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Department of Physical and Analytical Chemistry, University of Oviedo, C/ Julian Claverı́a 8,
33006 Oviedo, Spain. E-mail: ASM@sauron.quimica.uniovi.es

Received 17th April 2001, Accepted 18th June 2001
First published as an Advance Article on the web 6th August 2001

The ‘‘state of the art’’ of chiral trace element speciation, that is, the recognition of the particular enantiomer in

which the trace element sought is occurring, is given here. The importance of such studies and speciation

information is highlighted. Recent advances and trends in the development and applications of analytical

approaches for chiral speciation of trace elements in biological material are also reviewed. A comparative

overview is given of existing selenoaminoacids chiral speciation methods, based on hybridization of an adequate

chiral separation technique (e.g., high-performance liquid chromatography, gas chromatography or capillary

electrophoresis) coupled on-line with selenium specific detection by inductively coupled plasma mass

spectrometry (ICP-MS). Applications of these hybrid methodologies, reported so far in the literature, to

selenoaminoacids chiral speciation in biological real samples are also reviewed.

1. Introduction

Any modern chemist is well aware of the existence of a very
important type of space isomerism in some organic compounds
having asymmetric centers, axes, or planes in their molecule.
The two spatial isomers resulting from one ‘‘chiral’’ center in a
molecule are called enantiomers. Of course, they are not
identical, but one of them is the mirror image of the other.

Since Pasteur’s very first resolution of a mixture of such two
isomers (racemate) of sodium and ammonium tartrate crystals,
carried out manually back in 1848, we have witnessed a huge
accumulation of such stereochemical knowledge. This is
particularly so since the 1980s.1 At the beginning of the third
millennium, nature’s amazing ability to produce and convert
chiral compounds with remarkable stereospecificity is both
fascinating and extremely well documented. Particularly in
biological organisms, the interaction between biologically
active compounds and receptors (e.g., proteins, enzymes) is
most often characterized by a high, or even complete,
enantiomeric specificity. At lot of evidence has been accumu-
lated so far showing that great differences can be observed
related to biological activity, potency, toxicity, transport and
routes of metabolism of individual enantiomers. This fund-
amental and academic interest suddenly became a practical
issue after recognition in 1979 that the dramatic effects of
thalidomide in pregnant women, observed in the sixties, were
related to chirality; in fact, (R)-thalidomide has the desired
antinause effect, while the (S) enantiomer is teratogenic. Thus,
the deformed babies born after their mothers had taken
thalidomide could have been a consequence of the production
and eventual ingestion of the racemate drug. It is not surprising
that chiral recognition has become today a most important
topic in the pharmaceutical industry (e.g., out of the 200 most
popular drugs it seems that around 60% of them are ‘‘chiral’’).
Knowing accurately the stereochemical composition of
organics used as pharmaceuticals is now compulsory by law
and is extending to herbicides, pesticides, antibiotics, etc.2–7

Also, speciation of trace elements is arousing a great interest
in modern analytical chemistry.8 Moreover, trace element

speciation in the particular field of biological systems is proving

to be a great challenge, as many metal–biomolecules formed in

living organisms are still unknown.9 From the above narrative

on chirality of compounds it seems clear that a given trace

element could be present in different enantiomeric forms or

species. Thus, for a complete speciation of such a trace element,

the recognition of the particular enantiomer in which the

element is occurring (so-called ‘‘chiral speciation’’) should be

possible. Therefore, chiral speciation analytical approaches for

trace elements, particularly in biological materials, are needed

nowadays.
A number of approaches1,10–14 have been used for the chiral

recognition of organic compounds, including polarimetry,

circular dichroism, nuclear magnetic resonance, chromatogra-

phy with conventional detectors such as UV/VIS, or capillary

electrophoresis with UV/VIS detection. Only recently15 some

attention has been paid to the use of mass spectrometry (MS),

alone or in combination with chromatography. It is well

established by now that hybrid techniques are preferred for

trace element speciation. In fact, chromatographic techniques

coupled to atomic detectors seem to offer the most practical

and powerful approach.9 Not surprisingly, the first papers on

this topic of ‘‘chiral speciation’’ used hybrid high-performance

liquid chromatography inductively coupled plasma mass

spectrometry (HPLC-ICP-MS)16–19 or gas chromatography

inductively coupled plasma mass spectrometry (GC-ICP-MS)20

for the recognition and determination of enantiomeric forms in

selenoaminoacids. However, the high separation efficiency of

capillary electrophoresis (CE) and its present wide applicability

to various classes of compounds make this latter separation

technique particularly amenable to separating chiral mole-

cules.13 Unfortunately the on-line coupling of CE to MS and

ICP-MS detectors is not so straightforward. Therefore, in spite

of the continuous interest in CE-MS and CE-ICP-MS

couplings for elemental speciation studies in biological sam-

ples,21 no applications of such techniques to chiral speciation

analysis have appeared so far.
In this paper the ‘‘state of the art’’ of chiral speciation,

virtually restricted so far to Se-aminoacids speciation, is given

and possible new ways and approaches to expand the scope of

the field are discussed.
{Presented at the 2001 European Winter Conference on Plasma
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2. The tools of the trade

A successful approach to chiral speciation analysis of trace
elements in biological samples (biological fluids, food, nutri-
tional supplements, etc.) requires first the use of very selective
(enantioselective) methodologies, able to discriminate between
the two enantiomeric forms of the chiral compound of interest
present in a complex matrix sample. Secondly, the method has
to be very sensitive because the chiral compound is usually a
trace constituent in the sample and is often not present as the
racemate (e.g., in many cases one of the enantiomers is an
impurity of the other). So, to carry out enantioselective trace
element speciation analysis, we should rely on analytical
separation systems with a high separation power allowing the
accurate determination of impurities amounting to less than
1% of the enantiomer, which is a widely accepted criterion of
purity for enantiomeric compounds. This could be greatly
facilitated by enantioselective separation systems that simulta-
neously provide high efficiency/resolution capability for
enantiomer separation and allow the on-line coupling of
highly sensitive and element-specific detection methods like
ICP-MS. In this way, the coupling of a chiral separation
technique such as HPLC, GC (or CE) with an ICP-MS detector
appears to meet the requirements of enantioselectivity and
sensitivity.

2.1. Enantiomer separation strategies

Two major strategies for enantiomer separation are available
based on formation of diastereoisomers with the enantiomers
of the analyte. The indirect approach consists of reacting the
enantiomers with an optically pure chiral compound. After the
reaction, the diastereoisomers of the derivatized analyte can be
separated using conventional (achiral) separation methods,
which is a major advantage of this approach.

Direct enantiomer separation is based on the reversible
formation of diastereoisomeric complexes between enantio-
mers of the analyte and a chiral selector. This ‘‘selector’’ is
generally bound to a chromatographic support material [chiral
stationary phases (CSP)]. The difference in stability between
the two diastereomeric complexes leads to a difference in
retention time and hence separation.

Within the diastereoisomeric analyte–chiral selector com-
plex, chiral recognition is based on the three-point rule,
proposed by Dalgliesh.22 The direct method is presently the
most widely used technique for enantiomeric separations,
particularly HPLC-CSP with more than two hundreds of
commercially available CSP.23

Although a broad spectrum of chiral selectors, with quite
different chemical structures, have been investigated in order to
generate enantioselectivity in HPLC,1,12,14 GC1,10 and CE,13

most separations are based today on the use of the macrocyclic
compounds: cyclodextrins, crown ethers and antibiotics.24

Cyclodextrins (CD) are natural cyclic oligosaccharides,
which have a stereospecific toroidal (doughnut-shaped) struc-
ture. Individual enantiomer molecules can get into the cavity of
the CD to form inclusion complexes and, having different
binding constants, it is possible to resolve them.25–27 The native
CD, a, b and c, and several derivatized CD have been
successfully used as CSP (‘‘Cyclobond’’ columns) in reversed-
phase HPLC for the resolution of a great variety of
enantiomeric compounds including drug substances and
derivatized aminoacids.1,14,28

Fused-silica capillary columns coated with alkylated CDs
have also been developed for enantiomer separations by GC.10

CDs have been used as well as buffer additives for chiral
separations by CE.13,29 Moreover chiral resolution by
CD-mediated micellar electrokinetic chromatography (CD-
MEKC) has been reported.13,29,30

The second type of chiral selector is crown ethers, synthetic

macrocyclic polyethers. Chiral crown ethers, able to form
stereoselective inclusion complexes with ammonium cations,
have been immobilized on chromatographic supports, yielding
commercial CSP (‘‘Crownpack CR’’ columns) for the HPLC
separation of enantiomers containing a primary amine
functional group at or near the stereogenic center.31–33 The
mobile phases used on this CSP are limited to (1023–1022 M)
perchloric acid.32,33 This principle of chiral separation has also
been introduced to CE for the chiral resolution of under-
ivatized amino acids34,35 and other compounds containing
primary amino groups.33,36

Finally, macrocyclic glycopeptide antibiotics, such as
vancomycin and teicoplanin, are the newest class of chiral
selectors in HPLC (‘‘Chirobiotic’’ columns).37–39 They have
multiple chiral centers and several functional groups (amine,
carboxylic acid, hydroxyl, aromatic, hydrophobic pockets) that
are capable of multiple interactions to enable chiral recogni-
tion. The primary interactions for enantio-recognition are
assumed to be ionic interactions.37–39 Armstrong and co-
workers40–43 for CE enantioseparation of several anionic
compounds have also introduced these macrocyclic glycopep-
tides antibiotics.

2.2. ICP-MS as on-line detection system in HPLC, GC and CE

ICP-MS provides a highly effective element-specific detection
system for chiral speciation studies. Coupled on-line after an
appropriate separation technique (e.g., HPLC, GC and CE),
ICP-MS offers excellent sensitivity and selectivity for multi-
element identification and quantitation of inorganic and
organometallic compounds with the additional capability of
isotopic analysis.44 Nevertheless, these couplings of instru-
ments, which were never designed to be coupled, still suffer
from a number of drawbacks (mainly inherent to the
separation/detection interface). This is especially true for
GC-ICP-MS and CE-ICP-MS, whereas HPLC-ICP-MS inter-
facing is more straightforward.

Typical mobile phase flow rates in HPLC are of the order of
0.5–2 mL min21 and so fit well with the nebulization sample
uptake rate of most commercial concentric or direct nebulizers
of ICP-MS. Thus, coupling HPLC to ICP-MS is rather easily
accomplished by passing the column effluent through the
shortest possible narrow bore tube, made of an inert material,
up to the pneumatic nebulizer. Of course a serious limitation of
this conventional nebulization is the low analyte transport
efficiency (1–3%) to the plasma. Therefore, many variations of
the conventional pneumatic nebuliser/spray chamber sample
introduction system have been described in the literature to
improve sensitivity of HPLC-ICP-MS couplings even
further.45,46

Another problem encountered with direct HPLC-ICP-MS
interfacing arises when using mobile phases containing high
concentrations of salts, or buffers or high percentages of
organic solvents. The salt content of the mobile phase can cause
rapid erosion and clogging of the nebulizer and of the
sampling- and skimmer cones. Organic solvents will cause
plasma instability and deposition of carbon on the sampling
cone and torch. Thus, a compromise in the chromatographic
conditions is often made by using a lower salt content (v2%
total dissolved solid) and lower organic solvent contents in
order to obtain an efficient separation while maintaining
adequate ICP-MS detector performance.45,46

As GC column effluents are in the gas phase, coupling GC
with ICP-MS provides nearly 100% analyte transport effi-
ciency, and this results in comparatively low detection limits.47

The analyte is also more efficiently ionized in the plasma, as it is
already in the vapor form, without requiring additional plasma
energy.47 However, GC-ICP-MS interfacing is somewhat
more complicated than HPLC-ICP-MS. Although several
approaches have been described in the literature,48–50 the
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most frequently used configuration for capillary GC-ICP-MS
interfacing involves connection of the capillary column to the
inner tube of the torch using a transfer line between the GC
oven and the plasma torch. The transfer line usually consists of
a tube of an adequate material into which the analytical column
is passed. Typically, but not always,50 the transfer line is heated
in order to prevent analyte condensation. Because the carrier
gas flow rate when using capillary GC columns is very low, it is
necessary to introduce a make up gas in order to open the
central channel in the plasma and help to carry the analyte
from the GC column into the plasma. This make up gas flow
must be optimized to minimize peak broadening and maximize
analyte transport.

The coupling of CE to ICP-MS has started to receive
attention in recent years; the first paper describing the
technique was written in 1995 by Olesik et al.51 Since then,
about 30 reports concerning coupling of CE to ICP-MS have
appeared in the literature.52 This is probably due to the
complexity of the coupling: no conventional nebulizers
available seem to work adequately at the very low flows used
in CE. Moreover, the small sample volume (less than 100 nl)
appropriate for CE requires that the transport efficiency of the
analytes into the ICP should be as high as possible. Therefore,
at present the challenge of CE-ICP-MS coupling is to achieve
an effective introduction of microflows from the capillary into
the ICP without excessive band broadening. In addition, the
CE-ICP-MS interface should provide an electrical connection
to the outlet end of the capillary, while preventing the
introduction of a laminar flow in the capillary (e.g., as
caused by the suction effect when a pneumatic nebulizer is
used in the interface51). All these considerations have been
most commonly addressed by using a conductive sheath flow
(make-up) electrolyte around the end of the capillary in
combination with different commercial nebulizers such as
pneumatic,51,53–57 direct injection,58 ultrasonic59,60 and micro-
concentric.61,62 Also, an interface using on-line volatile species
generation is possible.63,64

3. Chiral speciation of selenoaminoacids

Selenium is an essential micronutrient for most living
organisms including humans. It is a component of procaryotic
and eukaryotic antioxidant proteins, which have roles in
antioxidant defenses, thyroid function, reproduction capacity
and protection against tumors and virus infections.65 Thus, it is
not surprising that Se-supplements have become today very
popular in the diet of man and animals.

The effectiveness of this dietary selenium supplementation is,
however, dependent not only on the total trace element
concentration,66 but also on the particular species of selenium
consumed.67,68 Selenoaminoacids are the principal dietary
form of selenium (selenomethionine is derived from plants
and selenocysteine from animals) as these Se-forms are
adsorbed to a greater extent than inorganic species, are less
toxic than inorganic selenium species (selenate and selenite)
and can be used for the biosynthesis of various selenoproteins
(containing covalent C–Se bonds) in a more straightforward
way.

Moreover, aminoacids are probably the most important
class of ‘‘chiral’’ compounds24 and different bioavailability,
biochemical behavior and roles can be expected for the
different possible enantiomeric forms of a given selenoami-
noacid. Thus, research work on the biological activity and
stereochemical pathways of selenoaminacids in animals and
man requires access to adequate analytical techniques for
‘‘chiral speciation’’ of selenoaminoacids enantiomers in real
samples at the low concentration levels of selenium existing
naturally.

In spite of this importance, very little attention has been paid

so far to this problem. In fact, only five papers on this topic
have appeared in the literature,16–20 all of them based on
hybridization of a chiral chromatography separation with
selenium-specific detection by ICP-MS.

3.1. Chiral speciation of selenoaminoacids by HPLC-ICP-MS

The separation of selenomethionine diastereoisomers by
conventional reversed-phase HPLC after derivatization with
a chiral reagent has been reported by Hansen and Poulsen69

with UV absorbance detection. The first chiral HPLC-ICP-MS
hybrid methodology for the chiral speciation of selenomethio-
nine enantiomers was developed in our group three years ago.16

A b-CD column (Cyclobond I) for the HPLC chiral separation
was used. Unfortunately the elevated methanol content of the
mobile phase, necessary for the enantiomeric separation,16

produced high plasma instability and even eventual extinction
of the plasma. Therefore, the first direct coupling of the
developed chiral selenoaminoacid separation on a b-CD
column to an ICP-MS was unsuccessful in practice. This
problem was overcome by resorting to a previously developed
hydride generation (HG) interface.70 Unfortunately the
attained detection limit was very poor (only 70 mg L21 as Se
for each enantiomer). Moreover, the method required pre-
column derivatization of the selenoaminoacids in order to
achieve chiral recognition on the b-CD column. It is clear that
alternative approaches avoiding precolumn derivatization
should be preferable.

In this vein, Sutton et al.17 recently described the enantio-
meric separation of underivatized selenoaminoacids by HPLC-
ICP-MS using a chiral crown ether column. As shown in Fig. 1
(ref. 17) this chiral crown ether-based column enabled almost
baseline resolution of all the enantiomers investigated in
60 min. However, the separation was found to be very sensitive
to changes in temperature (a fluctuation of ¡1 uC resulted in a
decrease in resolution) and the reported sensitivity was rather
poor for real sample enantiomeric determinations with detec-
tion limits of 15.5 mg L21 (6.2 mg L21 as Se) and 49.5 mg L21

(19.9 mg L21as Se) for L-and D-selenomethionine, respec-
tively,17 with an injection volume of 20 mL. This chiral
HPLC-ICP-MS method was further investigated by Ponce de
Leon et al.19 and applied to the enantiomeric separation of
several selenoaminoacids, including Se-lanthionine, Se-methyl-
selenocysteine, Se-cystine, Se-cystathionine, Se-adenosylseleno-
homocystine, c-glutamyl Se-methylselenocysteine, Se-ethionine
and Se-homocystine. Although this chiral crown ether
column enabled the individual enantiomeric separation of the

Fig. 1 HPLC (Crownpack CR(z) column)-ICP-MS chromatogram of
a racemic mixture of selenoaminoacids. Mobile phase: 0.1 M HClO4

(pH 1), 0.5 ml min21 for 35 min then increased to 1.0 ml min21. Peaks:
1~L-selenocystine; 2~L-selenomethionine; 3~meso-selenocystine;
4~D-selenocystine; 5~D-selenomethionine; 6~L-selenoethionine and
7~D-selenoethionine. Reprinted with permission from ref. 17.

J. Anal. At. Spectrom., 2001, 16, 957–963 959
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selenoaminoacids investigated, their simultaneous separation
(24 potential enantiomeric peaks in a mixture) was not
achieved.19

Recently, a teicoplanin–bonded chiral stationary phase
(Chirobiotic T) introduced by Armstrong and co-workers39

has been shown to be able to resolve a variety of underivatized
aminoacids using hydro-organic mobile phases containing very
low percentages of organic modifier and no buffer or salts of
any kind.39 These features offer a very convenient approach to
the direct coupling of such a column with the nebulizer of the
ICP-MS detector. Fig. 2 shows the chromatogram obtained in
our research group18 for a racemic mixture of underivatized
selenomethionine [Fig. 2(a)] and selenoethionine [Fig. 2(b)]
when the teicoplanin column was coupled with selenium
specific ICP-MS detection.

The sensitivity of this HPLC (teicoplanin column)-ICP-MS
methodology was found to be very good, with detection limits
for selenomethionine of 1.9 mg L21 (0.8 mg L21 as Se) for each
enantiomer, for an injection volume of 20 mL.18 This means a
detectability for Se chiral speciation of around 60–200 times
better than that reported by Sutton et al.17 using HPLC-ICP-
MS with a crown ether chiral column.

3.2. Chiral speciation of selenoaminoacids by GC-ICP-MS

The most frequently used chiral selectors in capillary GC are
CDs derivatives. However, some other compounds, such as

chiral amino acid derivatives and chiral metal coordination
compounds, have also been found to be useful as chiral
selectors.10 Particularly fused silica capillary columns coated
with L-valine-tert-butylamide (Chirasil-L-Val) have been shown
to be most suitable for the optical resolution of N-trifluoro-
acetyl (TFA)-O-alkyl derivatives of several amino acid
enantiomers via multiple hydrogen bond interactions.10,71

The potential of coupling chiral GC, on the Chirasil-L-Val
column, with selenium-specific detection by ICP-MS for the
separation and determination of DL-selenomethionine enantio-
mers has been recently demonstrated in our research group.20

The GC column was coupled to the ICP-MS through an
interface developed in our laboratory.50 A typical chromato-
gram of a racemic mixture of DL-selenomethionine (derivatized
to form N-TFA-O-isopropyl-derivatives) obtained by the
GC-ICP-MS method is shown in Fig. 3 (ref. 20).

The reported hybrid chiral GC-ICP-MS method proved to
be very sensitive, as the detection limits were found to be
0.25 mg L21 of selenomethionine (0.1 mg L21 as Se) for each
enantiomer,20 with an injection volume of 1 mL. Thus, this
hybrid technique offers the more sensitive chiral speciation of
Se-aminoacids so far.

3.3. Chiral speciation of selenoaminoacids by CE-ICP-MS

The use of CE to obtain chiral separations of aminoacids has
been already reviewed.72 CE has also been reported to separate
the enantiomers of some selenoaminoacids by the addition of
vancomycin73–75 or sulfated b-CD75 as chiral selectors to the
running electrophoretic buffer. UV absorbance detection was
used in such studies and required the derivatization of the
selenoaminoacids with a quinoline derivative.

Separation of naphthalene-2,3-dicarboxaldehyde (NDA)-
D,L-selenomethionine and selenoethionine derivatives using a
CD-micellar electrokinetic chromatography (MEKC) metho-
dology has been investigated in our laboratory. Experiments
carried out with UV detection at 230 nm showed that an
electrophoretic buffer containing a mixed micellar system of
achiral SDS and chiral TDC plus b-CD provided a good
resolution (R~1.25) of the selenomethionine enantiomers
[Fig. 4(a)].76 Unfortunately, the on-line coupling of this
chiral separation by CD-MEKC with selenium specific
ICP-MS detection using a conventional Meinhard nebulizer
for interfacing CE with ICP-MS was unsuccessful; the optical
resolution obtained between the enantiomers was lost, as
shown in Fig. 4(b),76 probably due to the laminar flow induced
by the suction effect of the Meinhard nebulizer and its dead
volume. Coupling of this chiral CD-MEKC method to
ICP-MS detection via a high-efficiency nebulizer (HEN) in

Fig. 2 HPLC (Chirobiotic T column)-ICP-MS chromatogram of a
racemic mixture of: (a) selenomethionine and (b) selenoethionine.
Mobile phase: 2% v/v methanol–water, 1.0 ml min21. Reprinted with
permission from ref. 18.

Fig. 3 GC (Chirasil-L-Val column)-ICP-MS chromatogram of a
racemic mixture of selenomethionine (as N-TFA-O-isopropyl deriva-
tives). Reprinted with permission from ref. 20.

960 J. Anal. At. Spectrom., 2001, 16, 957–963
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order to avoid the suction effect is now under investigation in
our laboratory.

4. Chiral speciation of selenium in real samples

As mentioned earlier, selenomethionine has been reported to be
more bioavailable and less toxic than inorganic selenium
species.77 Thus, free selenomethionine and selenized yeast,
which contain peptidic selenomethionine as the major selenium
species,78 are now being used extensively as a convenient source
of selenium for human dietary supplementation. Therefore,
application of the previously developed chiral HPLC-ICP-MS
and GC-ICP-MS methodologies for the enantiomeric resolu-
tion and determination of selenoaminoacid enantiomers was
focused on the direct chiral speciation of selenomethionine in
such nutritional real samples.17–20

The problem of chiral speciation of selenomethionine in a
selenized yeast sample was first looked at three years ago.16

Chiral GC-ICP-MS for analysis and enzymatic hydrolysis
extraction with protease for sample preparation eventually
gave a satisfactory GC-ICP-MS chromatogram of the yeast
sample hydrolysate.20 In that chromatogram a selenium peak
eluting at the retention time of the L-selenomethionine
enantiomer was obtained. Interestingly, another small selenium
peak corresponding to the D-selenomethionine enantiomer
was also observed.20 The GC-ICP-MS chiral analysis of a
parenteral solution sample for human use was also reported in
the same paper. Results obtained indicated that seleno-
methione in the analyzed sample (diluted 1 : 40 with ultrapure
water) was present as a racemate (information which was not
given on the commercial label).20

Further work in our research group18 for chiral analysis of
the selenium-enriched yeast was carried out using chiral HPLC
(teicoplanin column)-ICP-MS, after both water extraction and
enzymatic hydrolysis of the yeast. A typical chromatogram of
the enzymatic extract, showing the presence of D- and

L-selenomethionine, together with other unidentified selenium
species, is given in Fig. 5 (ref. 18). The content of D- and
L-selenomethionine in the enzymatic extract, which is about 30
times higher than that observed in the water extract, was
determined by standard additions-chiral HPLC (teicoplanin
column)-ICP-MS and it was found to be 5¡1 mg L21 and
23.9¡7 mg L21 (as Se), respectively. This value amounted to
around 11% for the D- and 51.5% for the L-enantiomer of the
total selenium present in the enzymatic extract, found to be
47¡1 mg L21 by direct nebulization in the ICP-MS.18

Five commercial selenium yeast nutritional supplements
were analyzed by Sutton et al.17 using chiral HPLC (crown
ether column)-ICP-MS, after pepsin enzymatic hydrolysis. In
two of the yeast samples analyzed selenomethionine was not
detected and only one sample was found to contain D- and
L-selenomethionine.17 However, it is necessary to stress that for
all the yeast samples the concentration of selenium, determined
using the chromatographic method, was significantly lower
than the total selenium concentration, determined by analyzing
the digest samples (nitric acid and simulated gastric digestion)
directly by ICP-MS.17 In other words, pepsin enzymatic
hydrolysis was not able to cleave all the peptide bonds in the
yeast sample. Therefore some of the selenoaminoacids present
could remain as protein-bound (and so not available for the
proposed separation).

Other commercially available nutritional supplements, two
multivitamin supplements containing selenium as selenate, a
supplement containing selenium as selenite and two yeast free
supplements containing selenium as L-selenomethionine, were
also analyzed by chiral HPLC (crown ether column)-ICP-MS
and the selenium species that were unretained in the chiral
column were successfully identified by anion-exchange chro-
matography.17

In a further work19 the same group applied this crown ether
column-ICP-MS method to identifying the selenium species
present in selenium enriched onion, garlic and yeast. Two
different extraction methods for the samples were compared:
water extraction and a pepsin enzymatic extraction. Though

Fig. 4 CD-MEKC electropherogram of a racemic mixture of NDA-
selenomethionine derivatives with: (a) absorptiometric detection
(230 nm) and (b) ICP-MS detection. Reprinted with permission from
ref. 76.

Fig. 5 HPLC (Chirobiotic T column)-ICP-MS chromatogram of a
‘‘selenized yeast’’ after (a) enzymatic hydrolysis with protease and (b)
same as in Fig. 5(a) but with an expanded y-axis scale. Reprinted with
permission from ref. 18.
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virtually the same species were observed for both extracts, the
extraction efficiency, especially for selenomethionine, was
several times lower using water extraction. The major com-
ponent in the enriched yeast investigated was L-selenomethio-
nine while D-selenomethionine was not detected.19 The many
species identified are given in Fig. 6.

A commercially pure L-selenomethionine sample was also
analyzed in our research group using both chiral HPLC (b-CD
column)-HG-MW-ICP-MS16 and chiral GC-ICP-MS meth-
odologies.20 The results of these analysis agreed well and
showed the presence of an impurity of the D-enantiomer in the
sample.16,20 The relative level of D-selenomethionine in such as
commercial sample was found to be of about 8% of the total
DL-selenomethionine content.20

5. Final remarks and future directions

It appears from the above narrative that chiral speciation of
trace elements in biological material is today a fascinating new
frontier in analytical chemistry and represents a real analytical
challenge.

There is an urgent need to develop hybrid robust analytical
methodologies able to tackle trace element chiral speciation in
real samples. Only with such adequate tools will chiral or
stereochemical composition of species of essential, toxic and
therapeutic trace elements in biology and medicine be clarified.
Thus, new studies of the role of trace elements and their
compounds (particular species) in living organisms can be
undertaken, particularly on interactions between receptors
(e.g., proteins) and chiral trace element species to ascertain the
existence (or otherwise) of enantiomeric specificity.

In this vein, it seems that chromatography-ICP-MS is the
hybrid technique of choice so far for chiral speciation analysis
in real samples. GC-ICP-MS offers the highest sensitivity,
while HPLC-ICP-MS seems to afford the most robust
approach for real samples. Although attractive, speciation of
too many compounds in a single run with a chiral column
(Fig. 6) may become misleading for very complex matrices of
real life analysis. Thus, in some cases, switched column
technologies are advisable (that is, a non-chiral separation
column switched adequately to a chiral one for chiral
speciation). Moreover, the ICP-MS multielemental capabilities
should be also used in trace element speciation in biological
material research.79 In fact, multielemental chiral speciation in
a single injection has already been demonstrated in our
laboratory following Se and S via an HPLC-double focusing
(DF)ICP-MS experiment, as shown in Fig. 7. Of course, there

are many interelemental interactions in living organisms (e.g.,
positive effect of selenium on As and Hg intoxication), which
could be elegantly studied with such powerful tools.

CE-ICP-MS holds great potential for chiral speciation, but
realization of such potential is still to come, as for simultaneous
multielemental chiral speciation mentioned above.

References

1 D. W. Armstrong and S. M. Han, CRC Crit. Rev. Anal. Chem.,
1988, 19(3), 175.

2 W. Wetter and V. Shuring, J. Chromatogr., A, 1997, 774, 143.
3 H. Van der Godt and H. Timmerman, in Stereoselectivity of

Pesticides—Biological and Chemical Problems, ed. E. J. Ariens and
J. J. S. Van Rense, Elsevier, Amsterdan, 1988.

4 Ph. Schmitt, A. W. Garrison, D. Freitag and A. Kettrup,
J. Chromatogr., A, 1997, 792, 419.

5 H. R. Buser and M. D. Müller, Anal. Chem., 1995, 67, 2691.
6 W. C. Brumley, LC–GC, 1995, 13(7), 556.
7 K. L. Willett, E. M. Ulrich and R. A. Hites, J. Environ. Sci.

Technol., 1998, 32(15), 2197.
8 R. Lobinski, Appl. Spectrosc., 1997, 51, 260A.
9 A. Sanz-Medel, Spectrochim. Acta, Part B, 1998, 53, 197.

10 V. Shuring, J. Chromatogr., A, 1994, 666, 111.
11 S. Ahuja, Chiral Separations, American Chemical Society,

Washington, DC, USA, 1997.
12 A. M. Stalcup, in A Practical Approach to Chiral Separations by

Liquid Chromatography, ed. G. Subramanian, VCH, Weinheim,
1994, ch. 5, p. 95.

13 B. Chankvetadze, Capillary Electrophoresis in Chiral Analysis,
John Wiley & Sons, Chichester, England, 1997.

14 S. G. Allenmark, Chromatographic Enantioseparation Methods and
Applications, Ellis Horwood/John Wiley, Chichester, England,
1988.

15 C. B. Lebrilla, S. H. Ahn, G. Grigorean and J. Ramirez, 15th
International Mass Spectrometry Conference, Barcelona, Spain,
2000.

16 S. Perez Mendez, E. Blanco Gonzalez, M. L. Fernandez Sanchez
and A. Sanz-Medel, J. Anal. At. Spectrom., 1998, 13, 893.

17 K. L. Sutton, C. A. Ponce de Leon, K. L. Ackley, R. M. C. Sutton,
A. M. Stalcup and J. A. Caruso, Analyst, 2000, 125, 281.

18 S. Perez Mendez, E. Blanco Gonzalez and A. Sanz-Medel, J. Anal,
At. Spectrom., 2000, 15, 1109.

19 C. A. Ponce de Leon, K. L. Sutton, J. A. Caruso and P. C. Uden,
J. Anal. At. Spectrom., 2000, 15, 1103.

20 S. Perez Mendez, M. Montes Bayon, E. Blanco Gonzalez and
A. Sanz-Medel, J. Anal. At. Spectrom., 1999, 14, 1333.

21 J. W. Olesik, J. A. Kinzer, E. J. Grunwald, K. K. Thaxton and
S. V. Olesik, Spectrochim. Acta, Part B, 1998, 53, 239.

22 C. E. Dalgliesh, J.Chem. Soc., 1952, 137, 3940.
23 G. Blaschke and B. Chankvetadze, J. Chromatogr., A, 2000, 875, 3.
24 D. W. Armstrong, LC–GC Int., 1998, 22.
25 D. W. Armstrong and W. DeMond, J. Chromatogr. Sci., 1984, 22,

411.
26 D. W. Armstrong, W. DeMond and B. P. Czech, Anal. Chem.,

1985, 57, 481.

Fig. 6 HPLC (Crownpack CR(z) column)-ICP-MS chromatogram
of 1922 Se Nutrition 21 yeast sample after water extraction. Peaks:
1~Se-lanthionine; 2~D-Se-methylselenocysteine; 3~L-Se-methyl-
selenocysteine; 4~L-Se-cystathionine; 5~L-selenomethionine; 6~
Se-adenosylselenohomocystine or Se-homocystine; 7~c-glutamyl Se-
methylselenocysteine; 8~Se-adenosylselenohomocystine; 9~unknown.
Reprinted with permission from ref. 19.

Fig. 7 GC (Chirasil-L-Val column)-ICP-MS(DF) chromatogram of a
racemic mixture of selenomethionine and methionine (as N-TFA-O-
isopropyl derivatives). Experimental conditions as in Fig. 3.

962 J. Anal. At. Spectrom., 2001, 16, 957–963

Pu
bl

is
he

d 
on

 0
6 

A
ug

us
t 2

00
1.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

13
/0

9/
20

16
 1

3:
36

:4
8.

 
View Article Online

http://dx.doi.org/10.1039/b103355g


27 D. W. Armstrong, T. J. Ward and T. E. Beesly, Science, 1986, 232,
1132.

28 A. M. Krstulovic, Chiral Separations by HPLC: Applications to
Pharmaceutical Compounds, Wiley, New York, 1989.

29 S. Fanali, J. Chromatogr., A, 2000, 875, 89.
30 H. Nishi, J, Chromatogr., A, 1996, 735, 57.
31 G. D.Y. Sogah and D. J. Cram, J. Am. Chem. Soc., 1976, 98, 3038.
32 M. Hilton and D. W. Armstrong, J. Liq. Chromatogr., 1991, 14, 9.
33 H. Nishi, K. Nakamura, H. Nakai and T. Sato, J. Chromatogr.,

1997, 757, 225.
34 R. Kubn, F. Stoecklin and F. Erni, Chromatographia, 1992, 33, 32.
35 R. Kubn, C. Steinmetz, T. Bereuter, P. Haas and F. Erni,

J. Chromatogr., 1994, 660, 367.
36 R. Kubn, F. Erni, T. Bereuter and J. Hausler, Anal. Chem., 1992,

64, 2815.
37 D. W. Armstrong, Y. Tang, S. Chen, Y. Zhou, C. Bagwill and

J.-R. Chen, Anal. Chem., 1994, 66, 1473.
38 D. W. Armstrong, Y. Liu and K. H. Ekborg-Ott, Chirality, 1995,

7, 474.
39 A. Berthod, Y. Liu, C. Basgwill and D. W. Armstrong,

J. Chromatogr., A, 1996, 731, 123.
40 D. W. Armstrong, K. L. Rundlett and J-R. Chen, Chirality, 1994,

6, 496.
41 D. W. Armstrong, M. P. Gasper and K. L. Rundlett,

J. Chromatogr., A, 1995, 689, 285.
42 M. P. Gasper, A. Berthod, U. B. Nair and D. W. Armstrong, Anal.

Chem., 1996, 68, 2501.
43 K. L. Rundlett, M. P. Gasper, E. Y. Zhou and D. W. Armstrong,

Chirality, 1996, 8, 88.
44 N. P. Vela, L. K. Olson and J. A. Caruso, Anal. Chem., 1993, 65,

585A.
45 K. L. Sutton and J. A. Caruso, J. Chromatogr., A, 1999, 856, 243.
46 E. Blanco Gonzalez and A. Sanz-Medel, in Elemental Speciation

New Approaches for Trace Element Analysis, ed. J. A. Caruso,
K. L. Sutton and K. L. Ackley, Elsevier, Amsterdan, 2000.

47 G. R. Peters and D. Beauchemin, J. Anal. At. Spectrom., 1992, 7,
965.

48 G. K. Zoorob, J. W. McKiernan and J. A. Caruso, Mikrochim.
Acta, 1998, 128, 145.

49 K. Sutton, R. M. C. Sutton and J. A. Caruso, J. Chromatogr.,
1997, 789, 85.

50 M. Montes Bayon, M. Gutierrez Camblor, J. I. Garcia Alonso and
A. Sanz-Medel, J. Anal. At. Spectrom., 1999, 14, 1317.

51 J. W. Olesik, J. A. Kinzer and S. V. Olesik, Anal. Chem., 1995, 67,
1.

52 K. L. Sutton and J. A. Caruso, LC–GC, 1999, 17(1), 36.
53 Q. Lu, S. M. Bird and R. M. Barnes, Anal. Chem., 1995, 67, 2949.

54 B. Michalke and P. Schramel, Fresenius’ J. Anal. Chem., 1997, 357,
594.

55 K. A. Taylor, B. L. Sharp, D. J. Lewis and H. M. Crews, J. Anal.
At. Spectrom., 1998, 13, 1095.

56 V. Majidi and J. Miller-Ihli, Analyst, 1998, 123, 803.
57 K. L. Sutton, C. B’Hymer and J. A. Caruso, J. Anal. At.

Spectrom., 1998, 13, 885.
58 Y. Liu, V. Lopez-Avila, D. R. Wiederin and W. F. Becker, Anal.

Chem., 1995, 68, 2020.
59 Q. Lu and R. M. Barnes, Microchem. J., 1996, 54, 129.
60 P. W. Kirlew, M. T. W. Castilliano and J. A. Caruso, Spectrochim.

Acta, Part B, 1998, 53, 221.
61 E. Mei, H. Ichihashi, W. Gu and S. Yamasaki, Anal. Chem., 1997,

69, 2187.
62 K. A. Taylor, B. L. Sharp, D. J. Lewis and H. M. Crews, J. Anal.

At. Spectrom., 1998, 13, 1095.
63 M. L. Magnuson, J. T. Creed and C. A. Brockhoff, Analyst, 1997,

122, 1057.
64 M. Silva da Rocha, A. B. Soldado Cabezuelo, E. Blanco-Gonzalez

and A. Sanz-Medel, J. Anal. At. Spectrom.; DOI: 10:1039/
b101638p.

65 J. L. Shisler, T. G. Senkevich, M. J. Berry and B. Moss, Science,
1998, 279, 102.

66 M. S. Alaejos and C. D. Romen, Chem. Rev., 1995, 95, 227.
67 O. E. Olson, J. Am. Coll. Toxicol., 1986, 5, 45.
68 M. Tilo and E. Sandi, J. Environ. Pathol. Toxicol., 1980, 4, 193.
69 S. M. Hansen and M. N. Poulsen, Acta Pharm. Nordica, 1991, 3,

97.
70 J. M. Gonzalez Lafuente, J. M. Fernandez, M. L. Marchante,

J. M. Sanchez and A. Sanz-Medel, Spectrochim. Acta, Part B,
1996, 51, 1849.

71 H. Brücken and M. Lüpke, Chromatographia, 1991, 31, 123.
72 R. Vespalec and P. Bocek, Electrophoresis, 1997, 18, 843.
73 R. Vespalec, H. A. H. Billiet, J. Frank and K. C. A. M. Luben,

J. High Resolut. Chromatogr., 1996, 19, 137.
74 R. Vespalec, H. Corstjens, H. A. H. Billiet, J. Frank and

K. C. M. Luben, Anal. Chem., 1995, 67, 3223.
75 K. L. Sutton, R. M. C. Sutton, A. M. Stalcup and J. A. Caruso,

Analyst, 2000, 125, 231.
76 S. Perez Medez, E. Blanco Gonzalez and A. Sanz-Medel, Anal.

Chim. Acta, 2000, 416, 1.
77 C. Swanson, B. Patterson, O. Levander, C. Veillon, P. Taylor,

K. Helzlsouer, P. McAdam and I. Zech, Am. J. Clin. Nutr., 1991,
54, 917.

78 M. A. Beilstein and P. D. Whanger, J. Nutr., 1986, 116, 1701.
79 C. N. Ferrarelo, M. R. Fernandez Campa and A. Sanz-Medel,

Anal. Chem., 2000, 72(24), 5874.

J. Anal. At. Spectrom., 2001, 16, 957–963 963

Pu
bl

is
he

d 
on

 0
6 

A
ug

us
t 2

00
1.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

13
/0

9/
20

16
 1

3:
36

:4
8.

 
View Article Online

http://dx.doi.org/10.1039/b103355g

