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The speciation approach for the characterization of low-mass metal species including sample
treatment and storage is at present a well-established topic based on chromatography-atomic
detector coupling. More recently, new endogenous and exogenous metal species from biological
systems are attracting considerable interest. Bioactive molecules such as proteins, DNA restric-
tion fragments, phytochelatins, metallothioneins and others are target species of a new genera-
tion of analytical tools (bioanalysis) which substitute the traditional atomic detectors based on
the use of photons (AAS, FPD, ICP-AES, AFS) by mass detectors (MS and ICP-MS) for ion
characterization. Several cases related to biological molecules involving proteins and multipro-
tein systems, in which frequently metals (metallomics) participate, are described, and a generic
metallomic analytical approach is proposed for the identification and quantification of metal-
loproteins, and other metal molecules present in living systems. In this work, a multiplexed
analytical approach (MAA) is described on the basis of three experimental components:
(1) a separation technique—selectivity component; (2) a highly sensitive elemental detector—
sensitivity component; and (3) a molecule-specific detector, generally based on mass spectrome-
try—structural component. This approach brings together both elemental and molecular
detectors to simplify the identification of metal-tagged biomolecules in environmental, food,
and health studies.

Keywords: Metallomics; Metalloproteins; Proteins; Speciation; Mass spectrometry

1. Introduction

Speciation approaches have been developed during the last 15 years; they are now well
established and are becoming routinely used in environmental, food, and health-qual-
ity-control laboratories. Most speciation procedures are related to elements’ oxidation
states or the analysis of organometallic compounds [1]. This has been the focal point in
environmental studies in previous last decades, especially for butyl- and phenyltins,
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alkyllead species from anthropogenic origin, methylmercury and organoarsenic
compounds generated in environmental transformation of inorganic ions, and
complexes of essential and toxic metals and non-metals with small molecules, such as
selenomethionine and selenocystine [2].

These individual chemical species have a differential behaviour in relation to their
toxicity, mobility and bioavailability. Therefore, the higher toxicity of Cr(VI) against
Cr(III) has been demonstrated in natural waters, as well as the increasing toxicity
connected to element alkylation grade. This is the case of trialkyltins with respect to
di- andmonoalkyltins andmethylmercury against Hg(II), since alkylation, generally bio-
methylation [3], assists metals in crossing the biological membranes and the subsequent
accumulation through the food chain. Otherwise, arsenic presents the opposite situation,
since the toxicity of single ions (As(III) and As(V)) decreases, until it is eliminated, when
the element is incorporated into a more complex organic molecule, such as arsenobetaine
(AsB). Other times, toxicity is associated with the volatile character of some organo-
metallic species, which can be absorbed through the lungs, as in the case of mercury.

Speciation analysis is a difficult and challenging task, due to problems related to
species interconversion and stability, sample storage and conservation, species extrac-
tion and treatment, and final species characterization and analysis. Frequently, species
have important beneficial or harmful effects at very low concentration levels, thus
requiring the use of very sensitive atomic detectors (mainly ICP-MS and AFS). The
use of efficient separation techniques (namely, GC and HPLC) coupled to the atomic
detectors increases the method selectivity and helps to distinguish between
similar species from the same or different elements, for the time-resolved introduction
of analytes into the detector [4].

Endogenous and exogenous metallic species in biological systems [5–9] can establish
a different perspective, since they get together small size species molecules, such as oxa-
late, citrate, tartrate, amino acids, and oligopeptides bound to metal, and large metal
species including proteins, DNA restriction fragments, or polysaccharides. Many of
these elements play important roles in life, although others possess a negative action
on the living systems by being toxic, mutagenic or carcinogenic [10].

Generally, many of these systems are not well known, and the trace-metal binding to
these organic molecules has to be clarified [11] to assess the essential or toxic character
of metals in health and diseases. The new focus, metallomics, considered as an inte-
grated biometal analytical approach [12] denotes metal-assisted function biochemistry
that can be considered at the same level as genomic or proteomic [13]. The metallomics
approach considers both qualitative information about the identities of individual
species and their quantitative evaluation. Metallomics can be considered as a division
of speciation analysis centred on the identification and/or quantification of elemental
species in the domain of cellular biochemistry [14].

With these new analytical problems related to bioactive molecules, new analytical
tools are required for the complementary use of atomic detectors (based in the use of
photons) and mass detectors sensitive to ions.

The speciation studies based on atomic detectors require two-dimensional systems,
in which species discrimination introduced by a separation device (HPLC or CE)
combines with the powerful sensitivity of atomic spectroscopy for metals. However,
these systems do not provide structural information, which is essential in the study
of unknown bioactive molecules from biological fluids and tissues. Therefore, the inno-
vative use of ICP-MS or AFS coupled to chromatography or capillary electrophoresis is
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combined with molecular MS techniques, which is producing a new generation of
analytical approaches based on the joint use of elemental and molecular mass spectro-
metry, opening up new possibilities for spotting, identifying and quantifying biomole-
cules with previously unknown structures [15] (figure 1).

Many biological molecules are proteins, which mainly determine how living organ-
isms work. ‘Proteomics’ [16] is of great importance in the study of multiproteins systems
focused on the interplay of multiple, distinct proteins and their roles as part of a larger
system or network. However, a parallel approach can be designed to characterize the
entire metal-bioactive molecules participating in organisms’ protection from stress
(metallothioneins and phytochelatins) or in organisms’ response to beneficial or harm-
ful conditions, ‘metallomics’ [17]. Many of these metallomolecules are proteins, metal-
loproteins, and in this case metal can be used as a specific tag for metalloprotein
identification in complex mixtures with many other non-metallic proteins [10].
Therefore, in this case, metallomics can be considered as metal-tagged proteomics.
This concept opens a spectrum of new analytical options and strategies, since these
ICP-tags comprise P, S, Se, Si, Cl, Br, I, As and many metals [15]. This approach is,
therefore, suitable for molecules with an ICP-tag (e.g. an ICP-sensitive element) in a
covalent-like form. Metals weakly coordinated to organic compounds are difficult to
analyse by this methodology, and the results should be considered with caution [18].

In this paper, the metallomics approach, mainly based on the use of mass spectrome-
try hyphenated techniques for the characterization of metal-bound to proteins in
biological systems, is critically reviewed. This topic is related to the already
well-established metal-speciation approach, which is not considered in detail in this
appraisal, since it has been covered exhaustively in previous books [19–22] and reviews
[5,23–25]. The purpose is to explore the possibilities of the combined use of inorganic
and organic mass spectrometry both coupled to liquid chromatography in proteomics

Figure 1. Role of hyphenated techniques in metal bioanalysis (metallomics).
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studies related to environmental and biological issues. The use of analytical atomic
spectrometry has not been extensively used in metallobiomolecular characterization,
although the impressive analytical performance of ICP-MS, with its ability to distin-
guish between metal (metalloid)-containing species and metal-free species in effluents
from a separator device (HPLC or CE), or using laser ablation in a two-dimensional
(2-D) gel spot, constitutes a very relevant alternative [10].

2. Analytical experimental approaches for metalloproteins characterization

The low concentration of the trace elements present in biological tissues (generally
below 1�g/g) and the complexity of the matrices make metalloprotein characterization
difficult. The occurrence of numerous protein isoforms produced by post-translational
changes can also complicate this type of speciation analysis.

Three key instrumental components can be involved in metallomic analysis:
(1) a separation device for molecule discrimination; (2) a sensitive atomic spectrometer
for metal detection; and (3) a mass spectrometer for molecule information and structure
characterization. These instrumental systems can be coupled to obtain information
about metal-containing species (figure 2) as well as for their molecular weight and
structure identification (figure 3).

Separation can be performed using column devices, together with on-line detection
using an atomic spectrometer, ICP-AES or ICP-MS [5,23,25,26]. Off-line characteriza-
tion is also possible when the species are separated by gradient gel electrophoresis or
isoelectric focusing, and the resulting spots previously studied by atomic techniques.
Metal species can be excised, and the pieces digested and quantified by ICP-MS,
AAS, and AES [27]. Off-line detection of metal species can also be carried out directly
in the gel, using a highly sensitive discrete atomization technique for the gel pieces for

Figure 2. Instrumental couplings for metal-containing species identification.
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solid sample analysis with ETAAS [28] or ETV-ICP-MS [29,30]. Finally, off-line detec-
tion of metal species can be directly performed in the whole gel by laser ablation of the
spots with ICP-MS detection [31], thus providing excellent detection limits, typically in
the mg/L range for pneumatic nebulization (PN), with the additional advantage that
several elements can be monitored simultaneously.

Two ablation strategies have been proposed [32]: single-hole drilling, relevant for
ablation of spots after 2-D separations, and ablation with translation, i.e. on a line, rele-
vant for one-dimensional (1-D) separations. The ICP-MS detector yields good signals
for heavy metals, such as Zn of Cd bound to proteins [33], but quantitative
non-metal evaluation, especially P and S, is difficult due to the occurrence of isobaric
interferences. This fact is crucial due to the important role of these later elements in
many physiological and pathophysiological processes, such as carcinogenic and neuro-
degenerative diseases [34], that need a double focusing sector field ICP-MS (ICP-
SFMS) or ICP-Q-MS with a dynamic reaction cell (ICP-DRCMS) for this purpose
[34,35]. These techniques become essential in characterizing post-translational protein
modifications, especially in phosphorylation reactions [35].

Mass spectrometry provides structural information about unknown or already
known metalloproteins. In this case, electrospray ionization MS (ESI-MS) [36,37],
such as ESI-Q-TOF-MS [38], for column separations, and matrix-assisted laser deso-
rption ionization time-of-flight MS (MALDI-TOF-MS) [38,39], for planar separation
techniques, provide molecule-specific detection, especially if the MS/MS mode is used.

An analytical speciation scheme for metalloprotein identification and quantification
can therefore be proposed, including three main components: (1) a separation technique

Figure 3. Instrumental couplings for structural characterization and molecular-weight identification of
metal-containing species.
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(e.g. HPLC, CE, 2DE and 2D-PAGE) for target species isolation from the matrix and
the time-resolved introduction into the detector—the selectivity component; (2) an high-
sensitivity element detector such as ICP-MS, for element quantification—the sensitivity
component; and (3) a molecule-specific detector, based on mass spectrometry, especially
using tandem MS for a more accurate characterization of biomolecules—the structural
component. This MAA brings together both elemental and molecular detectors,
and allows simple and fast metalloprotein identification at very low concentrations
(e.g. 10–100 pg/L of protein). The approach strongly simplifies the sample treatment
due to the selectivity introduced by the presence of the metal, since the atomic detector
(namely, ICP-MS) provides an extra dimension to the separation device in the detec-
tion. This fact allows metal-containing peaks to be distinguished from metal-free signals
resulting from the separation step, as well as the unambiguous confirmation of the pres-
ence of metallocomplexes [26], since artefact peaks from the sample matrix observed
with non-selective detectors for metals can be reliably skipped [40]. The ESI-MS detec-
tor provides additional information about the peak identity in the case of unknown
compounds. Therefore, metal gives a useful tag in heteroatom-containing biomolecules,
and this approach can transform the well-established proteomic approach based on
whole molecules in other focused on the metal: metallomics [17].

The metallomics approach (MtA) can be applied to numerous ligand complexes in
biological samples [41]. Metalloproteins in blood and blood plasma, selenoproteins in
human and animal body fluids and other biomolecules in which tag elements are pres-
ent can be the focus of MtA.

The core of MtA is the use of a highly sensitive atomic detector for the element.
Transition metals can be easily quantified in the ng range using the already well-estab-
lished ICP-MS detector, or alternatively, ICP-DCRMS or ICP-SFMS for non-metals,
the latest indispensable technique for the detection of important elements such as S and P.
These systems have been used for the determination of metal–sulphur ratios in metal-
lothioneins, with coupling to size exclusion chromatography [42], and for the detection
of new selenium compounds in selenized yeast using CE-ICP-MS [43].

3. Metallomic approach in examples

3.1. Metallothioneins (MT)

Metallothioneins constitute a typical example of metalloproteins with low molecular
mass (6–7 kDa) generally used as indicators of environmental exposure [44].
These cystein-rich metal-binding compounds are of particular interest in connection
with organisms exposed to elevated levels of trace metals through both biochemical
processes and pollution [23]. Metallothioneins easily link with essential (Cu, Zn) and
toxic (Cd, Hg) trace metals [24]. MT are generally present in a mixture of different
isoforms separable by anion-exchange chromatography, but each of these fractions
still contains a number of sub-isoforms that vary in a small number of amino acids
or contain extra residues, whose separation requires high-resolution techniques [1,45].
The presence of high levels of MT in biological tissues is used as a ‘biomarker’ of envi-
ronmental exposure to heavy metal, since MT are synthesized by living organisms in the
presence of metals as part of a detoxifying process.

The coupling of ICP-MS with size-exclusion chromatography (SEC) has been widely
used for the quantification of MT [5] and allows real-time element specific detection of
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different metal-containing molecular-weight fractions in unknown cytosols [46].
However, the identification of MT isoforms can only be achieved by further speciation
studies of the MT fractions, previously isolated by SEC, using multidimensional
chromatographic separation techniques, such as anion-exchange or reverse-phase
(RP) HPLC, or CZE [1,47].

Adams et al. [48] studied Cd and Zn associated with MT1, which showed different
retention times from Cu. Absolute detection limits (metal pg) obtained in the characteri-
zation of MT in cytosols carp liver and kidney using SE-HPLC-ICP-TOF-MS ranging
from 19.9 pg (114Cu) to 158 pg (66Zn). The results showed the possibility of coupling
for multi-elemental and multi-isotope detection at pg levels, with a relative standard
deviation better than 5%. The two metals are probably bound to the same molecular
fraction but probably to molecules with different shapes or bound to different MT
molecule clusters. Sanz-Medel et al. [49] proposed a two-dimensional separation
system combining size-exclusion fractionation of eel-liver cytosol, with SEC-AE-
FPLC, and post-column isotope analysis using Cd-, Cu-, and Zn-enriched isotopes.
The isotope ratio was monitored on-line by ICP-(Q)MS.

CE-ICP-MS coupling has been proposed as a powerful and versatile analytical
approach for the determination of metallothioneins, with a better performance than
other couplings based on HPLC [50]. The approach exhibits several advantages such
as the small volume of sample required (typically 1–30 nl), high sample throughput,
and low reagent consumption. In addition, the disturbance produced by the CE-ICP-
MS system does not affect the metal–metallothionein equilibrium. A critical aspect of
the coupling is the interface, and different studies have been focused on its design
using diverse types of nebulizers. Lobinski et al. [40] recommended the parallel identi-
fication of metallothioneins by CEZ-ICP-MS and CZE-ES-MS, the first to detect MT-
Cd, Cu and Zn complexes, and the second to identify them.

Therefore, the analytical approaches for metallothioneins characterization in envi-
ronmental, foodstuffs, foods, and biological tissues should use MAA [17] and have
to be supported on coupled techniques [24].

3.2. Metal superoxide dismutase (MSD)

Besides metallothioneins, MSD have been proposed in the literature as indicators
of living organisms’ exposure to xenobiotics [51]. The presence of Cu–Zn superoxide
dismutase has been tested in rice (Oryza sativa L.) under stress by drought [38] or
ozone action [52]. A crude protein extract of rice leaves was submitted to 2D-PAGE
separation, which detects more than 1000 protein spots in the extracts. The latter
densitometric image analysis revealed significant differences in protein abundance
under stress. The study was completed with critical proteins characterization using
MALDI-TOF-MS and/or ESI-Q-TOF-MS/MS. About 42 protein spots from rice
leaves showed a significant change in abundance under stress by drought [38], and
the differences between stressed and reference crops were clearly marked by the pres-
ence of Cu–Zn superoxide dismutase. Most of these studies denoted the importance
of metal bounded to proteins as environmental biomarkers, so the application of the
metallomics experimental approach based on the parallel use of atomic and mass detec-
tors could simplify the current proteomic appraisal.
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3.3. Food metalloproteins

The metallomics approach can also be useful to characterize metals bound to the bioac-
tive molecules present in food, which are frequently the main source of trace elements
for the human diet. Size-exclusion chromatography coupled to ICP-MS (SEC-ICP-MS)
has been widely used for the speciation of polysaccharides bounded to cations, which
are linked by the negatively charged oxygen functions in fresh fruit and vegetables
[53]. SEC and cation-exchange separation based on solid-phase extraction cartridges
coupled to ICP-MS have been used to obtain complementary information about the
metal species present in tea infusion. These techniques confirm that metal-organic
ligands in tea infusion are large polyphenolic compounds, which are probably the
Al-binding ligands in this food [54].

The composition and structure of Cr(III) bioactive compounds are also the target of
speciation studies using HPLC-FAAS for the separation and detection of Cr(III)
compounds from Cr-rich yeast biomass. �-Nicotinamide adenine dinucleotide
phosphate (NADP) forms a 2 : 1 complex with chromium that exhibits glycaemic
activity [55].

3.4. Seleno and iodoproteins in human tissues and fluids

In human fluids, the major bioligands are proteins and other small molecules such
as ATP, porphyrins and cobalamins. Size-exclusion chromatography with on-line
ICP-MS detection has been used to characterize metal covalently integrated into the
structure of a metalloprotein (e.g. selenoproteins) or bound in protein complexes
(metallothioneins) [56]. However, SEC suffers from poor resolution of the metallopro-
tein species, and the metallomics approach, described previously, could provide a deeper
insight into these biomolecules’ characterization, especially with the application of
multidimensional chromatography.

At present, only a few selenium and iodine proteins have been identified and charac-
terized, such as GPX, selenoproteins P and W, and iodothyroxine deiodinase. Other
seleno- and iodoproteins are also present in the biological organisms and help to
prevent chronic diseases like cancer and cardiovascular disorders. Therefore, it is criti-
cal to investigate the unknown selenoproteins and other metalloproteins present in the
biological organisms, as well as to provide dietary supplements in the form of selenized
yeast and others. In the case of high-molecular-mass compounds, Se is casually incor-
porated into the yeast proteins taking the place of sulphur. The absence of any
specificity in the Se incorporation motivates the denomination of ‘Se-containing pro-
teins’, in opposition to selenoproteins [32].

Radioimmunoassay has been proposed for selenoprotein measurement in human
serum, [57]. Other selenoproteins have been detected in rat tissues labelled with 75Se
and protein separation using gel-electrophoretic methods (2D-SDS-PAGE) for localiza-
tion of 75Se-containing proteins in the gel by autoradiography [58]. When the metallo-
mics approach is applied, attention should be focused on the separation step to obtain
the adequate Se-species resolution. Size-exclusion liquid chromatography (SEC) is the
fractionation method mostly used in combination with non-radioactive methods, like
ICP-MS, but it is limited by the low chromatographic resolution characteristic of
size-exclusion separation [59]. The coupling SEC-ICP-MS has been used for glutathione
peroxidase characterization in human serum and breast milk. Better results
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were obtained with AC, although tandem chromatography combining AC-SEC and
ICP-MS detection is the most reliable approach [60].

3.5. Metallodrugs

Metallomics can be applied in the study of metallodrug–protein interactions.
Anticancer drugs such as cisplatin, ruthenium-based antitumour drugs and others pres-
ent a differential activity depending on their complexation with proteins. Therefore, fast
methods to monitor the interactions of metallodrugs with proteins in human fluids are
necessary. SEC-ICP-MS has been proposed to identify complexed ‘free’ Pt and Ru frac-
tions in drugs containing these elements [61]. The same approach has been used in par-
allel with nanospray tandem quadrupole time-of-flight (ESI-Q-TOF-MS). SEC-ICP-
MS provided the first direct evidence for the co-binding of cadmium and platinum to
MT through cysteine binding [62]. CE-ICP-MS has been used in studies of cobalamins
in pharmaceutical preparations and food samples [63].

Planar electrophoresis constitutes a powerful approach for good resolution separa-
tion of many metalloproteins, in particular selenoproteins. The detection of Se in the
spots can be accomplished by ETV-ICP-MS [30], with the advantages of a higher reso-
lution than SEC and sensitive/quantitative Se determination. However, this off-line
analysis is too time-consuming if 2-D gel separation is used, and only radioactive detec-
tion using the 75Se radioatracer is suitable for this purpose [64]. Recently, laser ablation
(LA)-ICP-MS [32] has been successfully applied to the detection of Se-containing
proteins in red-blood-cell extracts.

Laser ablation has also been proposed for the identification of Co–human serum
protein interactions using 2D gel electrophoresis to obtain a map of metal protein
distribution [31]; the consistency and complimentarity of this approach (using laser
desorption mass spectrometry for characterizing proteins) are notable.

4. Conclusions

New multidimensional analytical tools are needed for fast, sensitive, quantitative and
comprehensive characterization and determination of metals in bioactive molecules,
and especially in macromolecules present in living systems. These biometallic systems
(metallomic) can be studied using tandem mass spectrometry, with electrospray and
MALDI sources, and multidimensional separation techniques, such as multidimen-
sional liquid chromatography and 2D-PAGE, thus providing a deeper insight into
environmental stress situations (biomarkers), food quality and authentication assess-
ment, disease diagnosis, and metallodrugs design and action.

Metallomics is based on a multiplexed analytical approach (MAA) that combines
three experimental components: separation, metal-sensitive detection, and structure
identification, integrated on a multidisciplinary framework. Forthcoming trends are
related to the application of more sophisticated instrumental couplings based on
MALDI-TOF-TOF and LC-MALDI-TOF-TOF, as well as a closer interface between
analytical chemists involved in speciation and molecular biology scientists.
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Appendix A: List of abbreviations

2DE: bi-dimensional electrophoresis

2D-PAGE: bi-dimensional polyacrylamide gel electrophoresis

AAS: atomic absorption spectrometry

AC: affinity chromatography

AE: anionic exchange

AES: atomic emission spectroscopy

AFS: atomic fluorescence spectroscopy

AsB: arsenobetain

ATP: adenine triphosphate

CE: capillary electrophoresis

CZE: capillary zone electrophoresis

DNA: deoxyribonucleic acid

DRC: dynamic reaction cell

ESI: electrospray ionization

ETAAS: electrothermal atomic absorption spectroscopy

ETV: electrothermal vaporization

FAAS: flame atomic absorption spectroscopy

FPD: flame photoionization detector

FPLC: fast protein liquid chromatography

GC: gas chromatograpy

GPX: glutation peroxidase

HG: hydride generation

HPLC: high-performance liquid chromatography

ICP: inductively coupled plasma

ICP-MS: inductively coupled plasma mass spectrometry

ICP-DRCMS: inductively coupled plasma dynamic reaction cell mass spectrometry

ICP-SFMS: inductively coupled plasma sector field mass spectrometry

IT: ion trap

LA: laser ablation

LC: liquid chromatography

MAA: multiplexed analytical approach

MALDI: matrix-assisted laser desorption ionization

MCN: microconcentric nebulizer

MeHg: methyl mercury

MS: mass spectrometry

MT: metallotionein

MT1: metallotionein 1

MtA: metallomics approach

NADP: �-nicotinamide adenine dinucleotide phosphate

PCR: polymerase chain reaction

PEPs: protein expression profiles

PN: pneumatic nebulization
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Q: quadrupole

SDS: sodium dodecyl sulphate

SE: size exclusion

SEC: size-exclusion chromatography

TOF: time of flight
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