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Abstract Liquid chromatography (LC) hyphenated with
both elemental and molecular mass spectrometry has been
used for Se speciation in Se-enriched garlic. Different
species were separated by ion-pair liquid chromatography–
inductively coupled plasma mass spectrometry (LC–ICP–
MS) after hot-water extraction. They were identified by on-
line reversed-phase liquid chromatography–electrospray
ionization tandem mass spectrometry (RPLC–ESI–MS–
MS). Se-methionine and Se-methylselenocysteine were
determined by monitoring their product ions. Another
compound, γ-glutamyl-Se-methylselenocysteine, shown to
be the most abundant form of Se in the garlic, was de-
termined without any additional sample pre-treatment after
extraction and without the need for a synthesized standard.
Product ions for this dipeptide were detected by LC–ESI–
MS–MS for three isotopes of Se:78Se, 80Se and 82Se. The
method was extended to the species extracted during in
vitro gastrointestinal digestion. Because both Se-methyl-
selenocysteine and γ-glutamyl-Se-methylselenocysteine
have anticarcinogenic properties, their extractability and
stability during human digestion are very important. Garlic
was also treated with saliva, to enable detection and anal-
ysis of species extracted during mastication. Detailed
information on the extractability of selenium species by
both simulated gastric and intestinal fluid are given, and
variation of the distribution of Se among the different
species with time is discussed. Although the main species
in garlic is the dipeptide γ-glutamyl-Se-methylselenocys-
teine, Se-methylselenocysteine is the main compound pres-
ent in the extracts after treatment with gastrointestinal

fluids. Two more, so far unknown compounds were ob-
served in the chromatogram. The extracted species and
their transformations were analysed by combining LC–
ICP–MS and LC–ESI–MS–MS. In both the simulated
gastric and intestinal digests, Se-methionine, Se-methyl-
selenocysteine, and γ-glutamyl-Se-methylselenocysteine
could be determined by LC–ESI–MS–MS by measuring
their typical product ions.
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Introduction

Garlic (Allium sativum) has acquired a reputation in Asiatic
and Western cultures as a prophylactic and therapeutic
medical agent [1]. Nowadays, it is renown for its anti-
carcinogenic properties and there is evidence that this is
because of the presence of Se compounds. The idea of Se
species being responsible for these anticarcinogenic effects
finds its origin in the fact that garlic is a source rich of
sulfur. When garlic is grown on selenized soil, selenium
tends to replace sulfur. The allyl sulfides present in garlic
were known to have anticarcinogenic effects and by sub-
stituting the sulfur in these compounds with selenium it
was correctly believed that even more powerful anticarci-
nogenic agents would be produced [2]. A study by Ip et al.
revealed that the anticarcinogenic power of garlic is really
because of the Se compounds it contains [3–7]. Similar,
although not equal, anticarcinogenic effects were observed
when Se-MeSeCys standard solution and a water extract of
the garlic were used [8]. Later it was stated that the
anticarcinogenic effects of Se-MeSeCys were because it
was metabolized to methylselenenic acid by the action of
β-lyase. In vivo and in vitro studies provided strong
evidence for the hypothesis that monomethylated selenium
plays a key role in the prevention of cancer [6]. Apart from
Se-MeSeCys, γ-glutamyl-Se-methylselenocysteine played
a key role. This dipeptide serves primarily as a carrier of
Se-MeSeCys. Research revealed that γ-glutamyl-Se-Me-
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SeCys is an effective anticarcinogenic agent and that its
action is very much like that of Se-MeSeCys. Both of the
compounds are well absorbed and the major route of
excretion is via the urinary tract [9].

The state of the art of analytical methodology used for
identification of the Se species in garlic extracts is briefly
summarized below. Because garlic contains many volatile
species, gas chromatography (GC) in combination with
atomic emission detection (AED) and mass spectrometry
(MS) have been extensively applied in several studies.
Eight compounds were detected by GC–AED and iden-
tified by GC–MS [10]. The same approach was used for
speciation of Se in human breath after the consumption of
Se-enriched garlic [11]. Another research group separated
and detected dimethyl selenide and dimethyl diselenide by
using solid-phase micro extraction (SPME) in combination
with inductively coupled plasma mass spectrometry (ICP–
MS) [12]. Other compounds were detected by this group by
use of SPME combined with moderate-temperature multi-
capillary GC and microwave-induced plasma-emission
spectrometry [13]. Headspace GC–AED has been used for
the determination of Se-containing amino acids in highly
enriched garlic (1355 μg g−1 dry weight). Se-MeSeCys was
shown to be the major Se-containing amino acid present,
with minor amounts of Se-Cys and Se-Met [14].

Most analyses of Se species in garlic have been per-
formed by combining liquid chromatography (LC) with
elemental and molecular mass spectrometric detection.
SeMeSeCys and γ-glu-SeMeSeCys were identified on the
basis of retention time matching with commercially avail-
able and synthesized Se standards [15]. The presence of a
compound of mass 326 u was attributed to γ-glutamyl-Se-
methylselenomethionine without use of a standard and
without any further molecular information [16]. Another
method based on ion-exchange liquid chromatography
combined with elemental mass spectrometry revealed the
presence of Se-Cys, Se-MeSeCys, Se-Met and two inor-
ganic Se species, selenite and selenate. Two other, so far
unknown, compounds were also observed [17].

However, as stressed recently by Francesconi and
Sperling, use of liquid chromatography in combination
with element detection and retention-time matching with
standards does not provide sufficient evidence for unequiv-
ocal characterization of a Se species [18]. By hyphenation
of an ion-pair liquid chromatographic method with ICP–
MS, Ip et al. [19] were able to detect selenate, Se-cystine
(Se-(Cys)2), selenocystathionine, Se-MeSeCys, Se-Met,
γ-glutamyl Se-methylselenocysteine (γ-glu-SeMeSeCys)
and γ-glutamyl-Se-methionine in a garlic extract (total Se-
content 296 μg g−1dry weight) . By measuring at the m/z of
the corresponding species, Se-Met and γ-glu-SeMeSeCys
were detected in a garlic extract by LC–ESI–MS; for the
other compounds molecular information was lacking [19].
Using the same approach, Se-Met Se-MeSeCys and γ-glu-
Se-MeSeCys were detected in a highly enriched garlic
extract (containing 1355 μg Se g−1 dry weight) [20]. The
species readily extracted from garlic depend on the amount
of Se present in the garlic. Garlic samples with Se
concentrations less than 333 μg g−1 contain more γ-

glutamyl-Se-methylselenocysteine than Se-methylseleno-
cysteine. In garlic containing more than 333 μg g−1 the
opposite is true [21].

Several research groups have used extensive sample-
preparation procedures to preconcentrate compounds be-
fore ESI–MS(–MS) analysis for the identification of the
species. McSheehy et al. [22] developed a very elaborate
method based on two-dimensional LC with parallel ICP–
MS and off-line ESI–MS–MS detection for speciation of
Se in garlic. γ-Glu-Se-MeSeCys was identified on the basis
of the isotopic pattern of Se and the product ions formed
[22]. Ogra et al. also determined γ-glu-Se-MeSeCys by use
of LC–ICP–MS equipped with an octapole reaction system
and off-line ESI–MS–MS detection [23]. The procedures
of both were, however, very cumbersome and included
several clean-up steps.

In this paper we describe a method based on the hy-
phenation of LC with both elemental and molecular mass
spectrometry for characterization of Se species in a hot-
water extract of garlic, in an extract of a mixture of saliva
and garlic, and in in vitro gastrointestinal digests of garlic.
To the best of our knowledge this is the first time Se species
in a moderately enriched garlic sample have been detected
on-line without the need for additional sample clean-up
before analysis by LC–ESI–MS–MS. Se-Met and Se-
MeSeCys were identified in the extracts by measuring their
characteristic product ions. Another Se compound, γ-
glutamyl-Se-methylselenocysteine was identified without
the need for a synthesized standard. This compound was
characterized by monitoring product ions typical of this
dipeptide and by using the characteristic isotope pattern of
Se.

Experimental

Chemicals and materials

All chemicals used were of analytical grade. UltrapureMilli-
Q water was obtained from aMillipore (Bedford, MA, USA)
system. Se-cystamine (Se-Cya) Se-methionine (Se-Met), Se-
methylselenocysteine (Se-MeSeCys), tetraethylammonium
chloride (TEACl), pepsin from porcine gastric mucosa,
pancreatin from porcine pancreas, and protease XIV from
Streptomyces griseuswere from Sigma (Bornem, Belgium).
Methanol p.a., KH2PO4, and formic acid were purchased
from Vel (Leuven, Belgium). NaOH was from Carlo Erba
(Milan, Italy). Nitric acid (14 mol L−1) was purified by sub-
boiling distillation in quartz equipment. The 5 mL polypro-
pylene test tubes used in the simulation of digestion were
from Falcon, Becton Dickinson labware (Meylan, France).
The 0.22 μm pore PVDF syringe filters used to filter the
samples before analyses were from Millipore.

Instrumentation

Complete mineralization was conducted in Teflon vessels
in a Milestone mls 1200 mega microwave digester from
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Analis (Namur, Belgium). The ICP–MS instrument used
was a quadrupole-based Perkin Elmer (Glendale, Ontario,
Canada) Sciex Elan 5000. The instrument was equipped
with a sample-introduction system consisting of a pneu-
matic nebulizer and a spray chamber; the sample uptake
rate was 0.8 mL min−1. The LC system used for hy-
phenation with ICP–MS was an Äkta Purifier 10 system
(Amersham Biosciences, Roosendaal, The Netherlands).
The six-way valve was supplied with a 20 μL sample loop.
The outlet of the column (XTerra MS C18 (length 25 cm, i.
d. 4.6 mm, 5 μm particles) and XTerra MS C18 guard
column (length 20 mm, i.d. 3.9 mm, 5 μm particles), both
from Waters, Milford, MA, USA) was connected by PEEK
tubing (i.d. 0.1 mm) to the nebulizer of the ICP–MS.

LC–ESI–MS–MS experiments were performed with a
Quattro Micro Z-spray source system (Micromass, Man-
chester, UK) to which a Waters Alliance model 2690 LC
equipped with an autosampler was hyphenated. A narrow-
bore XTerra column (length 25 cm, i.d. 2.1 mm, 5 μm
particles), with an XTerra MS C18 guard column (length
20 mm, i.d. 2.1 mm, 5 μm particles), both fromWaters, was
used for separation of the species.

Sample description

The garlic (Allium sativum) sample was purchased from
Phytoselenium Research Laboratories (Kumamoto, Japan).
Barium selenite and barium selenate (500 mg m−2 of each)
were added once to the soil on which the garlic was grown.
The garlic was planted in the autumn of 2001 and was
harvested in the summer of 2002 [24]. The garlic samples
were kept at −20°C until further treatment/analysis. For
speciation analysis the garlic cloves were lyophilized and
ground to powder in a coffee mill. The powder generated
from seven different cloves was thoroughly mixed to
homogenize the sample.

Determination of the total Se concentration in garlic

The total Se content was determined in both the defrosted
garlic and in the lyophilized sample. To determine the total
Se content of fresh garlic the cloves were chopped into
small pieces, a 0.5 g sample was placed in a Teflon vessel,
and 5 mL 14 mol L−1 HNO3 and 1 mL H2O2 were added.
Ga (final concentration 50 μg L−1) was used as internal
standard for ICP–MS detection. The microwave program
has been described elsewhere [25]. The digests obtained
were diluted with Milli-Q water and analysed by ICP–MS
by the standard addition method by spiking with selenate
(final concentration 10 μg L−1). The same procedure was
followed for a lyophilized sample; sample size was 0.1 g
(final Ga concentration 20 μg L−1, final selenate concen-
tration 10 μg L−1). All digestions were performed five
times.

Extraction

Milli-Q water (20 mL) was added to approximately 2.5 g
freeze-dried selenized garlic. The mixture was placed in
a hot-water bath at 50°C and shaken at 140 rpm for 8 h.
The mixture was then centrifuged and the supernatant
(extract) filtered through a syringe filter. The filtrate was
kept at −20°C until analysis.

In vitro gastrointestinal digestions

Fresh human saliva (2 mL) was added to 0.2 g freeze-dried
garlic. One sample was immediately centrifuged and an
other was shaken in a hot-water bath (37°C, 140 rpm) for
15 min before centrifugation. Simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF) were prepared accord-
ing to the US Pharmacopeia, as described elsewhere [25–
28] and 2 mL SGF or SIF was added to 0.2 g garlic in a
5 mL propylene test tube. The tubes were shaken in a hot-
water bath (37°C, 140 rpm) for 0 min, 15 min, 30 min, 1 h,
2 h, 4 h, 8 h, 16 h, or 24 h. Immediately after removal from
the bath mixtures were centrifuged and the supernatant was
kept in a freezer (−20°C) until analysis. These experiments
were performed three times.

Total Se concentration in garlic extracts

The total Se concentration in the hot-water extract, saliva,
SGF, and SIF samples was determined by ICP–MS, by
standard addition. All samples were diluted tenfold in
0.14 mol L−1 HNO3. Ga was used as internal standard (final
concentration 50 μg L−1) and selenate was used for cal-
ibration purposes (concentration added 50 μg L−1).

LC–ICP–MS of Se compounds in garlic extracts

For all the extracts, 20 μL was injected on to the XTerra
column. The species were monitored at a mass-to-charge
ratio of 82 (82Se+) for measurement under interference-free
conditions. The ICP–MS settings have been described
elsewhere [26]. The mobile phase was 0.01% TEACl, 2%
MeOH and the pH was adjusted to 4.5 with formic acid [5,
25, 26]. These conditions were used because ion-pairing is
essential for separation and detection of the inorganic spe-
cies that might be present in the extracts.

LODs of Se standard solutions with LC–ESI–MS–MS

Because multiple reaction monitoring (MRM) is the most
sensitive mode of measurement with ESI–MS–MS, the
limits of detection of some commonly detected organic Se
species were determined for the separation method applied
here, measuring in MRM mode. Optimum ESI–MS–MS
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conditions depend on the nature of the species and have
been described elsewhere [5]. Se-Met, Se-MeSeCys, Se-
(Cys)2 and Se-Cya standards were prepared at two con-
centrations, 1 and 10 mg L−1, in Milli-Q water, and to
improve ionisation, formic acid was added to the solution
(final concentration 1%). The solutions (10 μL) were then
injected on to the XTerra column. Two different mobile
phases were used: 0.01% TEACl+2% MeOH and 2%
MeOH (the pH of both was adjusted to 4.5 with formic
acid). The latter mobile phase was of interest because
TEACl hampers the ESI process and, hence, results in a
loss of sensitivity. LODs were also measured for garlic
samples; commercially available garlic powder (bought at
a local supermarket) was used as a blank. Determination of
total Se showed that the Se content of this product was
below the detection limit of ICP–MS (0.03 μg L−1, which
means the Se concentration in this garlic is <0.6 ng g−1 wet
weight). Se-Met, Se-Cya, Se-MeSeCys and Se-(Cys)2 were
added to separate hot-water extracts of garlic powder at a
concentration of 25 mg L−1, each with addition of formic
acid (1%). The species were eluted with 2% MeOH at
pH 4.5. The same procedure was followed for the Se
standards in SGF and in SIF.

LC–ESI–MS–MS of the Se compounds
in garlic extracts

The species were separated on the narrow-bore XTerra MS
C18 column. The flow was adjusted to 0.16 mL min−1 and
the mobile phase was 2% MeOH at pH 4.5. The com-
pounds were detected on the basis of their typical product
ions. ESI–MS–MS conditions for Se-Met and Se-MeSeCys
were as described elsewhere for standard solutions [5].
Formic acid was added to all samples (final concentration
1%). All samples were filtered through a syringe filter and
5 μL aliquots were injected on to the column.

Results and discussion

Limits of detection for LC–ESI–MS–MS
measurements

LC–ICP–MS is known to be much more sensitive for de-
tection of elemental Se than LC–ESI–MS–MS is for
detection of molecular species of Se. LC–ESI–MS–MS,
however, provides us with molecular information about the
compounds eluting from the column. Previous research on
Se species in garlic (and other food sources) overcame this
problem of too low sensitivity by preconcentrating the
sample before ESI–MS-(MS) analysis, at the risk of species
transformation and loss of species [22]. Our objective, of
course, was identification of the species as originally pres-
ent in the sample. An attempt was therefore made to
measure the species eluting directly from the column by
multiple reaction monitoring (MRM). Limits of detection
with LC–ESI–MS–MS were determined by measuring Se-
Met via the five transitions MRM 198–181, MRM 198–

152, MRM 198–135, MRM 198–109, and MRM 198–102.
Se-MeSeCys was measured on its four product ions
resulting from the transitions MRM 184–167, MRM 184–
149, MRM 184–123, andMRM 184–95. Se-(Cys)2 and Se-
Cystamine give rise to one product ion only and hence were
measured via MRM 337–248 and 249–204, respectively.
The LODs for measurement by ion pairing LC and
reversed-phase LC are given in Table 1. From this table it
is clear that reversed-phase conditions are favourable and
that the use of TEACl should be avoided if possible,
especially when the concentration of the compounds is low.
Depending on the compound and on the transition mea-
sured, LODs can be a factor 3–50 higher when using
TEACl. It is also obvious from this table that LODs are very
much compound and transition-dependent. The LODs for
Se-Met for instance may differ by a factor of 10 (MRM
198–135 compared with MRM 198–102). This table shows
that of these four compounds Se-(Cys)2 is the biggest
challenge. The fact that this was also one of the minor
compounds in the LC–ICP–MS chromatogram, made it
impossible to detect this compound by LC–ESI–MS–MS in
any of the extracts at this low level.

Another aspect of speciation analysis which causes se-
vere deterioration of LODs is the effect of the sample
matrix. Therefore, LODs of the four compounds were
determined in the presence of a garlic extract (that referred
to above as the blank matrix) with a Se concentration below
the detection limit of the ICP–MS and consequently of
ESI–MS(–MS) also, and in the presence of SGF and SIF.
These experiments were performed under reversed-phase
conditions only, to present a clear and fair picture of the
matrix effect. The results are shown in Table 2. Two tran-
sitions for Se-Met are not mentioned, MRM 198–181 and
MRM 198–152. When measuring these MRMs in a blank
sample (containing only garlic extract and formic acid)
these transitions could be measured, although their inten-
sity was negligible compared with the intensity measured

Table 1 LODs (μg L−1) of Se-Met, Se-(Cys)2, Se-Cya, and Se-
MeSeCys

2% MeOH 0.01%TEACl+2% MeOH

Se-Met
MRM 198–181 60 2.8×102

MRM 198–152 32 4.5×102

MRM 198–135 1.3×102 1.6×103

MRM 198–109 37 1.8×103

MRM 198–102 11 2.1×102

Se-(Cys)2
MRM 337–248 1.1×103 4.5×103

Se-Cya
MRM 249–204 56 7.5×102

Se-MeSeCys
MRM 184–167 2.1×102 1.6×102

MRM 184–149 1.3×103 3.2×103

MRM 184–123 3.2×102 1.8×103

MRM 184–95 58 6.7×102

1199



for a garlic sample spiked with Se-Met. The signals mea-
sured are from biomolecules giving rise to the same prod-
uct ions but lacking Se. The blank garlic powder, on the
other hand, is only a substitute for the real sample. The
garlic used for speciation analysis is grown under different
conditions and its matrix might be slightly different from
that of the blank and hence may lack the above mentioned
interfering compounds. The effect of the garlic extract on
the detectability of the species leads to a LOD which is 3–
10 times worse for Se-Met, depending on the transition
measured. For Se-(Cys)2 the LOD differs by a factor of two
and for Se-Cya, no harmful effect is observed. For Se-
MeSeCys, the effect is highly dependent on the transition.
When measuring the MRM 184–167 the LOD is a factor of
ten better in garlic; for the other transitions, in contrast, the
LOD is worse in garlic. In Table 2 the effect of SGF and
SIF is also given. For Se-Met the effect is highly dependent
on the transition measured and the LOD can be up to a
factor of ten higher in SGF and SIF. The Se-(Cys)2 and Se-
Cya signals are not quenched when measured in SGF or
SIF solutions. Depending on the transition, the LODs for
Se-MeSeCys can be up to a factor of five higher. Mea-
surements of Se species in any type of garlic preparation
seem to be susceptible to the SGF or SIF matrix and the
garlic matrix.

Total Se concentration in garlic and its extracts

The total concentration of Se in the fresh Se-garlic was
28.33 μg Se g−1 wet weight ±21% (n=5). The total Se
content of the lyophilized selenized garlic was 95.95 μg
Se g−1 ±17% (n=5). The large biases might be because of
the inhomogeneity of the product (a garlic clove consists
of several parts and the composition of the middle part,
from where a new shoot starts, is substantially different
from that of the outer parts). The spread in Se over a single
clove and between cloves has never been documented.
Substantial inhomogeneity in Se distribution is evident,

notwithstanding the thorough mixing of the material
before analysis. The Se concentration in the hot-water
extract of the lyophilized garlic was 102 μg Se g−1±27%
(n=3). The concentration of Se in lyophilized garlic after
saliva treatment was 63 μg Se g−1±10% (n=3). The results
for extractable Se when treated in vitro with simulated
gastrointestinal fluids, SGF and SIF, are given in Fig. 1 for
0 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h of
treatment. There are large fluctuations (mean values
between 80 and 125 μg L−1) between the amounts of Se
extracted, but the values fall within the experimental un-
certainty of the individual data. Large scatter was to be
expected, because the inhomogeneous distribution of the
Se was already evident from the total concentration of Se
in the garlic (RSD 17%). No trend in the extraction
efficiency can be observed. Most of the Se species are
extracted very quickly on contact with both SGF and SIF.

Table 2 LODs for Se-Met,
Se-(Cys)2, Se-MeSecys,
and Se-Cya (μg L−1) in
different matrices

In Milli-Q water In garlic In SGF In SIF

Se-Met
MRM 198–181 60 – 3.5×102 84
MRM 198–152 32 – 86 1.1×102

MRM 198–135 1.3×102 3.4×102 4.6×102 3.8×102

MRM 198–109 37 1.2×102 3.6×102 1.1×103

MRM 198–102 11 1.3×102 94 96
Se-(Cys)2
MRM 337–248 1.1×103 2.1×103 1.5×102 1.2×102

Se-Cya
MRM 249–204 56 47 40 48
Se-MeSeCys
MRM 184–167 2.1×102 19 6.8×102 2.9×102

MRM 184–149 1.3×103 4.6×102 1.8×103 8.4×102

MRM 184–123 3.2×102 18×102 9.6×102 2.6×102

MRM 184–95 58 18×102 2.1×102 2.2×102
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Fig. 1 Amounts of Se extracted from freeze-dried garlic after
treatment with simulated gastric and intestinal fluid
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LC–ICP–MS of the Se compounds in a garlic
hot-water extract

On monitoring of the Se species in the extract several
compounds could be distinguished, of which some co-
eluted with Se standards. The resulting chromatogram is
shown in Fig. 2 (upper chromatogram). A compound elut-
ing close to the dead volume co-eluted with Se-(Cys)2, a
compound eluting at tR=300 s co-eluted with Se-MeSeCys,
a third compound eluted at tR=420 s, the retention time of
Se-Met. A major compound eluted later in the chromato-
gram and its behaviour under our chromatographic con-
ditions was not consistent. Severe peak tailing was
observed and the peak tended to shift from sample to
sample; peak splitting was another concern. This led to the
supposition that either several compounds were extracted
or only one compound was present but in two different
forms. As there was evidence this compound was the di-
peptide γ-glutamyl-Se-methylselenocysteine (γ-glu-Se-
MeSeCys) [22], its behaviour might be because of charge
differences. The dipeptide was present in two different
forms because of its pI and the pH value of the extract. By
using TEACl as a positively charged ion-pairing reagent,
one form was affected by the ion pairing agent and the
other one was not. This behaviour has previously been
observed by Kotrebai et al. for a γ-glu-Se-MeSeCys stan-
dard solution [15]. This problem was now solved by adding
formic acid to the sample solutions (final concentration
1%); a reagent commonly added in the reversed-phase
separation of peptides. Under these conditions the com-
pound eluted at tR=620 s and its chromatographic profile
was acceptable. The last eluting compound was the major
compound in the extract and contributed for 49.7% of the
total Se in the hot-water extract. Se-MeSeCys, Se-Met, and
Se-(Cys)2 contributed for 28.8%, 15.5% and 6.0%,
respectively.

LC–ESI–MS–MS analysis of the Se compounds
in a hot-water extract of garlic

Detection of γ-glu-SeMeSeCys

γ-Glu-SeMeSeCys is a dipeptide in which the glutamyl
moiety is linked to Se-MeSeCys via its carboxylic acid
group in the γ-position. Because no standard was available
for γ-glu-SeMeSeCys, ESI–MS–MS conditions cannot be
optimized for analysis of this specific compound. Because
of the Se-MeSeCys moiety in the dipeptide, conditions
shown to be optimum for this compound [5] were also used
for measurement of the dipeptide. These conditions were:
capillary voltage 3.2 kV; cone voltage 18 V; collision
energy 20 eV; cone gas flow rate 50 L h−1; desolvation gas
flow rate 650 L h−1, photomultiplier voltage 650 V; source
temperature 120°C; and desolvation temperature 350°C.
Originally, the mobile phase consisted of 2% MeOH at pH
4.5. This was changed into 5% MeOH at pH 4.5 without
any change on the order of elution of the compounds but
substantial reduction in peak tailing. γ-Glu-SeMeSeCys
(m/z 313) is characterized by some typical fragments
produced after collision-induced dissociation; some of
these are common to Se-MeSeCys also. Product ions are
expected after loss of NH3, CO, H2O, the glutamyl moiety,
or the Se-MeSeCys moiety. These were also the fragments
observed by McSheehy et al. during analysis of a garlic
sample after extensive sample clean-up [22]. The transi-
tions to be measured were MRM 313–296, loss of NH3;
MRM 313–250, loss of NH3 and COOH, MRM 313–224,
loss of COOHCH(NH2)CH2; MRM 313–184, loss of the
glutamyl moiety; MRM 313–167, loss of glutamyl and
NH3; MRM 313–130, loss of the Se-MeSeCys moiety; and
MRM 313–84, loss of CO and H2O from the glutamyl
moiety. The transitions starting from m/z 313 for the
compounds containing 80Se (theoretical isotopic abun-
dance 49.61%) are shown in Fig. 3a. All transitions can be
measured. To be completely sure of the identity of the
compound, the isotopic pattern of Se can assist in the
identification, because Se is part of the molecule. Se has six
naturally occurring isotopes: 74Se, 76Se, 77Se, 78Se, 80Se,
and 82Se. The product ions typical of a Se compound can
thus be measured on different isotopes. The same tran-
sitions were therefore measured for fragmentation of the
molecular ion with m/z 311 (78Se isotopic abundance
23.77%) by collision-induced dissociation. The transitions
to be measured were: MRM 311–294, MRM 311–248,
MRM 311–222, MRM 311–182, MRM 311–165, MRM
311–130, and MRM 311–84. The last two MRMs have
the same product ions as for m/z 313, because these
product ions do not contain Se. The results from these
measurements are shown in Fig. 3b; MRM 311–294 and
MRM 311–84 could not be detected in the sample. Both
transitions were already of low intensity when focussing
on 80Se and the abundance of the ions is now only half
that, as a result of the lower isotopic abundance of 78Se.
The transitions for measurement of the product ions
starting from the molecular ion with m/z 315 (82Se) are
shown in Fig. 3c: MRM 315–169, MRM 315–130, MRM
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315–186, and MRM 315–226 could be measured. It was
impossible to measure the other transitions because of
lack of sensitivity. The presence of all these product ions
for three different isotopes of Se leads to the conclusion
that the last eluting compound in the LC–ICP–MS chro-
matogram is γ-glu-SeMeSeCys. This dipeptide was de-
termined here without any need for sample pre-treatment
or preconcentration and without the use of a Se standard.

Detection of Se-MeSeCys

Optimum conditions for detection of Se-MeSeCys were
described previously and are the same as those used for
detection of γ-glu-SeMeSeCys. Se-MeSeCys is character-
ized by four product ions. The corresponding transitions
are: MRM 184–167, loss of NH3; MRM 184–149, loss of
NH3 and H2O; MRM 184–123, loss of CO2 and NH3; and
MRM 184–95 resulting in the +SeCH3 ion. Results from
measurements on garlic are shown in Fig. 4a. Two peaks
can be observed in all the chromatograms. One small peak
is observed at tR=4.7 min; a second major peak is detected
for all transitions at tR=7.2 min. The Se-MeSeCys standard

elutes at 4.7 min and it can thus be concluded that the minor
peak is from Se-MeSeCys. There is no need for measure-
ments using different isotopes because a Se standard of
this compound is available and elutes at the same retention
time (4.7 min). If no Se standard had been available the
isotopic pattern of Se would have revealed that the peak at
tR=4.7 min contained Se. The peak at tR=7.2 min is another
biomolecule giving rise to the same product ions, with no
Se present, as was observed from the LC–ICP–MS
measurements.

Detection of Se-Met

Se-Met has previously been detected by this method in
several yeast-based Se supplements [6] and in Brazil nuts
[25]. In both these food sources, Se-Met was the major
selenium compound present in the extracts and, hence, its
concentration was much higher. In the hot-water extract of
garlic Se-Met accounts for only 15.5% of total Se. The
concentration of Se-Met in the garlic is estimated to be
15.5 μg g−1 dry weight; the concentration of Se-Met in the
garlic extracts was calculated to be approximately 2 mg L−1.
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When looking at the detection limits, one can see that
because of this low concentration, it is absolutely neces-
sary to use the most sensitive approach for the LC–ESI–
MS–MS determination, because LOD values in this mode
are only one tenth the estimated concentration present in
the garlic extracts. The transitions were all measured on
the 80Se isotope: MRM 198–181, loss of NH3; MRM
198–152, loss of CO and H2O; MRM 198–135, loss of
CO, NH3, and H2O; MRM 198–109 corresponds to for-
mation of the ion CH3SeCH2

+ and MRM 198–102 cor-
responds to formation of the ion NH3CH(COOH)CH2

CH2
+. The resulting chromatograms are shown in Fig. 4b.

All product ions could be measured with sufficient sen-
sitivity, the compound eluting at tR=420 s in the LC–ICP–
MS chromatogram is assigned to Se-Met.

LC–ICP–MS of the saliva extract of garlic

Saliva contains a lubricating substance, known as mucus,
buffers maintaining the acid–base balance, and salivary
amylase, an enzyme that initiates hydrolysis of carbohy-
drates [28]. On the basis of this composition it can be
assumed unlikely saliva will transform the Se species, but
the question remains whether these Se compounds will be
extracted during mastication and mixing with saliva. The
resulting chromatogram is shown in Fig. 5. From total Se
determination it was clear only part of the Se was present in
this extract. The chromatogram shows the presence of
several species. Four elute in the same order as for the hot-
water extract. For a proper profile of the compound eluting
at tR 620 s, addition of formic acid was needed. The re-
tention times of the peaks matched those of Se-(Cys)2, Se-
MeSeCys, Se-Met, and γ-glu-SeMeSeCys (compared with
the hot-water extract), respectively. Two unknown com-
pounds, eluting at tR 960 s and 1120 s , were also observed
in the chromatogram. They did not co-elute with any of the
commercially available standards and their concentrations
were too low for characterization by LC–ESI–MS–MS.
Although the main species correspond to those observed in

the hot-water extract, the relative distribution is different.
The main species here are Se-MeSeCys, Se-Met, Se-(Cys)2,
γ-glu-SeMeSeCys, and two unknown compounds U1 and
U2, accounting, respectively, for 40.6%, 10.0%, 5.1%,
37.1%, 3.9%, and 3.3% of the Se.

LC–ICP–MS of the in vitro gastrointestinal digests
of garlic

In contrast with saliva treatment, treatment of garlic with
simulated gastric fluid involves more severe and extreme
conditions. Species stability was tested in the presence of
the enzyme pepsin, which is partly responsible for the
digestion of proteins, and the presence of HCl and the low
pH. There was special interest in the behaviour of the di-
peptide under these conditions. Standard solutions of Se-
Met, Se-MeSeCys, and Se-(Cys)2 had previously been
shown to be stable in this medium. Se-Met and Se-(Cys)2
were extractable from yeast supplements and Brazil nuts
[25, 26], the only difference in the garlic is that they are
present in the free form and hence not bound to proteins.
The compounds could be extracted by hot water at 37°C
and there was no need for enzymatic hydrolysis to liberate
them, in contrast with the Se compounds in Se-yeast and
Brazil nuts. They are expected to be more readily bio-
available, because no protein bonds must be broken before
liberation of the Se compounds. Addition of formic acid
was of the utmost importance for proper separation of,
especially, the later eluting compounds. Chromatograms
obtained from garlic treated with SGF in the time-related
experiment are shown in Fig. 6a. Nine chromatograms
obtained throughout the duration of the experiment are
shown. The same Se profiles are observed in all the chro-
matograms. The main species elute at the retention times of
Se-Met, Se-(Cys)2, Se-MeSeCys, and γ-glu-SeMeSeCys
and there are also two unknown compounds, U1 and U2.
No changes can be observed in the species extracted after
treatment for 0 min to 24 h. This indicates that γ-glu-
SeMeSeCys remains intact during treatment. Even after
extensive periods of SGF treatment the presence of γ-glu-
SeMeSeCys is not altered. Because the gastric transit time
of food is a few hours or less, γ-glu-SeMeSeCys will
outlast SGF digestion. The species distribution is shown in
Fig. 7a. The amounts of Se-(Cys)2, Se-Met, U1, and U2
remain more or less the same and account for ±5%, 7−9%,
2–3%, and ±2.5% of the Se, respectively. When the amount
of γ-glu-SeMeSeCys diminishes, the amount of Se-
MeSeCys increases. Because γ-glu-SeMeSeCys serves as
a carrier for Se-MeSeCys, it might be that during treatment
with SGF γ-glu-SeMeSeCys loses its glutamyl moiety,
forming the resulting seleno amino acid. Because Se-
MeSeCys accounted for only 28.8% in the hot-water
extract and accounts for 40–50% in the SGF digestion
fluid, here it is most likely that part of the γ-glu-
SeMeSeCys is transformed to Se-MeSeCys during gastric
human digestion.

The major function of the intestinal tract is to continue
breakdown of food and absorb the products formed. In this
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part of the work the action of the enzyme pancreatin and
the effect of changes in pH on the Se species in garlic were
investigated. Garlic was subjected to in vitro intestinal
digestion for different times. The chromatograms are
shown in Fig. 6b. The same compounds are observed:
Se-Met, Se-(Cys)2, Se-MeSeCys, γ-glu-SeMeSeCys, and
the two unknown compounds U1 and U2. Differences
between species distribution are shown in Fig. 7b. The

amounts of Se-(Cys)2, Se-Met, U1, and U2 extracted are
±5%, 10–15%, 3–4% and ±2.5%, respectively, of the total
Se-content. This is basically the same as for the SGF
experiments, except for Se-Met. During SIF treatment a
trend can be observed which shows that the longer the
garlic is treated with SIF the more Se-Met is extracted. The
main compound extracted during SIF treatment is Se-
MeSeCys (45–60%). The amounts of Se-MeSeCys and γ-
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glu-SeMeSeCys are again related. Here another trend can
be observed—the longer the garlic is treated, the less γ-
glu-SeMeSeCys is present in the extracts and the more
Se-MeSeCys is observed. This suggests that γ-glu-
SeMeSeCys is converted to Se-MeSeCys as the fraction
of the former decreases from 30 to 18% and that of the
latter increases from 45 to 57%. That the dipeptide loses its
glutamyl moiety is of interest for cancer research, because
this typical form is thought to be responsible for the major
anticarcinogenic properties of garlic [8].

LC–ESI–MS–MS for detection of the Se compounds
in the in vitro gastrointestinal digests

Detection of γ-glu-Se-MeSeCys

Because γ-glu-Se-MeSeCys is a dipeptide and peptide
bonds are easily hydrolysed, it is of interest to mimic the
conditions and determine the species by molecular mass
spectrometry. Because the peptide bond is of the γ-type, it
is unlikely this bond will be acted on by aminopeptidases,
which liberate amino acids by scission of the peptide bond
adjacent to the free amino acid [9]. The γ-glu-Se-MeSeCys
can be determined as described for the hot-water extract.
Because the retention time of the compound is now known,
it is no longer necessary to measure on different isotopes.
Because of the lower abundance of the γ-glu-SeMeSeCys
compound in the SGF and SIF extracts, problems with the

detectability of the different transitions might be a problem.
MRM 313–296 could not be measured, the other MRMs
are shown in Fig. 8a and b for the SGF experiments.
Figure 8a shows MRM 313–167, MRM 313–130, MRM
313–184, MRM 313–224, and MRM 313–250; MRM
313–84 is shown in a separate chromatogram (Fig. 8b)
because, although this compound could be detected, its
peak was not visible on the scale used to present the other
chromatograms. The results from the SIF experiments are
presented in Fig. 8c and d. The γ-glu-SeMeSeCys could be
detected on the basis of its retention time and the presence
of six product ions. The chromatograms shown are for
detection of the product ions in samples treated for 1 h.
Similar results were obtained from all the other samples.
From these results, it can be concluded that the statements
made on the basis of the LC–ICP–MS measurements are
valid. The same compounds can be detected in the SGF and
SIF extracts as in a hot-water extract, although two more
compounds were observed after SGF and SIF treatment.
The identity of these compounds remains unknown and it is
unclear whether they are original garlic species or
transformations from Se species formed during SGF and
SIF treatment.

Detection of Se-MeSeCys and Se-Met

All MRMs typical of Se-MeSeCys were measured under
the conditions described above. Fragments with m/z 167,
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149, 123, and 95 were measured on-line for SGF and SIF
samples. The results were the same as those for the hot-
water extract and hence are not shown here.

The major route of excretion of Se-MeSeCys and γ-glu
SeMeSeCys is in the urine [9]. Because both compounds
are typically found in Se-accumulating plants and are
responsible for the huge build-up of Se in those plants,
without any signs of toxicity [29], they might be me-
tabolized differently. The metabolic pathways for both
compounds through the human body remain unclear and is
of major interest for further research.

Se-Met was analysed by the same LC–ESI–MS–MS
method as the hot-water extract. Chromatograms based on
the typical Se-Met transitions, measured after treatment
with SGF and SIF, were the same as for the hot-water
extracts. The MRM 198–135 transition could not be
measured in the SGF extract; this is also the transition with
the worst LOD. The other transitions could be measured at
the retention time of Se-Met. For the SIF extracts all the
MRMs could be measured.

Conclusion

This method, based on ion-pair LC–ICP–MS in combina-
tion with RPLC–ESI–MS–MS, has proven very powerful
for Se-speciation in food and for tracking the species
during in vitro simulated human digestion. The main
species determined in a hot-water extract of garlic were γ-
glu-SeMeSeCys, Se-Met, and Se-MeSeCys. Determination
was based on the on-line monitoring of their typical
product ions and, hence, these species could be detected
without the need for extensive sample clean-up. In saliva,
simulated gastric fluid, and simulated intestinal fluid, the
same species were observed and additional unknown com-
pounds were detected. The distribution of the species
differed from that in the hot-water extract. It is most
probable that γ-glu-Se-MeSeCys is converted to Se-
MeSeCys during human digestion. The method enables
rapid screening of Se species in garlic and would be of
interest in the analysis of new “functional food”.
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