Available online at www.sciencedirect.com

science (@horneer

Mass Spectrometry

B E R A I,f
LSEVIER International Journal of Mass Spectrometry 242 (2005) 217-223
www.elsevier.com/locate/ijms

Review

Isotope dilution technique for quantitative analysis of endogenous trace
element species in biological systems

Dirk Schaumbffel®*, Ryszard t.oliskiP

2 Group of Bio-Inorganic Analytical Chemistry, CNRS UMR 5034libparc 2, Av du Pesident Angot, F-64053 Pau, France
b Department of Analytical Chemistry, Warsaw University of Technology, 00-664 Warsaw, Poland

Received 14 October 2004; accepted 22 November 2004
Available online 15 January 2005

Abstract

The recent developments and trends in quantitative speciation analysis of endogenous trace element compounds in biological systems
by ICP isotope dilution MS are discussed. The use of two different isotope dilution techniques is critically evaluated with respect to their
advantages and limitations: species-unspecific isotope dilution for the quantification of trace elements bound to unknown biomolecules and
species-specific isotope dilution for the quantification of well-defined compounds. Recent data on the quantification of metallobiomolecules
by isotope dilution analysis are summarized and future directions in this new field of analytical chemistry are highlighted.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

coordinated by nucleic acids or complexed by polysaccha-
rides and small organic ligands such as organic afitls

Fig. 1 shows an overview of possible endogenous trace ele-
ment compounds in biological systems. In recent years the
'detection, identification and determination of trace element
compounds in a biological tissue or body fluid referred to
as bioinorganic speciation analysis, has generated much in-

* Corresponding author. Tel.: +33 559 40 77 60; fax: +33559 40 77 81.  terest in analytical chemistf]. The low concentration of
E-mail addressdirk.schaumloeffel@univ-pau.fr (D. Schauifiel). the trace element in a biological tissue and the complexity

In biological systems many life processes are critically de-
pendent on trace elements which can be either toxic or essen
tial forthe organism. There are a great variety of biomolecules
where metals or metalloids are bound to proteins or peptides

1387-3806/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/).ijms.2004.11.020



218 D. Schaundffel, R. Lobiiski / International Journal of Mass Spectrometry 242 (2005) 217-223

Coordination by proteins Metabolites with
Coordination by proteins and their and their constituents metalloid-carbon covalent bond
constituents (via sulphur atom) (via nitrogen or oxygen atom) (AS,Se, I)
(Cu, Zn, Cd, Hg, Ag) (Mo, Mn, Fe, Co, Ni, Cu, Zn) e.g. methylarsonic acid, arsenobetaine,
e.g. methionine, cysteine, phytochelatins, e.g. histidine, tyrosine, glutamic acid, arsenosugars, selenoaminoacids
metalothioneins, albumine aspargine, most metalloenzymes selenopeptides, selenoproteins
H
[ | beneficiatiessential He
Li Be . toxic Ne
Na Mgl D metal probes Ar
K |Ca|Sc|Ti | V Mn| Fe Co | Ni Kr
Rb|Sr| Y |Zr |NbMo |Tec |[Ru Rh|Pd Ag Xe
Cs|Ba|La | Hf |[Ta|W [Re | Os Ir [Pt Rn
Coordination by
nucleic acids and l
their constituents Fr |Ra|Ac = -
(Cr, Ni, Pt, Ru) S Coordination by small
— organic ligands e.g.
Metal complexes with Coordination by tetrapyrol citric acid, nicotiamine
polysaccharides ligands (Al, Ni, Fe)
(Ca, Sr, Ba, La, Ph) (Mg, V, Fe, Co, Ni)
e.g. rhamnogalacturonan-Ii e.g. porphyrins, cobalamins,

F430

Fig. 1. Endogenous trace element species in biological sygigniReproduced by permission of the Society for Applied Spectroscopy.

of the matrix represent the two major challenges to elementvolumes which opens new applications in bioinorganic spe-
speciation analysis in biological systefi}. ciation analysig6]. Inductively coupled plasma mass spec-
The analytical strategy to cope with these challenges usu-trometry (ICP-MS) has been recognized as the most sensi-
ally consists of the combination of high-resolution separa- tive analytical technique in element analysis allowing also
tion techniques with a highly sensitive element-specific and a multielement (multiisotope) determination and accurate
molecule-specific detector used in paral&l The complex- quantification by isotope dilution analysis. Recent impres-
ity of a biological matrix demands high-resolution chromato- sive progress towards lower detection limits and the intro-
graphic or electrophoretic separations. In order to meet this duction of collision/reaction cell technology enabling the de-
challenge multidimensional separations are often necessarytection of biologically interesting elements such as sulphur,
where size-exclusion usually is the first purification step fol- phosphorus and selenium makes ICP-MS an ideal element-
lowed by ion-exchange or reversed phase chromatographyspecific detectdf7]. Electrospray (ESI) and matrix-assisted-
However, many metal complexes with biomolecules are too laser desorption ionization (MALDI) mass spectrometry with
labile to be separated on reversed phase or ion-exchange colguadrupole or time-of-flight mass analysers are increasingly
umn. In such cases capillary electrophoresis can be a valuablaised for structural characterization of the biomolec{8¢s
alternative due to the less interactions between analyte and The coupling of conventional liquid chromatography
stationary phase in the capillaf@,4]. The species analy-  with ICP-MS is the most widely applied hyphenated system
sis of labile metal complexes in biological systems is still in bioinorganic speciation analysis. The compatibility of
little explored. In proteomics electrophoresis performed in the liquid flow rate used in HPLC with the typical ICP-MS
agarose or polyacrylamide (PAGE) gels is a major technique nebulizers allows a simple connection of the HPLC exit to
for protein separation and can be as well applied to metal- the nebulizer, but the ICP-MS sample introduction system
loproteins, metal—protein complexes and heteroatom (S, Sehas eventually to cope with high salt concentrations in
P) containing proteinf5]. The downscaling of liquid chro-  ion-exchange chromatography or with organic solvents
matography has led to the development of capillary and nano-in reversed phase chromatography. Capillary HPLC,
HPLC. These techniques show high separation efficiency nano-HPLC and capillary electrophoresis demand special
combined with low solvent consumption and small sample interface designs for their coupling to ICP-MS due to the
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much lower compatibility of the flow-ratef§]. Gel elec- monoisotopic long-lived radioactive isotopes can sometimes
trophoresis can be interfaced via laser-ablation to ICP-MS be used. Two on-line isotope dilution techniques were
[5]. Chromatography and capillary electrophoresis can also proposed in combination with hyphenated systems for the
be coupled on-line to electrospray MS via conventional quantification of element species: (i) a species-unspecific
ESI and nanoESI sourcg8], while MALDI-MS is usually post-column isotope dilution for the quantification of

used as an off-line detector after the separation step. Duringelements in compounds of unknown identity, and (ii) a
the last years the potential of hyphenated techniques inspecies-specific isotope dilution applicable for element
bio-inorganic speciation analysis could be successfully species of known identity if isotopically labelled species
demonstrated in many cases such as for the identification ofare available[19]. In the past the potential of isotope

organoarsenic compounds in marine bi@®all], organose- dilution analysis in speciation analysis has been demon-

lenium compounds in selenized yed$®,13] garlic [14] strated for the quantification of inorganic species and

and Indian mustarf15], nickel complexes in plant sdg] organometallic compounds in environmental and biological

and metal-phytochelatin complexes in edible pldbh&. samples and discussed in several recent review articles
The maintenance of the species integrity during sample [20-22]

preparation in bio-inorganic speciation analysis is a criti-  This review discusses the current state of the art of quanti-

cal issue. Hyphenated techniques are demanding the prestative speciation analysis for endogenous trace element com-
ence of the species in the liquid phase for the separationpounds in biological systems by ICP isotope dilution MS and
step. Metallobiomolecules have to be extracted from a bi- highlights future trends in this emerging field of analytical
ological tissue under preservation of their original iden- chemistry.
tity. Body fluids or plant saps need to be diluted or the
complex matrix has to be separated. For the extraction
and dilution aqueous buffers at the physiological pH 7.4 2. Species-unspecific isotope dilution quantification
are used to avoid a dissociation of the metal-biomolecule of metallo(id)biomolecules
complexes. Furthermore antioxidation agents suchas
mercaptoethanol or dithiotreitol (DTT), antibacterial agents  The species-unspecific isotope dilution technique consists
(NaNg), protease inhibitors and storage-&0°C prevent un- of a separation technique (HPLC or capillary electrophore-
controlled species degradation. The drawback of extraction sis (CZE)) coupled to ICP-MS where an isotopically labelled
procedures using the simple aqueous buffers is their gen-spike is continuously added after the separation step (post-
erally poor recovery (usually 10—-20%) of element species. column).Fig. 2 shows schematically a set-up of a typical
Extraction with protein denaturation reagents and enzy- HPLC- and CZE-ICP IDMS system. In conventional HPLC
matic digestion of proteins or polysaccharides under con- a simple T-piece or an inverse Y-junction serves as the mixing
trolled species degradation can increase the extraction yield.unit for effluent and spike flof23] while in capillary- and
An overview of sample preparation techniques for specia- nano-HPLC as well as in capillary electrophoresis more so-
tion analysis of metallobiomolecules was recently published phisticated mixing units are demanded to minimize the broad-
[17]. ening of the narrow peaks by keeping the dead volume small
Despite the impressive progress in detection, identifica- [24]. The isotopically labelled spike is not required to have the
tion and structural characterization of trace element com- same chemical form as the analyte, thus allowing the quan-
pounds in biological systems their accurate quantification re- tification of elements in biomolecules of unknown identity. In
mains difficult. Quantitative determination of biomolecules, order to quantify a biomolecule on the basis of the elemental
notably proteins, is an important prerequisite for elucidation concentration the knowledge of the empiric formula (stoi-
of their physiological functions with diagnostic and thera- chiometry of the metal complex) is required. An important
peutic relevance. In particular for peptides and proteins sev- prerequisite is that the isotopes of the regarded element in
eral molecular mass spectrometric techniques may be ca-the analyte molecule and the spiked isotope are completely
pable of providing sequence information but there are no equilibrated in the plasma of the ICP-M35]. The spike
solutions to the inherent difficulty to generate quantitative flow is calibrated by injection of a standard with the natural
results. For improved protein quantification by electrospray isotope abundance. This is usually performed via a second
mass spectrometry a number of deuterated tags referred tanjection valve inserted in the systefterthe separation col-
as isotope-coded affinity tags (ICAT) was develop2d]. umn and before the mixing T-piece. In capillary/nano-HPLC
However, they show a limited applicability and insufficient and CZE this calibration standard has to be injediefbre
sensitivity, and the quantitative results have a relatively poor the separation column/capillary to avoid a broadening of the
accuracy. peaks caused by the dead volume of the second ya#je
Metallobiomolecules and heteroatom containing The intensities in the chromatogram and electropherogram,
biomolecules, respectively, have the inherent advantage torespectively, can be transformed into a massflow by apply-
be detectable by ICP-MS and thus quantifiable by isotope ing the basic formula in isotope dilution analy§e8]. The
dilution analysis under the condition that the detected peak area of an analyte in the massflow-chromatogram cor-
element is not monoisotopic. If the metal- or heteroatom is responds then directly to the mass of the analyte. Due to the
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Fig. 2. Instrumental set-up of a typical (a) HPLC- and (b) CZE-ICP IDMS system for post-column isotope dilution with a species-unspecific isotopicall
labelled spike. A low dead volume mixing unit for the effluent and spike solution in CZE-ICP IDMS is highlighted.

fact that the isotopically labelled spike is added after the sep-in yeast and a number of unidentified selenium species in
aration step, analyte losses during sample preparation anccod muscle were detected likely to be selenium-containing
separation are not compensated[&5]. peptides due to incomplete digestion. In a subsequent work
Most applications of post-column isotope dilution anal- from the same group selenomethionine was again quantified
ysis for the quantification of metallo(id)biomolecules have as the major compound in three mushroom species but in
been reported using a conventional (column i.d. 4.6 mm) these cases without applying an enzymatic digeg26h
HPLC-ICP-MS system. A major topic in this field is the The speciation of essential elements in human blood serum
quantification of selenium species. In selenium detection was studied by Sariego Muniz et 80] who quantified cop-
by ICP-MS the most abundant Se isotopes are interferedper, zinc and iron bound to serum proteins such as transferrin
by the presence of argon dimer ions. This interference canand albumin. Serum samples from hemodialysis patients and
be eliminated by the use of collision/reaction cells and healthy volunteers were investigated showing differences,
gases such as He,»HO,, NH3, CH4. Hinojosa Reyes et  particularly in terms of the iron speciation, indicating a po-
al. quantified the distribution of selenium in human blood tential benefit of quantitative speciation studies for disease
serum between glutathione peroxidase, selenoprotein Pdiagnostic purposes.
and albumin separated by affinity chromatograg2g]. Besides metals also heteroatoms such as chlorine, bromine
Selenomethionine was identified and quantified as the mainand iodine can be detected by ICP-MS. The analysis for
selenium compound in cod musdR®7], yeast and wheat halogen species of humic substances was reported using
flour by Diaz Huerta et a[28] In these cases an enzymatic HPLC-ICP-MS[31]. Chlorine and bromine isotope dilution
digestion with protease and lipase liberated the selenome-is hindered in quadrupole ICP-MS due to interferences on
thionine incorporated in selenium-containing proteins. the 3’Cl and®Br nuclides. Although the monoisotopic io-
Thus not the original seleno-biomolecule was quantified dine has only one stable isotope the quantification of iodine
but the digestion product and information on the primary species of humic substances could be performed by the use
selenium-containing protein was lost. Beside selenomethio-of a spike solution enriched in the long-lived radioactive
nine selenite was quantified as a minor selenium compound29 isotope.
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A further field of investigation in bio-inorganic speciation
analysis concerned metallothioneins (MT), a low molecular
mass (6—7 kDa) metal-binding protein synthesized by ani-
mals in response to metal stress. Liquid chromatography hy-
phenated to ICP-MS was widely applied to the detection of
MT and post-column isotope dilution used for the quantifi-
cation of cadmium, zinc and copper bound to MT in rab-
bit liver [32], eel liver[33,34] and carp livel{33]. Besides
liquid chromatography capillary zone electrophoresis (CZE)
is able to separate different MT isoforms with high reso-
lution. Schauniffel et al. set up for the first time a CZE-
ICP-MS system with post-column isotope dilution and ap-
plied it to the quantification of MT isoformf24]. Stable
isotopes 0f**S, 5Cu, 68zZn and116Cd were continuously
added via the make-up liquid and mixed with the CZE ef-
fluent in the CZE-ICP-MS interface. The set-up was crit-
ically dependent on the stability of the spike flow, which
was transported by self-aspiration. By using an ICP sector-
field MS instrument in medium mass resolution mode sul-
phur detection was also possible, enabling the quantifica-
tion of the protein via the number of the cysteine and me-
thionine residues in the amino acid sequence. Cadmium,
copper and zinc were simultaneously quantified, allowing
a determination of the metal-metallothionein complex stoi-
chiometry by the metal-to-sulphur ratiosig. 3). In a sub-
sequent work of this group the developed methodology was
applied to metallothionein quantification and characteriza-
tion of the metal-metallothionein complex stoichiometry in
rat liver[35].
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Fig. 3. Quantification and characterization of the complex stoichiometry
of rabbit liver metallothionein-1 by species-unspecific isotope dilution in
CZE-ICP-MS. The shaded area shows the MT 1 peak in the mass-flow elec-
tropherogram. The complex stoichiometry is obtained from the sulphur-to-
metal ratio[24].
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3. Species-specific isotope dilution quantification of
metallo(id)biomolecules

Species-specific isotope dilution analysis has become an
increasingly popular method to improve the precision and
accuracy of speciation analysis in complex biological and
environmental matriceR22,36] In this method an isotopi-
cally labelled analyte species is added to the sample and is
supposed to co-elute from a chromatographic column with
the analyte species after an entire analytical procedure. Since
the basis of quantification is the measurement of the isotope
ratio of the speciated elementin the mixture producing a chro-
matographic peak, incomplete recoveries and matrix effects
can be corrected fg22]. Important prerequisites are that the
analyte and the spiked species are completely equilibrated be-
fore the separation step and that no isotope exchange occurs
between the different specif5].

Application of the species-specific isotope dilution anal-
ysis to large biomolecules is a challenging task. This re-
quires first of all the structural characterization of the analyte
biomolecule followed by the synthesis of the isotopically la-
belled spike compounds. Thus species-specific isotope dilu-
tion is not applicable for unknown biomolecules. However,
in contrast to post-column isotope dilution no dedicated in-
strumental set-up is necessary.

To date species-specific isotope dilution methods devel-
oped for biomolecules have been based on molecular mass
spectrometry, with fast atom bombardment (FAB) or elec-
trospray ionization. Synthetic peptides which incorporate a
stable isotope?H, 13C, 15N, 180) or are labelled by a stable-
isotope containing tag are ideal internal standards to mimic
native peptides formed by proteolysis and can be employed
for absolute quantificatigi@7]. This can provide an attractive
complement to the relative quantification strategies in pro-
teomics based either on growing the cells in media enriched
in stable isotopef38] or on chemically labelling proteins by
isotope tagg$39]. The sensitivity of these methods is criti-
cally dependent on the ionization of a given molecule and
the quality of purification from the matrix. The poor linearity
of the response as a function of concentration leads to accu-
racies of an order of 30%. However, the use of isotopically
labelled peptides to generate quantitative data in molecular
mass spectrometry on the absolute amount of the parent pro-
tein has been scarce.

Hence, there is an increasing interest in the use of hy-
phenated systems with ICP-MS detection for species-specific
isotope dilution quantification of biomolecules owing to the
high sensitivity of ICP-MS, its linearity, quasi-independence
of the signal of the coordination environment of an element
within a molecule, and very limited matrix effed%40,41]
However, examples of application are to date rather scarce
mainly due to the lack of isotopically labelled biomolecules.

Polatajko et al. described for the first time the use of a
"Se labelled selenopetide (Asp-T¥SeMet-Gly-Ala-Ala-

Lys) for the quantification of 12 kDa heat-shock protein in se-
lenized yeast by capillary HPLC-ICP collision cell Mi&].
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61 x 10° with iodoacetamide. Species-specific isotope dilution was
1786 performed using d’Se-labeled selenomethionine spike in
 wge capillary HPLC-ICP collision cell MS and the accurately de-
il termined selenomethionine was used as an internal standard

for the selenocysteine determination from the same chro-
matogram. Impressive procedural detection limits at the low
ng g~ level could be achieved. A critical issue in this method

i was the equilibration of thé’Se labelled selenomethionine
spike with the selenomethionine in the sample, which is in-
corporated in proteins. Before the protein-bound selenome-
thionine is liberated by proteolytic digestion the selenome-
thionine spike may react with iodoacetamide which had to
be prevented. Once equilibration has been achieved, isotope
dilution compensates for all analyte losses. The developed
method is meanwhile routinely used in the authors’ labora-
tory for selenomethionine determination in complex biolog-
ical matrices such as blood, milk and eggs.

intensity, cps

.

0 5 10 15 20 25 30 35 40 45
Retention time, min

Fig. 4. Capillary HPLC-ICP IDMS analysis of aqueous yeast extract with a
species-specific spike by’aSe labelled peptide (shaded argt).

The heat-shock protein was previously identified to contain

one selenomethionine residue which results in one selenopep-

tide after tryptic digestion. Species-specific isotope dilution

analysis allowed the accurate determination of the Asp-Tyr- 4. Conclusions and future trends

SeMet-Gly-Ala-Ala-Lys peptide directly in a tryptic digest

of an aqueous extract of selenized ye&# (4) and thus the Isotope dilution analysis in combination with high-

quantification of the heat-shock protein. TH&Se labelled resolution separation techniques and ICP-MS detection of-

peptide had been purified by 2D liquid chromatography from fers an accurate quantification of trace element compounds

yeast grown orf’SeQ-rich culture. in biological systems. All biomolecules containing a metal
A further application was recently reported by Ruiz Enci- or heteroatom are theoretically accessible by this method if

nar et al. on the determination of selenomethionine and se-at least two isotopes (stable isotopes or long-lived radionu-

lenocysteine in human blood serydB]. A serum sample  clides) of the regarded element exist and their detection in

was enzymatically digested with a mixture of lipase and ICP-MS is not interfered. To date only few applications have

protease after derivatization of the selenocysteine residuespublished in the field of bio-inorganic speciation analysis

Table 1
Applications of isotope dilution analysis for metallo(id)biomolecule quantification

Analyte and sample Hyphenated system Separation column/capillary Reference

(a) Species-unspecific isotope dilution

Se species in human blood serum AF HPLC-ICP (ORC) MS Pharmacia HiTrap-heparin and HiTrap-blue sephard@s]

Se species in yeast and wheat flour AE HPLC-ICP (ORC) MS Hamilton PRP-X-100 (2504ntmm, 10.m) [28]

Se species in cod muscle RP HPLC-ICP (ORC) MS  Waters Spherisorb ODS2 (250 mxd.6 mm, 5.m) [27]
SEC-ICP (ORC) MS TSK G 2000 SV (300 mmx 7.8 mm)

Se species in mushrooms AE HPLC-ICP (ORC)MS  Hamilton PRP-X-100 (250 mm 4.1 mm, 1Q.m) [29]
RP HPLC-ICP (ORC) MS Waters Spherisorb ODS2 (250 ma.6 mm, 5um)
SEC-ICP (ORC) MS Pharmacia Superdex Peptide (300 mm.5 mm)

Fe, Cu and Zn in human blood serum AE HPLC-ICP (SF) MS Pharmacia Mono-Q HR 5/5 (50%mmm, 10um) [30]

Cl, Br and | species of humic substances SEC-ICP (Q) MS TSK Gel 3000 PW and HEMA-SEC BIO 300 [31]

MT-1 isoform in rabbit liver RP HPLC-ICP (Q) MS Vydac C8 VHP 259 (150 mm 4.6 mm) [32]
RP HPLC-ICP (TOF) MS
RP HPLC-ICP (SF) MS

MT isoforms in eel liver AE HPLC-ICP (Q) MS Pharmacia Mono-Q HR 5/5 (50 mm5 mm, 10um) [34]
AE HPLC-ICP (SF) MS

MT isoforms in eel and carp liver SEC-ICP (TOF) MS TSK Gel 3000 PWxL (30018 mm, 6um) [33]

MT isoforms in rabbit liver CZE-ICP (SF) MS Fused silica capillary (# i.d x 70 cm) [24]

MT isoforms in rat liver CZE-ICP (SF) MS Fused silica capillary (@5 i.d x 75cm) [35]

(b) Species-specific isotope dilution

Selenopeptide in yeast Capillary HPLC-ICP LC Packings Hypersil C18 BDS [42]
(ORC) MS (150 mmx 0.3 mm, 3um)

Selenomethionine in human blood serum Capillary HPLC-ICP LC Packings Hypersil C18 BDS [43]
(ORC) MS (150 mmx 0.3 mm, 3um)

Abbreviations: MT, metallothionein; AF, affinity; AE, anion-exchange; RP, reversed-phase; SEC, size-exclusion chromatography; ORC, actapodelte
(collision cell); Q, quadrupole; SF, sector field; TOF, time-of-flight.
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