison with those published previously

HAs Concentration of HAs (ng g−1 meat extract)

TOF, MS Interlaboratory exercise[26] Triple quadrupole, MRM[15] Ion trap, MS–MS[15]

IQ 44.9± 12.2 39.6± 8.9 42.7± 3.6 49.4± 5.5
MeIQx 45.6± 7.3 43.2± 11.0 41.5± 2.9 46.6± 4.7
MeIQ 43.5± 9.2 38.1± 4.8 42.9± 2.7 45.0± 5.4
PhIP 32.8± 4.5 40.4± 4.7 35.2± 2.9 40.3± 5.3
A�C 39.2± 6.7 38.8± 8.9 42.8± 2.0 37.8± 5.1

in the interlaboratory study using different LC–MS method-
ologies[26]. Moreover, if these values are compared with
those obtained using triple quadrupole and ion trap instru-
ments[15], they will be seen as very similar, although with
these instruments the use of MS–MS acquisition was nec-
essary in order to achieve higher selectivity and precision
values. In conclusion, LC–TOF is a suitable alternative to
LC–MS–MS for the identification and quantitation of HAs
in complex samples although slightly higher relative standard
deviations (∼15–20%) were obtained.

4. Conclusions

Accurate mass measurements were performed in a Q-TOF
instrument for qualitative and quantitative analysis of HAs.
Most tentative assignments of fragmentation patterns pro-
posed in previous studies[12,23] were confirmed, since the
TOF analyzer provided sufficient mass accuracy to enable un-
ambiguous identification. With respect to quantitative analy-
sis in MS mode, good linearity was found over three orders
of magnitude. The methodology had low detection limits in
both standard solutions and in meat extracts and were similar
to data obtained on a triple quadrupole instrument using SIM
acquisition mode. Short-term precision at two concentration
l eter-
m zed
m ther
m uanti-
t riple
q onsid-
e tion
o

A

the
C ood
Q at-
g and
r by
t -
0 ssis-

tance of the Serveis Cientı́fico-Tècnics of the University of
Barcelona with Q-TOF instrument, and especially the assis-
tance of David Bellido.
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[9] O. Núñez, E. Moyano, M.T. Galceran, J. Mass Spectrom. 39 (2004)

873.
[10] Z. Wang, C.E.C.A. Hop, M.S. Kim, S.E.W. Huskey, T.A. Bail-

lie, Z. Guan, Rapid Commun. Mass Spectrom. 17 (2003)
81.

[11] L.F. Marvin, T. Delatour, I. Tavazzi, L.B. Fay, C. Cupp, P.A. Guy,
Anal. Chem. 75 (2003) 261.

[12] P.A. Guy, E. Gremaud, J. Richoz, R.J. Turesky, J. Chromatogr. A
883 (2000) 89.

[ . 35

[ ogr.

[ , J.

[ ura,
391.

[ , K.
Lett.

[
[ .H.

sis 5

[ 996)

[ r. A

[ r. A

[ rom.
evels was <8%. The methodology was used for the d
ination of HAs in a complex sample such as a lyophili
eat extract, obtaining reliable results compared with o
ass analyzers. Since both, method development and q

ative procedure, are simpler in TOF instruments than in t
uadrupoles, the use of TOF mass analyzers can be c
red a good alternative for the identification and quantita
f HAs in complex samples.

cknowledgements

This work was carried out with financial support from
ommission of the European Community, programme “F
uality and Safety”, project FOOD-CT-2003-506820 “He
enerated food toxicans, identification, characterisation
isk minimization”. Financial support was also provided
he Ministerio de Ciencia y Tecnologı́a, project AGL2003
3100. The authors would like to acknowledge the a
13] R.D. Klassen, D. Lewis, B.-P.Y. Lau, N.P. Sen, Food Res. Int
(2002) 837.

14] F. Toribio, E. Moyano, L. Puignou, M.T. Galceran, J. Chromat
A 948 (2002) 267.
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