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Measurements Using Isotope Dilution Inductively Coupled Plasma Mass
Spectrometry
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aSupra-Regional Assay Service, Trace Element Laboratory, Surrey Research Park, Guildford, United Kingdom; bSchool of Pharmacy, Institute
of Clinical Sciences, College of Medical and Dental Sciences, University of Birmingham, Edgbaston, United Kingdom; cRoyal Surrey NHS
Foundation Trust, Guildford, United Kingdom; dAtlantic Technological University, ATU Sligo, Sligo, Ireland

ABSTRACT
Advances in inductively coupled plasma mass spectrometry and the methods used to prepare iso-
topically enriched standards, allow for the high accuracy measurement of metalloproteins by iso-
tope dilution mass spectrometry. This technique has now reached a level of maturity whereby a
step change in the accuracy, precision, and traceability of, in particular, clinical, and biomedical
measurements is achievable. Current clinical measurements, which require low limits of detection in
the presence of complex sample matrices, use indirect methods based on immunochemistry for the
study of human disease. However, this approach suffers from poor traceability, requiring compari-
sons based on provision of matrix-based reference materials, used as analytical standards. This leads
to difficulty when changes in the reference material are required, often resulting in a lack of interla-
boratory and temporal comparability in clinical results and reference ranges. In this review, we focus
on the most important metalloproteins for clinical studies, to illustrate how the attributes of chro-
matography coupled to inorganic mass spectrometry can be used for the direct measurement of
metalloproteins such as hemoglobin, transferrin, and ceruloplasmin. By using this approach, we
hope to demonstrate how isotope dilution analysis can be used as a reference method to improve
traceability and underpin clinical, biomedical, and other biological measurements.

KEYWORDS
Clinical measurements; ICP-
MS; isotope dilution mass
spectrometry; metallopro-
teins; traceability

Introduction part 1: metalloproteins

Metals are essential to life, with over a third of the known
human proteome associated with a metal co-factor,[1] which
are classified as metalloproteins. A systematic review of
enzyme structural databases showed that metalloenzymes are
found in all six Enzyme Commission classes, including:
hydrolases; isomerases; ligases; lyases; oxidoreductases; trans-
ferases; and lyases,[2] with some estimates suggesting that up
to 50% of all proteins may have metal binding affinity.
Therefore, the significance of metalloproteins in biological
systems, biomedical science and human health cannot be
underestimated. In the case of zinc, about 10% of the prote-
ome is thought to contain in vivo Zn binding affinity, with
functions ranging from redox regulation, DNA synthesis
(Zn-finger proteins) and intracellular signaling, to possible
contributions to the progression of Alzheimer’s disease.[3]

Many oxidase and oxygenase enzymes are copper or iron
metalloproteins,[4] and the iron-containing metalloprotein
Hb is the principle oxygen carrier in humans. Magnesium,
the most common metal in metalloenzymes, is sometimes

interchangeable with manganese, and hence the quantity of
Mn metalloenzymes in vivo may be overestimated,[5] though
Mn is a notable co-factor in manganese superoxide dismutase
(Mn-SOD).[6] Proteins with the metalloid containing amino acid
selenocysteine, are often found in oxidoreductase enzymes.[7]

To avoid displacement or loss of metal cofactors, metallo-
proteins must be studied under non-denaturing and often
physiological conditions,[5] limiting the number of available
analytical preparation and measurement techniques that can
be used. Clinical measurements require a high degree of
traceability, meaning that they “can be related to stated
references through an unbroken chain of comparisons all
having stated uncertainties.”[8] Traditional biochemical tech-
niques and also the newer tagging methods,[9] which are
based on immunochemistry, often suffer from a limited lin-
ear range, a lack of traceability, or phenomena such as the
Hook effect, whereby falsely low results are caused by the
presence of excess antigen compared to antibody. Such fac-
tors can alter reference ranges when the calibration materials
are changed and highlights the requirement for new
approaches to standardization, which can be facilitated by
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the use of traceable inorganic standards. In this approach,
after separation from the sample matrix and other proteins
using liquid chromatography, metalloproteins can be quanti-
fied using elemental mass spectrometry.

Introduction part 2: isotope dilution mass
spectrometry

Analytical measurements using calibration procedures based
on IDMS offer the possibility of high accuracy results, with low
values of measurement uncertainty and clear traceability to the
SI unit for amount of substance, the mole.[10,11] The basic prin-
ciple of IDMS is the addition of an isotopic internal standard to
the sample, which changes the natural isotopic composition of
the analyte under investigation. By measurement of the isotope
ratio of the sample and the spike isotopes using mass spectrom-
etry, the concentration of the analyte can be determined. In
practice[12] a sample with a known isotopic composition of
analyte, but unknown analyte concentration, is mixed with a
known amount of internal standard, with known isotopic
enrichment, termed the spike. The spike contains the analyte
being measured, but with a different isotopic composition,
ideally the least abundant isotope is enriched compared to how
the element is present in nature. Complete mixing of the sam-
ple and the spike, such that the two isotopes being measured
reach equilibrium, produces a sample blend. The isotope ratio
of the sample and spike isotopes in the blend then directly
reflects the analyte concentration in the sample.

If carried out correctly, a significant advantage of IDMS
is that any loss of sample blend will not affect the isotopic
ratios being measured and so will not affect the accuracy of
the result. In conventional calibration approaches a loss of
the analyte would result in an under recovery and a low
result. However, in a similar way to conventional ICP-MS
measurements, accurate calibration in IDMS requires both
isotopes being measured to be interference free, either
through judicial use of the parameters for the ICP-MS colli-
sion/reaction cell or higher resolution ICP-MS to remove
the interference, or by choice of two interference free iso-
topes. The equations used for the calculation of the concen-
tration of the unknown analyte are well established[10] and
relate the analyte concentration to the known or measured
abundances of the 2 isotopes, their measured isotopic ratio
in the blend and the mass of sample and spike used.

In practice, there have been four approaches used for
such calibration: single IDMS; double IDMS; triple IDMS;
and exact matching IDMS,[10,11] each offering different
degrees of complexity and levels of measurement uncer-
tainty. Briefly, in single IDMS the spike material used to
produce the sample blend has already been characterized in
terms of concentration and isotopic abundance, so can
effectively be used as an internal standard without further
analysis. In double IDMS the spike material needs to be
characterized using reverse IDMS, whereby a well-character-
ized analyte standard (this is termed the back-spike) with
natural isotopic abundance and known concentration is
added to the spike and the isotope ratio determined. Once
characterized in terms of concentration the spike can be

used to determine the concentration in a similar way to sin-
gle IDMS. Triple IDMS[13] has been developed to deliver the
highest metrological requirements and to overcome prob-
lems related to contamination of the instrument by highly
enriched spike materials and elements with significant mem-
ory effects. To do this, a third isotopic blend containing the
spike and the back-spike but in a different ratio compared
to the blend required for double IDMS, is used. Despite the
higher workload required in triple IDMS, it has the advan-
tage that the isotope ratio of the spike does not need to be
determined and this approach provides the lowest relative
expanded uncertainty of all the IDMS methods.[13] The exact
matching calibration approach was initially developed to
reduce systematic errors in the measurement of organic com-
pounds[14] and was then adapted for use with inorganic spe-
cies. It is a form of double IDMS which involves matching
the isotope ratio of the sample-spike and back spike-spike
blends and their signal intensities, by sequentially adjusting
their composition. As such it overcomes some of the uncer-
tainties involved in the measurement, such as for detector
dead-time, but it can be time consuming to perform. For this
reason the “approximate matching” approach was devel-
oped[12,15] whereby the same improvements are made but the
agreement between the different blends is set to be acceptable
at ±5%. All of these spiking methods can be employed for
the measurement of metalloproteins, as discussed below.

In relation to IDMS for elemental speciation analysis, two
operational approaches have been developed for performing
the isotope ratio measurements, species specific spiking
(ssIDMS) and species unspecific spiking (suIDMS),[16] which
are still in use and the practical aspects are illustrated in
Figure 1. The former method requires that the structure of
the chemical species in the sample is known and that a suit-
able isotopically enriched molecular spike material is avail-
able, the latter method is used where the species of interest
is unidentified or an exact standard containing an enriched
isotope is not available, so uses an enriched elemental spike.
Both approaches were effectively developed in response to
the availability of the necessary isotopic materials, in par-
ticular suIDMS was proposed because of the lack of suitable
isotopically enriched molecular analogues for the measur-
ands being studied. At the time these two approaches were
instigated, the majority of spike materials consisted of iso-
topically enriched elemental solutions, which led to the
adoption and use of post-column infusion of the spike as
seen in suIDMS. Subsequently, as molecular standards con-
taining enriched isotopes were synthesized, it became pos-
sible to undertake ssIDMS, mainly with covalently bound
organometallic compounds, which were relatively straight-
forward to prepare, but potentially hazardous.[17,18]

The use of IDMS for biomolecular determinations was
limited in the early work,[16,19] to quantifying environmental
heavy metals bound to humic substances, using enriched
isotopes added post separation in the suIDMS approach.
However, species-specific spiking is superior to the use of
species-unspecific spiking because the spike is added at the
earliest stages of the analytical workflow, such that any
chemical or physical losses of the analyte, or of the metal
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center, during the analytical procedure will be corrected for
in the final IDMS measurement. This is a major advantage
over the suIDMS approach. The caveat in ssIDMS is that
both the spike and the analyte need to have reached chem-
ical equilibrium prior to extraction, otherwise any changes
are left unaccounted for by the IDMS procedure.

To show the potential for using the ssIDMS approach for
the measurement of metalloproteins, the first isotopically
enriched metalloprotein, rusticyanin (Rc) was prepared in
2005 using a recombinant protein system.[20] This involved
ligating the DNA encoding for Rc into bacterial cells, to be
expressed in a suitable quantity and then extracted for use.
The apo-protein generated was metalated using an enriched
65Cu isotopic solution (95% abundance) followed by purifi-
cation via dialysis. The structure and isotopic content of the
enriched metalloprotein was confirmed using electrospray
mass spectrometry. It was most important in these initial
studies to demonstrate that the non-covalently bound metal
was not subject to isotopic exchange during the procedure,
in particular the chromatographic separation. Stability to
exchange of isotopes under different chromatographic con-
ditions was tested and the metal center of this protein was
found to be stable, meaning that ssIDMS of metalloproteins
was possible. In practice, it is essential that the enriched iso-
tope in the spike protein does not undergo rapid exchange
reactions either by loss from the protein, or by scavenging
of free natural-abundance metal ions during preparation. A
possible loss of metal from the protein spike, with the
potential of reacquiring free metal would lead to a change in
the isotopic signature of the spike. Isotope dilution would
not correct for this because the isotopic content of the
enriched protein would be altered. The use of IDMS calibra-
tion approaches in speciation and metalloproteomic applica-
tions have been reviewed and describe a significant body of
work in the measurement of simple organometallic

compounds and peptides (including selenomethione),[11] the
application of IDMS to quantitative proteomics[21] and the
use of IDMS for metalloproteins and the multi-elemental
analysis of organometallic compounds.[22]

The two main advantages of using a recombinant cell sys-
tem to produce enriched metalloprotein spikes for use in
IDMS, are that a specific protein standard can be prepared,
thus ensuring excellent measurement traceability and it is not
necessary to denature it to remove the metal center prior to
remetallation with the enriched isotope, as it is produced as
an apo-protein. Most commercially available metalloprotein
standards which have been used to produce spike materials in
subsequent work, are not well-characterized, lack appropriate
traceability, can contain different isoforms of the protein
being studied and are often of low purity. This can lead to
poor chromatographic peak shapes and problems with extra
peaks due to impurities. For example, in subsequent work on
the metalloprotein SOD[23] one of the problems encountered
was that it is not easy to fully demetallate the metalloprotein
prior to incorporation of the enriched isotope. In this case
demetallation involved lowering the pH significantly to pH 4,
which would have a significant denaturing effect on the pro-
tein structure. This approach led to only partial replacement
of the metals and the presence of some apo-form of the pro-
tein in the standard, resulting in a drop in enzymatic activity
of 30% compared to the wild-type metalloprotein. However,
the advantages[24] of using measurements based on the
response of the metal isotopes to determine the amount of
the metalloprotein, rather than using a molecular standard,
are that the calibration standard used is an elemental solution
with high traceability. It is then a relatively simple matter to
convert the response for the metal to the concentration of the
molecule by using the stoichiometry of the compound.

The issues of standardization of metalloprotein and sele-
noprotein quantification has been the focus of clinical

Figure 1. Work-flow diagram for species-unspecific isotope dilution mass spectrometry (SU-IDMS, left) compared with species-specific isotope dilution mass spec-
trometry (SS-IDMS, right) using a single separation column with UV-visible monitoring and online ICP-MS elemental quantitation. In species-unspecific IDMS, the iso-
topically enriched spike is continuously added post-separation, whereas in species-specific IDMS, the sample is mixed with an isotopically enriched species-specific
spike before chromatographic separation.
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chemists and metrologists for the past decade. Because some
metalloproteins are important biomarkers (for details the
reader is referred to the sections below) there is a dire need
for traceable methods, particularly for the quality assurance
purposes of routinely used clinical methods. This issue is
being addressed in several publications considered below as
well as in large-scale research projects initiated by the
national metrology authorities. For example, a number of
different metal-containing proteins were studied in a
European Metrology Research Programme (EMRP) project
related to metallomics,[25] with a particular focus on the
measurement of metalloproteins using ssIDMS. This project
was undertaken because there are so few standardized tech-
niques available for the measurement of metalloproteins,
and a general lack of primary reference methods. Hence
results of inter-laboratory comparisons and evaluations of
different diagnostic kits for measuring metalloprotein con-
centrations are often inconsistent and as noted above, lack
strong metrological traceability. The EMRP project devel-
oped primary reference measurement procedures for the
quantification of metalloproteins, traceable to international
measurement standards, including methods to separate,
identify and detect: Cp; Tf; Tf-vanadium complex; Hb; Cu/
Zn superoxide dismutase (SOD) and the selenoproteins
SELENOP and glutathione peroxidase-3. Such major
research projects indicate the importance of standardization
to achieve accuracy and traceability in modern clinical
chemistry ensuring the traceability of the measurements.

Classic proteomics using IDMS for the
quantification of metalloproteins

Classically, the quantification of proteins has extensively
used IDMS calibration by means of an isotope-labeled (2H,
13C, and 15N) protein as internal standard and analysis by
LC coupled to MS/MS.[26–28] Because IDMS can provide
absolute quantitation, and thus improve traceability, it is fre-
quently used for the development of CRMs, an example of
which was reported by Bi et al.[29] during the characteriza-
tion of a hemoglobin A1c (HbA1c) reference material.
Peptides were separated using reversed phase chromatog-
raphy (C18 column), followed by ssIDMS using electrospray
ionization (ESI) mass spectrometry with deuterium-labeled
(2H) amino acids. This gave an expanded uncertainty (k¼ 2)
of 1.9%. In a later study, HbA1c from lyophilized human
hemolysate samples were subject to similar enzymatic prote-
olysis followed by reversed phase HPLC,[30] again using
ssIDMS with isotopically (2H, 13C, and 15N) labeled peptides
measured by LC-ESI-MS/MS, and provided an expanded
uncertainty (k¼ 2) of 2.6–2.8%. It is likely that the metal
and/or heme group were lost during the proteolysis step,
highlighting why the enriched 2H, 13C, and 15N were used
and not enriched Fe. In 2016, Li et al. described a SI-trace-
able IDMS method to quantify human Tf using tandem
mass tags (TMT).[2] Isotope-labeled Tf was obtained using
different TMTs. After digestion, peptides were separated by
nano-liquid chromatography and fractions were automatic-
ally collected on MALDI targets for subsequent analysis by

MALDI-TOF-MS. This approach, using ssIDMS with TMT
peptides achieved a detection limit (LOD) of 17.1mg g�1,
the LOQ was 56.9 mg g�1 and the expanded uncertainty
(k¼ 2) was 4.7%. Mean recoveries were between 97.15% and
105.10%. These examples demonstrate how proteomic tech-
niques have been applied to the characterization of metallo-
proteins, thus demonstrating how classical methods have
facilitated the trend for using IDMS in their study. Such an
approach is particularly beneficial for apo- (metal-free) form
metalloprotein quantitation and is therefore highly comple-
mentary to IDMS measurements of the heteroatom itself.

Sulfur-based analysis as a development of
2H/13C/15N-IDMS for metalloprotein analysis

Two works describe the species-unspecific characterization
of MT using 34S suIDMS. In the first example, MT was
obtained from human brain samples (temporal, occipital,
parietal, cerebellum), and included comparison of MT
expression between patients with Alzheimer’s disease and an
age-matched control population.[31] After tissue homogen-
ization and de-fatting, separation was achieved using either
capillary electrophoresis (fused silica, 75 mm i.d., 30 kV) or
SEC (Superdex 75 PG) coupled to elemental detection by
ICP-MS. With sulfur stoichiometries of MTs already known,
quantities of MT isoforms were readily calculated. Similar
precision in MT measurements were achieved for MT from
brain cytosols compared to MT standards (peak area RSD
(n¼ 5) 4.8% and 9.5%, respectively). However, no recoveries
were determined.[31] In the second example, rabbit liver MT
was investigated with suIDMS expanded to include 65Cu,
68Zn, and 116Cd in addition to 34S[32] – for more detail the
reader is referred to Zn section. Using a natural isotopic sul-
fur isotopic RM (IRMM-644) and human serum protein
CRM (ERM-DA470k/IFCC), recoveries of between 101.7%
(Cu) and 106.6% (Zn) were reported with an expanded
uncertainty (k¼ 4) of approximately 15%. For more infor-
mation on MTs, the reader is referred to the Section
“Copper- and Zinc-containing metalloproteins.”

In a similar study, Tf, and Alb in human serum protein
CRMs of the same origin (ERM-DA470k/IFCC) were separ-
ately quantified using post-column infusion of 34S
(suIDMS).[33] Proteins were first separated using non-dena-
turating (native conditions, i.e., in the absence of sodium
dodecyl sulfate, SDS) polyacrylamide gel electrophoresis
(PAGE), followed by laser ablation (LA) coupled to ICP-MS
detection. Detection limits for Tf and Alb were 0.55 and
2.68mg mL�1, respectively, with an expanded uncertainty
(k¼ 2) of 2–3%.

In 2016, an example of ssIDMS for sulfur was reported by
Hermann et al.[34] whereby 34S-enriched amino acid standards
were obtained via in vivo protein synthesis in yeast. The oxi-
dized products of 34S-labeled Cys and Met (cysteic acid and
methionine sulfone, respectively) were obtained after oxidative
treatment and protein hydrolysis. Hydrophilic interaction
liquid chromatography (HILIC) was coupled to ESI-MS/MS
to characterize the amino acids after hydrolysis, which were
quantified using SAX chromatography coupled to triple
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quadrupole ICP-MS, with a reported detection limit of
0.6mmol L�1 and expanded uncertainty (k¼ 2) of 13–14%. In
vivo 34S enrichments achieved 96.3 ± 0.4% (n¼ 3) and
98.5 ± 0.4% (n¼ 3) recovery for cysteic acid and methionine
sulfone, respectively. The enriched amino acid derivatives
were then applied for the IDMS quantitation of Cp, achieving
a relative standard uncertainty of 5% (irrespective of whether
34S-labeled Cys or 34S-labeled Met was used).

Iron-containing metalloproteins

Iron is an essential trace metal for the human body. The
most well-known iron function is its presence in Hb mole-
cules, facilitating oxygen transport. However, there are also
a number of iron-containing enzymes, which are mainly
involved in redox metabolic pathways due to the redox
properties of Fe ions.[35] Metalloproteins utilizing iron as a
prosthetic group are referred to as ferroproteins, which can
be divided into two major groups depending on the chem-
ical surroundings of the iron atoms. Hemoproteins,[36] con-
tain hem structures, and non-hemo ferroproteins contain
iron in a different chemical environment such as iron-sulfur
clusters.[37,38]

A strict redox balance and highly regulated homeostasis of
iron in the body is mandatory.[39,40] In particular, ferrous
iron Fe(II) exhibits a pronounced pro-oxidant effect because
in the cells they tend to be present in free ionic form in rela-
tively higher extent compared to ferric Fe(III) ions, which are
mostly tightly bound to proteins and other molecules;[41,42]

thus, ferrous iron actively forms reactive oxygen species
(ROS) via Fenton reaction.[43] It is noteworthy, that the
majority of ferroproteins are membrane-bound or intracellu-
larly located, including respiratory chain proteins, myoglobin,
and different Fe-dependent oxidases. Those proteins are
mostly not present in the circulation of the bloodstream and
are not widely used as biomarkers in clinical practice. Thus,
only a limited number of ferroproteins are within the scope
of clinical chemistry.[44] These include Tf, Fer, and Hb, which
will be discussed in terms of IDMS calibration. Iron is the
most well explored element in terms of production and
implementation of isotopically enriched standards of metallo-
proteins, some of these standards became rather commonly
used, particularly for Tf and Hb measurements. Thus, in the
current paper the production of the spikes is summarized in
Table 1 for easier comparison between methodologies.

Transferrin

Transferrin (Tf) is an iron transporting protein synthesized
in the liver to distribute Fe into peripheral (non-hepatic) tis-
sue, particularly into the bone marrow for hemopoiesis. In
humans, Tf is a glycoprotein consisting of 679 amino acids
that binds a maximum of two Fe(III) ions. Any disturbance
of the regulated balance between different Fe species leads
to detrimental cellular outcomes[45] so the body tends to
always bind Fe to proteins. Iron binds to Tf to ensure safe
transport across the body without inducing Fe toxicity. The
cells take up Tf after binding to the Tf receptor via

receptor-mediated endocytosis and Fe is released from Tf
intracellularly to be stored by another ferroprotein, Fer.
Apo-Tf is returned into the circulation via exocytosis.[46]

The concentration of Tf and the Tf iron saturation are
important clinical biomarkers of body iron status. Increased
levels of Tf correspond to iron deficiency or pregnancy,
whereas low levels correspond to infection (negative acute
phase protein), liver disease or hemochromatosis.[44] Thus,
the development of reference methods using IDMS
approaches to underpin traceability of Tf measurements is a
significant improvement in clinical chemistry.

Feng et al. determined Tf and Alb in the serum CRM
ERM-DA470/IFCC using size SEC separation for standard
protein mixtures and SAX chromatography for serum pro-
teins.[47] Gradient elution with ammonium formate
(0–500mM) in 20mM Tris-HAc (pH 8.6) was used for sep-
aration; flow rate was 0.7mL min�1; separation time was
30minutes. Species unspecific IDMS with 34S and 54Fe was
employed for quantification (the exact chemical nature of
the post column spike was not disclosed, isotopic abundan-
ces were 98 and 10.1% for 34S and 54Fe, respectively). Sector
field (SF) ICP-MS at medium resolution (m/Dm¼ 4000) was
used to detect the following isotopes: 13C, 32S, 34S, 54Fe, and
56Fe. The authors reported an RSD of 1–2%; however, no
real samples were tested and other analytical performance
parameters such as the expanded uncertainty or LOD/LOQ
were not included.

A more perspective approach in respect of accuracy and
traceability may be related to the ssIDMS quantification of
Tf. Because Tf is a glycoprotein its degree of glycosylation
can be used as a biomarker per se, including for: alcohol
abuse;[48] and also some cancers and genetic conditions
related to the distortion of protein glycosylation.[49,50] Del
Castillo Busto et al. designed a method for the quantification
of Tf and the study of its glycosylation using ssIDMS.[51]

Saturation of Tf with 57Fe was used for ssIDMS and the
spike material was characterized by reverse suIDMS with
iron-citrate with natural abundance Fe (Table 1). Serum
proteins were separated using an anion exchange column
Mono-Q HR 5/5 and collision cell ICP-MS was used for
detection. Sialoforms of Tf were investigated by electrospray
mass spectrometry to study Tf glycosylation and Tf satu-
rated with enriched 57Fe (abundance 92.41%) was used in
ssIDMS; 10 serum samples were analyzed to demonstrate
the feasibility of the method and the sum of the Tf sialo-
forms were compared suIDMS to total Tf.[51] Species-
specific method showed 17% higher results for the total
(although the results were statistically comparable). This
may indicate that for suIDMS there could be unaccounted
protein loses, which is not the case for the ssIDMS.

Konz et al.[52] used non-denaturating gel electrophoresis
(1-PAGE) and LA-ICP-MS for the ssIDMS quantification of
Tf. The 57Fe-Tf spike (94.42% abundance) was prepared as
indicated in Table 1. SF-ICP-MS at medium resolution (m/
Dm¼ 4000) was used for detection. The proteins were sepa-
rated on vertical gel at 300V for 20minutes and submitted
to LA-ICP-MS analysis. The method was tested in human
serum samples. The Tf LOD was 0.2 g L�1 and a serum
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CRM ERMDA470k/IFCC was employed for the validation.
The reported uncertainty for the IDMS quantification was
1.7% as opposed to external calibration yielding 13.4%
(coverage factor k was not reported).[52]

Frank et al. developed standardized protocols to study Tf
iron saturation, using ssIDMS and Raman spectroscopy.[53]

For the IDMS method, the isotope spike (see Table 1), the
separation using SAX and detection via quadrupole ICP-MS
were performed similarly to the study of del Castillo Busto
et al.[51] A human serum CRM ERM-DA470k/IFCC certified
for Tf was used for validation and the expanded uncertainty
of 4% (k¼ 2.3) was reported for ssIDMS measurements. In
a follow-up study by the same group,[54] the approach was
further developed into a triple IDMS method. For triple
IDMS, the determination of the isotope ratio of the spike
was no longer necessary for the quantitation. The authors
stated that compared to double IDMS, although the meas-
urement time increased, the preparation for triple IDMS was
comparable to double IDMS in respect of complexity. As a
result the expanded uncertainty was reduced[54] from 4.0%

to 3.6% (based on the reference material used) for the con-
centration level of ca. 2 g/kg, compared to the previ-
ous study.[53]

A recent publication by Brauckmann et al. summarized
the combination of IDMS and standard addition method for
element quantitation in different complex matrices.[55] In
particular, the authors tested the applicability for silicon in
aqueous tetramethylammonium hydroxide; sulfur in bio-
diesel; and Tf-bound iron in human serum. For Tf-bound
iron quantitation in serum, lipoprotein precipitation was
performed by magnesium chloride and sodium dextran sul-
fate solution after the gravimetric sample and blend prepar-
ation. The mixtures were incubated for 30minutes at 4 �C
and centrifuged at 12,000 g for 10minutes. The supernatant
was purified with desalting gel filtration PD MidiTrapTM

columns. The solutions obtained were used for the HPLC-
ICP-MS analysis using SAX column MonoQVR GL 5/50 and
mobile phases containing Tris buffer and NH4Ac at pH 6.4.
Isotopic spike was prepared as shown in Table 1. Reference
material SeronormTM Immunoprotein Lyo L-1 was analyzed

Table 1. Isotopic spikes for species-specific IDMS used for the quantification of iron-containing metalloproteins – tabulated for easier comparison of spike manu-
facturing techniques.

Protein tested Isotopic spike for species-specific ID Stability studied Reference

Transferrin Standard of human Tf was incubated with a solution of 57Fe in
sodium bicarbonate for 30min. The saturation was controlled
with HPLC-UV. 57Fe was characterized by reverse suIDMS.

24 h [51]

Transferrin Apo-Tf was incubated with 57Fe-citrate pH 7.4 (Tris, NH4HCO3, NaCl
buffer) for 1 h, purified by ultrafiltration (cutoff 10 kDa,
at 14,000g)

1 month [52]

Transferrin (iron saturation) Based on Ref.[51]: apo-Tf was mixed with NaHCO3;
57FeCl3 solutions

was then added in a concentration, which was adapted to the
desired Tf saturation. The mixture was incubated for 60min at
room temperature.

24 h [53,54]

Transferrin (Tf-bound Fe) Apo-Tf was incubated with 54Fe spike in Tris carbonate buffer (pH
8.0) and purified using a PD-10 desalting column.

Not reported [55]

Non-Tf bound Fe as NTA complex NTA-57Fe was spiked into serum incubated with NTA. Not reported [59]

Plant ferritin bound iron 57Fe-labeled spike was generated by cloning and over expressing
the Phaseolus vulgaris Fer gene in Escherichia coli and cultivating
bacteria in a growth medium containing 57FeCl2. The purification
was undertaken as designed previously[61]; gel filtration by a
SephadexVR G-25 column; iron-containing fractions were eluted to
the NaCl buffer (ca. 0.15 M), were pooled and concentrated
10–20-fold by ultrafiltration. Fer was further purified by size
exclusion chromatography (SephacrylVR S-300 column),
concentrated by ultrafiltration and stored at �20 �C.

�5 months when kept in
glycerol at �20 �C

[60,61]

Human plasma Ferritin 57Fe-Fer produced by biosynthesis, according to Ref.[61] and in vitro
labeling with the 57Fe spike in the form of 57Fe-citrate after cell
lysis and heat treatment. Excess 57FeCl2 was removed by
ultrafiltration and purified by DEAE sepharose column followed by
size exclusion chromatography using a SephacrylVR S-300 column.
SDS-PAGE and native PAGE were used to assess spike purity.

Not reported [62]

Human serum ferritin and iron/
ferritin ratio

Fer was isolated in immunoreaction with the formation of the
bioconjugated complex (biotinylated antibodyþ Ferþ antibody
labeled with ruthenium) and collected on magnetic
microparticles. Latex microparticles were used for Fe/Fer ratios.

Not reported [58]

Ferritin from murine blood serum
and brain extracts

Commercial apo-Fer was enriched with 57FeCl2: protein standard was
diluted with 50mM ammonium acetate buffer (pH 6.8) and mixed
with 57FeCl2 solution, vortexed for 1min and incubated for 1 h at
room temperature. Ultrafiltration (100 kDa cutoff) was used for
the purification. IDMS was used to characterize the spike.

6 months [66]

Human hemoglobin in hemolyzed
red blood cells; reference materials
IRMM/IFCC-467 & JCCRM 912-2

57Fe-Protohem and apo-HbA0 were prepared separately and
reconstituted to 57Fe-HbA0. Protoporphyrin IX was mixed with
57Fe in acetate buffer solution and refluxed for 2 h, washed and
lyophilized; The mixture of monomeric Hb a- and b-chains were
dialyzed overnight against water, then against NaHCO3 buffer
(24 h), then against phosphate buffer (6 h, pH 7.0). Finally, HbA
was reconstituted under 3 h stirring on an ice bath. The spike was
assessed by Raman spectroscopy and HPLC-ESI-MS.

42 h continuously; 5 months
(when stored at �20�C)

[74]
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to test the method’s accuracy, while reference material
ERMVR -DA470k/IFCC “Human Serum” was used as a stand-
ard addition. An expanded uncertainty (k¼ 1) of 2.2–3.5%
was reported.[55]

Ferritin

Ferritin (Fer) is the main iron storage protein in the human
body,[56] which keeps a reserve of this essential metal in a
soluble, nontoxic and usable form inside the cytoplasm.[57]

It is built up from two subunits, H-Fer and L-Fer; Fe2þ is
oxidized to Fe3þ by the H-Fer subunit, maintaining the
labile Fe2þ pool and Fer at equilibrium.[43]

Some glycosylated Fer is present in the blood, showing
low iron content compared to intracellular Fer.[57]

Circulating Fer and its iron saturation (up to 4500 iron
atoms per molecule) are important biomarkers of iron-
related disorders.[58] A crude estimation of Fer-associated
iron in blood serum/plasma may be undertaken by measur-
ing the so-called non-Tf bound iron. For instance, Yang
et al.[59] designed an IDMS protocol for non-Tf bound iron
quantification, whereby non-Tf Fe was converted into nitri-
lotriacetic acid (NTA) complex by treatment with pH 7.4
buffered NTA and ultrafiltration at 4500 g for 30minutes
and spiked with 57Fe-NTA complex, 57Fe abundance 96.2%
(Table 1). Ultrafiltration with 30 kDa cutoff filters was used
to separate Tf-bound iron. Spiked serum filtrate was dried
and then mineralized in a microwave digestion system using
HNO3/H2O2 mixture and Fe was purified by AEC and
ammonium hydroxide precipitation. Negative ionization
mode thermal ionization mass spectrometry (TIMS) was
used for the detection of Fe as FeF4

� molecular ions.[59] The
authors reported a LOD (3r) of 32 mg L�1 and expanded
uncertainty (k¼ 1) of 13.5%. Previously, a similar negative
ionization mode TIMS approach with IDMS was demon-
strated to be applicable to the determination of Fer-bound
iron in plant seeds.[60] The seeds were spiked with recom-
binant 57Fe-Fer, abundance 95.07%[61] (see Table 1) and the
plant samples were extracted by grinding followed by sus-
pension in ice-cold 20mM Tris buffer, containing 1mM
EDTA, 1mM phenylmethylsulfonyl fluoride (PMSF) and 1%
polyvinylpolypyrrolidone (PVPP) at pH 7.4, and centrifu-
gated at 5000 g for 20minutes at 4 �C. The extracts of plant
Fer were purified by ion-exchange chromatography on
diethyl aminoethyl (DEAE) sepharose chromatography col-
umns, followed by 100 kDa cutoff ultrafiltration spin col-
umns. Collected Fer fractions were mineralized using
HNO3/H2O2 mixture in a microwave system. Iron was iso-
lated by preparative SAX and further purified by extraction
into diethyl ether. The absolute LOD (3r) of Fer-bound iron
was 60 ng. The expanded uncertainty was not evaluated, a
repeatability of <5% RSD was reported.

Direct measurement of Fer-bound iron poses a higher
interest for Clinical Chemistry, first of all, due to their
greater traceability, compared to non-strictly defined and
protocol-dependent, non-Tf bound iron fractions. Ren and
Walczyk used ssIDMS with TIMS detection (negative mode
as FeF4

�) for the quantification of Fer-bound Fe in serum

from a healthy volunteer.[62] Each serum aliquot was spiked
with recombinant plant Phaseolus vulgaris (common bean)
57Fe-Fer containing 5mg Fe (see Table 1); serum Fer was
isolated by ultrafiltration (4500 rpm for 20minutes six times)
and mineralized with HNO3/H2O2. Iron was separated from
the sample matrix by preparative SAX (Dowex AG-1� 8)
and further purified by ammonium hydroxide precipitation.
Absolute LOD (3r) of Fer-bound Fe was 18 ng and com-
bined uncertainty (k¼ 1) was 7–8%.[62] Unfortunately,
although Fer is a rather conserved protein among different
domains of life, the authors did not consider potential
sequence and structural discrepancies between human and
Phaseolus vulgaris Fer.

A different ssIDMS approach was used by Konz et al. for
the measurement of iron: serum Fer ratio.[58] The method-
ology involved two commercial anti-Fer monoclonal antibod-
ies, one of which was biotinylated and the other one was
labeled with a ruthenium chelate [Ru(2,20-bipyridine)3]

2þ. The
complex formed between Fer and the two antibodies was iso-
lated using streptavidin-coated magnetic microparticles and
directly introduced into SF-ICP-MS for Ru monitoring
(medium resolution, m/Dm¼ 4000). Blood serum from 40
healthy individuals was analyzed and Fer was isolated by pro-
tein precipitation with methanol, followed by heat precipita-
tion, and ultrafiltration (100 kDa cutoff). 99Ru isotopically
labeled (abundance 85.90%) tag antibody was used for Fer
quantitation. Also, the authors used ssIDMS with 57Fe (abun-
dance 94.82%) combined with monitoring of Ru to study iron
Fer saturation using SEC-ICP-MS. The recovery of 85–109%
was obtained for the Fer reference material (NIBSC 94/572)
with repeatability RSD of �5% and LOD of Fer of ca. 0.5mg
L�1.[58] Certainly, tagging methods offer a powerful technique
for protein quantitation using IDMS, but it is outside the
scope of the current review; the reader is referred to Ref.[63–65]

In 2020, Tchaikovsky et al. presented a protocol for Fer
isolation and ssIDMS quantification (57Fe, abundance
95.08%) in murine brain tissue and blood serum.[66] In the
protocol, murine serum was applied to membrane filters
(100 kDa cutoff), centrifuged (15,000 g, 1 hour, 4 �C) and
washed with 50mM ammonium acetate buffer at pH 6.8.
Brain hemispheres (ca. 200mg) were extracted in duplicate,
by mixing with 1mL of freshly prepared ice-cold lysis buf-
fer, then homogenized manually and the extracts centrifuged
(15,000 g, 20minutes, 4 �C). All samples were measured
within 24 hours after the harvest using SEC-ICP-MS/MS (O2

mode) with a capillary MAbPacTM reversed phase column.
Importantly, the authors pointed out the splitting of the Fer
peak, due to potential protein oligomerization. For the real
samples of murine serum, ultrafiltration was required to
remove co-elution prior to SEC, even so, a low recovery
(40%) was obtained, but for the brain sample extracts, the
authors indicated no such problems. Expanded uncertainty
(k¼ 2) of 11% and the LOD of 2.2 ng g�1 were reported.[66]

Hemoglobin

Hemoglobin (Hb) is an oxygen-carrying iron-containing
protein found in red blood cells. It consists of four subunits
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(dimer of alpha and beta-Hb chains); each chain has an
iron-containing hem prosthetic group, directly responsible
for oxygen and CO2 transport in the blood stream.[67] The
HbAo Hb form is the most abundant in adult humans
(96–98%) and contains two a-chains and two b-chains; a
minor Hb form (1–3%) is HbA2, which contains two
a-chains and two d-chains.[44] In newborns, fetal HbF domi-
nates (60–80%) whereas in the sickle cell phenotype HbS is
present.[68] Finally, HbA1c is a glycated form of HbA0, which
is an important biomarker of diabetes mellitus.[69]

Blood Hb is one of the most common parameters to be
assessed clinically and HbA1c is also very widely measured
as part of routine diabetes control monitoring. The quantifi-
cation of Hb in the clinical setting is widely undertaken
according to standardized protocols. However, these routine
protocols are not truly traceable to the SI unit of
measurement.

One of the first ICP-MS based IDMS protocol for Hb
quantification was proposed by del Castillo Busto et al.[70]

They used suIDMS for absolute and relative quantification
of glycated Hb (HbA1c) in human blood. A cation exchange
column Mono S 4.6/100 PE was used for the separation
under gradient elution with ammonium malonate and
ammonium acetate. The calibrant spike material was 57Fe in
the form of citrate, which was used for suIDMS measure-
ment using collision cell ICP-MS. Molecular mass spectrom-
etry was used to complement the identification of the
different Hb isoforms and the potential interferences from
Hb carbamylation and acetylation were investigated. The
protocol was tested in 11 patients and glycated Hb reference
materials. The reported coefficients of variations were 1.7%
and 3.7% as short and intermediate precision.[70]

Frank et al. compared the following methods of Hb
quantification: spectrophotometric cyanmethemoglobin ref-
erence method (HiCN); spectrophotometric cyanide free
assay with alkaline hematin detergent[71,72]; ICP-MS, includ-
ing single, double and triple ssIDMS; and Raman spectrom-
etry with ID. Different forms of Hb, i.e., HbA0, HbA2, HbF,
and HbS were tested. The purity of HbA1 was determined
by amino acid analysis.[73] The species-specific spike was
prepared in accordance with Brauckmann et al.[74] (see
Table 1). The expanded uncertainty for IDMS quantification
of Hb (k¼ 2) was 3.0%, 1.6%, and 2.2% for single, double
and triple ssIDMS, respectively.[73]

For clinically relevant iron-containing proteins, including
Hb, Tf and especially Fer, studies striving to design SI trace-
able protocols for metalloprotein quantification have been
published. Iron being a multi-isotope element (a natural
mixture of 54Fe, 56Fe, 57Fe, and 58Fe) offers diverse possibil-
ities for the use of IDMS approaches, including double and
triple IDMS, with the isotopic standards available. Mostly
57Fe (natural isotopic abundance of 2.119%) is currently
used for ID spikes. Technical challenges for iron quantifica-
tion when using ICP-MS, include, spectral interferences in
ICP, which require the use of collision or reaction, cell tech-
nology or at least medium resolution (m/Dm 4000) in SF-
ICP-MS, the possibility of species redistribution (e.g., due to
oxidation) and to a lesser extent, contamination causing

high blank values. Although more studies are focused on
Fer rather than Tf or Hb, the authors of the current review
attribute that to the more “problematic” nature of Fer as a
non-hemoprotein as an analyte and spike for IDMS because
Fer-related studies seem not to evolve into IDMS reference
methods, as is the case for Hb or Tf. These problems are
related to the instability of iron-binding, peak splitting and
tailing in chromatography as reported, e.g., by Tchaikovsky
et al.[66] The reference techniques for Hb and Tf quantifica-
tion, used before the advancement of ID protocols also seem
more reliable than those of Fer quantification. Finally,
although Fer, Hb, and Tf are the most relevant clinical bio-
markers amongst ferroproteins, the diversity of iron-
containing proteins in the human body is significantly
larger. One may expect that with the advancement of bio-
marker research more of these will be incorporated into the
lists of clinically assessed parameters, particularly as the
state-of-art analytical techniques are capable of providing
the new methods required.

Copper- and zinc-containing metalloproteins

Both Cu and Zn are co-factors and stabilizing ions for a
number of important metalloproteins, including some metal-
loenzymes and as such, both elements are essential for life.
In the case of Zn, about 10% of the proteome is thought to
contain in vivo Zn binding affinity and it is present in all
classes of enzyme.[3] Its functions range from redox regula-
tion, DNA synthesis via Zn-finger proteins and intracellular
signaling, to possible contributions to the progression of
Alzheimer’s disease.[3] As a result of its wide-ranging func-
tionality, deficiency in humans can lead to a failure to thrive
and so it is routinely measured in a clinical scenario.
Although less common in those living in developed nations,
Zn deficiency has been described in individuals consuming
diets with low Zn bioavailability and it can also be low in
those with extensive burns, during systemic inflammatory
conditions, chronic disease, and genetic disorders such as
acrodermatitis enteropathica.

Like Zn, Cu is an essential element and also commonly
measured clinically, both to determine the possibility of
nutritional deficiency, but also in the diagnosis and manage-
ment of inherited metabolic metal conditions such as
Wilson or Menkes disease, which are disorders of Cu uptake
and metabolism. Deficiency of Cu is prevalent in some pop-
ulations and can lead to hematological disorders such as
anemia, as well as neurological complications, in particular a
myelopathy similar to that caused by vitamin B12 deficiency
(2). From a clinical perspective, Cu is increased in inflam-
matory states, due to up-regulation of the ferroxidase
enzyme Cp, the main Cu-containing metalloprotein in
circulation.[75]

Whilst there are a wide range and diversity of Zn and Cu
containing metalloproteins of varying importance in the bio-
sphere, the majority of work utilizing IDMS measurements
has focused on the Zn/Cu containing proteins, SOD and
MT, both important in the protection of cells against oxida-
tive stress. In particular, the SOD family of metalloenzymes
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convert the superoxide free radical into oxygen and hydro-
gen peroxide. This function is facilitated by the redox cycle
of Cu(II)/Cu(I), whilst the presence of Zn maintains the
structural integrity of the protein. Other classes of SOD can
contain Fe, Mn or Ni and perform the dismutase function
in various cellular compartments, although only the Zn/Cu
and Mn forms are present in humans; it is not possible to
measure the Mn type by IDMS because Mn is
mono-isotopic.

Following on from the earliest work on the characteriza-
tion of rusticyanin as an IDMS metalloprotein spike mater-
ial,[20], initial studies on the measurement of SOD by
ssIDMS,[23] focused on the preparation and characterization
of the isotopically enriched material from a commercially
available standard. Both the Cu and Zn centers were isotop-
ically altered using inorganic metal solutions where the
lower abundance isotopes, 65Cu and 68Zn, were enriched.
The wild-type SOD starting material was demetallated to
form the apo-protein, by lowering the pH of the protein sol-
utions below 4 using 1M HCl, followed by extensive dialysis
against a 20mM Tris or acetate solution held at the same
pH with and without EDTA solutions. For incorporation of
the enriched isotopes into the apo-protein, an excess of the
isotopically enriched standards 65Cu (99.2% abundance) and
68Zn (99.0% abundance) were added. The metals were either
added sequentially at different pH values or together at pH
7.4 and gave variable results depending on the conditions.
The isotopically enriched solutions were then allowed to stir
for at least 24 hours followed by a final 24 hours dialysis,
both steps at room temperature. The total SOD-metal recov-
ery was between 33.4% and 137.4% for Cu and 31.4% and
106.7% for Zn and compared with the wild type-SOD, the
enzyme activity for the enriched analogues was between
35.7% and 70.2%.[23]

The resulting isotopically enriched holo-proteins were
characterized using SEC-ICP-MS, native 1D-PAGE and
enzymatic activity measurements. The last approach being a
useful method to determine if the enriched Cu isotope was
successfully re-incorporated into the protein, as the activity
of the metalloenzyme is dependent on the Cu center being
correctly bound within the protein. The highest enzyme
activity for the isotopically enriched SOD was 70.2% of the
activity of the wild-type naturally abundant metalloprotein.
This was thought to be because the enriched SOD was a
mixture of a remetallated form containing the 65Cu isotope
with activity and the apo-protein, where Cu re-incorporation
was unsuccessful. Spiking with naturally abundant Cu and
Zn as well as EDTA was used to determine whether the
enriched SOD was stable under SEC conditions, with respect
to exchange of the metal center. It was found that the
enriched material was stable and consequently it was used
in an ssIDMS experiment to measure wild type SOD in a
gravimetrically prepared stock standard. The results showed
a recovery of 109 ± 4% compared to external calibration.[23]

Subsequently, this approach to the preparation of SOD
was used to prepare isotopically enriched materials to inves-
tigate the extent of orthogonal diffusion in 1D gel electro-
phoresis,[76] which could interfere with the correct

determination of the isotope ratios necessary in IDMS meas-
urements using LA-ICP-MS. The matrix effect of a cytosolic
liver extract on the non-covalently bound Cu and Zn in
SOD was also evaluated and no significant metal loss from
the SOD spike was observed. This study represents the first
step necessary for establishing and evaluating the use of a
ssIDMS approach for the absolute quantification of SOD in
real samples based on the combination of gel electrophoresis
and LA-ICP-MS.[76] Unfortunately, it seems that this
approach has only limited take up by the scientific commu-
nity, even though it offers an excellent calibration approach,
with the potential to overcome many of the drawbacks of
sequential calibration methods used in LA-ICP-MS.

IDMS SOD traceable measurement was designed within
the framework of the aforementioned EMRP project (see,
introduction). The methods used to prepare the isotopically
enriched spike material for SOD were developed from the
procedures reported in the earlier work mentioned,[76] and
the results relating to SOD were further disseminated in a
peer-reviewed paper.[77] The identity of the starting protein
was confirmed using molecular ESI-TOF-MS after reversed
phase separation. The IDMS measurements, as well as the
characterization of the potential enriched spike material, was
achieved using a strong anion exchange column (MonoQTM

5/50 GL) coupled to ICP-MS using a PEEK capillary. By
using double and triple spiking ssIDMS measurements the
concentration of SOD was quantified in human erythrocytes
and showed a calculated mass fraction and expanded uncer-
tainty of 63.94 ± 0.93 mg g�1 (n¼ 30) for double and
64.02 ± 0.96 mg g�1 (n¼ 30) for triple IDMS. Clearly, this
level of accuracy, precision and traceability are a significant
improvement and establishes the advantage of ssIDMS over
other routinely used calibration approaches.

The metallothioneins (MTs) are a large group of com-
paratively small (24–308 amino acids), cysteine rich
(13–38%) metalloproteins, that lack aromatic amino acid
residues and can bind 7–12 metal atoms per molecule.[78]

They bind both essential (Zn and Cu) and toxic (Cd, Hg,
etc.) metals, are widely distributed, particularly in the
Eukaryota domain, and are also present in a few bacterial
groups. They are classified according to either their metal
preference or their amino acid sequence similarities, result-
ing in a number of families of very different MT isoforms.
These MT consist of multiple isoforms classified into four
groups (MT1 to MT4; MT1 is made up of 8 functional sub-
groups), which share a high degree of homology at the
nucleotide and amino acid levels. The functions of MT
relate in many ways to their ability to bind metals and
include transport, storage, and detoxification, by virtue of
their role in the protection of cells by neutralizing reactive
oxygen species. Unsurprisingly, given the diverse nature of
the MTs that have been classified, they have been associated
with several diseases, including cancer, circulatory and septic
shock, coronary and Alzheimer’s disease. However, the pri-
mary function of MT remains to be elucidated and whilst a
number of MT genetic polymorphisms have been associated
with human disease, the measurement of the protein has not
yet been routinely used clinically as a biomarker.
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A high prevalence of S-containing amino acids in the pri-
mary structure of the MT protein and its propensity to bind
a large number of metal atoms in comparison to some other
proteins, means that it has been widely studied analytic-
ally.[79] The presence of a high concentration of S and metal
atoms makes the measurement of MTs amenable to the use
of IDMS calibration methods to provide high accuracy and
traceability. The measurement of MTs has included both the
use of isotopically enriched 34S (see section on S) and also
the different bound metals, most notably Cd, Cu and Zn. In
all cases this has been via suIDMS measurements where the
enriched isotope is added post-column, whereas ssIDMS,
has not been demonstrated.

The measurement of MT in ocular tissues by HPLC-ICP-
MS[80] used isotopically enriched 68Zn as a tracer in cell-line
studies to investigate the stoichiometry of Zn and Cu in MT
after treatment of the cells under different conditions, to
determine the effect of Zn and cytokines on the gene-
expression of MT isoforms. The cytosolic fraction was ana-
lyzed using an orthogonal approach, whereby the extracted
proteins were first isolated using SEC (Superdex200 10/
300GL) and the collected fractions relating to the MW of
the MTs were then separated with greater resolution using
AEC (MonoQTM 5/50 GL). A metal scavenger column con-
taining Chelex-100 impregnated with a C18 material was
placed between the LC pump and the injector, in a bid to
lower the background metal signal. To confirm the identity
of the isolated MTs (7–14 kDa) from the SEC column, a
tryptic digest was prepared and analyzed using a molecular
MS method (MALDI-TOF-MS). A survey of the Swiss-Prot
protein data base using MASCOT showed the main peptide
mass mapping analysis corresponded to MT2A, with the
highest sequence coverage (65%) and a score of 52, indicat-
ing that the isolated protein fraction predominately con-
tained MT2A, but with other proteins present including
other MT isoforms. The stoichiometry of the metals in the
different MT fractions was determined by suIDMS using
post-column addition of isotopically enriched 34S (99.61%
abundance), 65Cu (90.03% abundance) and 111Cd (96.25%
abundance). The Zn binding proteins, including the MTs,
were quantified using a mathematical approach termed
Isotope Pattern Deconvolution (IPD), which is based on lin-
ear least squares analysis to deconvolute the isotopic signals
for all of the Zn isotopes. The IPD approach used enriched
isotopes to: determine the stoichiometry of the Zn binding
sites per MT molecule; follow the metabolism of Zn in MT
using a tracer isotope (68Zn) added to the cell line; and
quantify (67Zn) MT and the Zn bound to MT. Multiple MT
isoforms were expressed in different tissues of the eye, with
native MTZn6Cu1 predominant in the steady state.[80] In a
subsequent study,[81] the same suIDMS quantification
approach with IPD was used to quantify MTs in various
ocular tissues, in particular retinal and retinal pigment epi-
thelia material. The cytosolic water-soluble proteins
(1–7 kDa) were separated on the same type of SEC column
as before and the S-, Cu-, and Zn- binding proteins quanti-
fied using post-column addition of an isotopically enriched
solution containing 34S (99.6% abundance), 67Zn (88.6%

abundance), and 65Cu (99.0% abundance). To quantify S
and Cu, IDMS methodology was employed. In the case of
Zn, as the cells contained both naturally abundance Zn and
an isotopically enriched 68Zn tracer isotope, Zn quantifica-
tion was carried out by IPD. In addition, a LA-ICP-MS
method was used to determine the spatial distribution of
MT, which was present predominantly in the retinal tissues,
possibly to protect against oxidative damage.[80]

Various chromatographic approaches have been used
with IDMS calibration for metalloprotein analysis, in par-
ticular HPLC specifically using SEC and AEC modes of sep-
aration. Capillary electrophoresis (CE) coupled to ICP-MS
has also been successfully used with suIDMS. This method
offers high separation efficiency, requires only small sample
sizes and is complementary to HPLC. However, interfacing
the method with ICP-MS can be problematic, due to the
requirement to sustain electrical connectivity to the end of
the capillary, but suitable make-up solutions and low-flow
interfaces have been successfully developed to do this.[82]

The characterization of MT isoforms in a commercially
available rabbit liver material and purified MT1 has used CE
coupled to a SF-ICP-MS instrument, with suIDMS calibra-
tion.[32] A specially designed low flow nebulizer (8 mL
min�1) was used and a makeup liquid (ammonium nitrate
at pH 7.4) was added post-separation to maintain electrical
conductivity. This was spiked with the isotopic solution con-
taining the enriched isotopes 65Cu (99.7% abundance), 68Zn
(91.0% abundance), 116Cd (83.4% abundance) and 34S
(85.9% abundance), prior to nebulization and isotope ratio
measurement (see also section S). By adding the enriched
spike material in this way, the authors reported that suffi-
cient equilibration of the isotopes was possible for the IDMS
measurement to be made. Medium resolution (m/
Dm¼ 3000) was required to overcome the interference of
16O2 on 32S and 16O18O on 34S, however this resulted in
poor LODs of 6.8mg L�1 for S and 72.6mg L�1 for MT1
(coefficient of variation, CV 11.3%).[32]

With the more recent introduction of triple quadrupole
ICP-MS instrumentation, it is now possible to overcome
these interferences using oxygen gas in the collision cell,
without the requirement for expensive SF instrumentation
and possibly with better LODs, as ion transmission is less
impacted using triple quadrupole instruments. The main
source of error was thought to be related to the injection
step and the CE separation, whereas the isotope ratio meas-
urement contributed only a small amount to the error. The
authors went on to use the same instrumentation and cali-
bration method via suIDMS to measure MT1, MT2, and
MT3 isoforms in human brain cytosol samples taken from
patients with Alzheimer’s disease and from a control
group.[31] Each isoform was quantified using suIDMS using
the isotope ratio measurement between 32S and 34S (see S
section), after post-column addition of an enriched 34S iso-
topic spike solution and measurement by SF-ICP-MS in
medium resolution mode (m/Dm¼ 3000).[31]

The ferroxidase enzyme, Cp is involved in the conversion
of Fe2þ to Fe3þ, which facilitates the incorporation of iron
into Tf, which only binds Fe3þ.[83,84] It contains between 6
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and 8 atoms of Cu per molecule and as such, accounts for
approx. 95% of the Cu in human serum. Clinically this pro-
tein is important in the diagnosis and monitoring of patients
with Wilson disease, a rare inherited disorder of Cu metab-
olism. It is also low in two further rare inherited diseases,
Menkes disease and aceruloplasminemia. In the previously
mentioned EMRP project,[25] the preparation and use of Cp
was investigated, with a view to preparing a species-specific
spike material containing isotopically enriched 65Cu.
However, preparation of the spike material was problematic
because after successful demetallation of the protein, reme-
tallation with the enriched 65Cu isotope was only partially
successful, with only 50% incorporating the Cu atoms suc-
cessfully. The authors suggested this was because a portion
remained in the unfolded state containing no Cu.
Unfortunately, no results were included for the quantifica-
tion of Cp by ssIDMS using the spike material that was pre-
pared, so it is not possible to establish any improvements in
standardization of Cp that could be achieved using this
approach. It would be useful to other workers in this area, if
a fuller account of the methods that were tried but were
unsuccessful, was published, so that this valuable and costly
investigation could be of benefit to future attempts to facili-
tate production of an enriched Cp material.

Another clinical study into Wilson disease[85] has used
double ssIDMS to determine the amount of Alb-bound cop-
per as a means to measure the so-called "exchangeable cop-
per" fraction, an operationally defined component of serum
which can be raised in untreated Wilson disease patients.
An Alb spike material containing an enrichment of 65Cu
(99.60% abundance) was prepared from the same source
and lot number as the natural Alb standard, by adding an
appropriate amount of 65Cu-enriched spike (�500mg kg�1

Cu in water, abundance 99.60%) to a solution of Alb (50mg
g�1) to achieve an optimal ratio of �0.75–1.0 (65Cu/Alb).
The solution was gently vortex-mixed for 30 seconds and left
at room temperature for 2 hours to assure the isotopic
enrichment of Alb and kept at 4 �C until analysis. The char-
acterization of the 65Cu-Alb spike for its total Cu content
was determined by HPLC-ICP-MS during at least three
independent days over 1 year and its mass fraction was also
monitored by reverse HPLC-ICP-IDMS. After the synthesis
and characterization of calibrant and spike Cu-Alb solutions,
the determination of Cu-Alb was conducted in three human
serum materials (LGC8211, ERMVR -DA250a and
SeronormTM Human). The method accuracy of the HPLC-
ICP-ssIDMS, assessed on sample blends spiked with Cu-
ALB, ranged from 90% to 107%, and relative expanded
uncertainties (k¼ 2) of 3% and 7% for Cu-Cp and Cu-Alb,
respectively. The method was found to be able to discrimin-
ate between healthy and Wilson disease populations in terms
of Cu-Alb content.

Selenoproteins

The metalloid selenium is required for diverse physiological
functions in mammals, including immunity, fertility, antioxi-
dant defense, brain function and thyroid hormone

metabolism.[86–90] Although Se is an essential trace element
for the human body, it has a small range of adequacy, so
can become toxic depending on its intake and speci-
ation.[45,91,92] The chemical properties of Se resemble those
of sulfur, but with considerably higher nucleophilicity and
electron transfer capacities[93,94] and, contrary to –SH, –SeH
groups are ionized at physiological pH.[95,96] In humans, the
biological activity of Se is mainly realized through 25 seleno-
proteins[97–99] that contain the selenoamino acid selenocys-
teine (Sec), a 21st proteinogenic amino acid, at their active
center.[100,101] Another selenoamino acid, selenomethionine
(SeMet) is incorporated into proteins unspecifically, compet-
ing with its S analogue, Met, since the ribosome cannot
properly distinguish them, ensuring the presence of Se in
many different proteins.[102–104]

A number of selenoproteins counteract oxidative stress in
the body via their reductive enzymatic activity.[105,106] These
selenoproteins include: glutathione peroxidases (GPX) types
I–VI and VI, thioredoxin reductases type I–III, methionine
sulfoxide reductase B1 and other less studied selenoproteins,
including selenoprotein P (SELENOP, also abbreviated as
SelP, SePP, SePP1 in previous studies), selenoprotein W, etc.
Selenoproteins are mostly involved in redox pathways, for
instance, GPXs are a group of enzymatically active selenopro-
teins capable of reducing hydrogen peroxide (and organic
hydroperoxides in the case of GPX4 96), counteracting oxida-
tive stress and ROS-associated cellular damage.[105,107]

Selenium and selenoproteins are implicated in a number
of human diseases such as neurological and neurodegenera-
tive diseases, metabolic disorders including diabetes mellitus
type II as well as endemic deficiency diseases such as
Keshan disease and Kashin-Beck disease.[91] The human
organism maintains a hierarchy of Se tissue distribution and
selenoprotein expression.[108] The organs and tissues requir-
ing a stable supply of selenium, such as the brain, rank high
in the hierarchy and are able to maintain stable levels of this
element intake under selenium deficiency.[99,109,110] Different
biomarkers including total selenium in blood serum/plasma,
toenail selenium, serum GPX3, serum SELENOP, red blood
cell GPX1, etc. are used to evaluate individual or population
selenium status.[104]

One of the pioneering studies on IDMS quantification of
selenocompounds in human serum was undertaken by
Encinar et al.[111] in 2004. They submitted serum proteins to
enzymatic hydrolysis after treatment with urea, dithiothreitol
and iodoacetamide to reduce Cys and Sec residues and pre-
vent their further oxidation. A species-specific isotopic spike,
77SeMet, was isolated from selenized yeast and used for both
SeMet- and Sec-containing proteins. Selenoamino acids were
separated using a 2D size exclusion - capillary �18 HPLC
with collision cell ICP-MS detection.[111] The drawback was
related to the use of SeMet spike for the quantification of
Sec. SeMet has rather different chemical properties com-
pared to Sec, being less prone to oxidation, releasing inor-
ganic Se. Besides, SeMet is also present in general body
proteins (e.g., Alb), which usually have significantly higher
concentrations in biological samples over Sec-containing
selenoproteins. Jitaru et al. further evolved this approach by
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designing a protocol capable of measuring selenoproteins
GPX and SELENOP as well as selenized human serum Alb
(SeAlb) in pooled human serum and reference materials
BCR-637 and SeronormTM level 1 and 2 using suIDMS.[112]

SeAlb was enzymatically hydrolyzed and the resulting SeMet
was quantified using C18 HPLC-ICP-MS. In this case,
76SeMet was used to assess the hydrolysis yield, SeAlb was
determined in intact SeAlb by affinity-HPLC coupled to
quadrupole ICP-MS. GPX and SELENOP were quantified in
the same samples as intact proteins, using external calibra-
tion with SeMet standards. The reported LOD of SeMet was
3.5 ng g�1; with repeatability RSD of 3.3% (n¼ 15).[112]

G�omez-Espina et al. introduced a similar approach for
the determination of selenoprotein GPX1 in red blood cells,
in this case, based on Sec quantification with suIDMS.[113]

The proteins were separated by SEC and the fraction corre-
sponding to GPX1 was collected after the elution, precon-
centrated by freeze-drying and submitted to trypsinization.
The resulting peptides were analyzed using capillary C18

reversed-phase electrospray ionization-ICP-MS (HPLC-ESI-
ICP-MS) and electrospray ionization quadrupole-time of
flight mass spectrometry (ESI-QTOF-MS). Recoveries of
about 90 ± 20% (mean± SD, n¼ 3) were obtained. However,
in this case, suIDMS with 74Se was used for quantification,
which reduces the traceability benefits of the IDMS. The
LOD was 1.5 mg L�1 as Se.[113]

A selenium transporting protein SELENOP[109,114] with
multiple functions,[115] contains multiple Sec residues,
including ten in humans,[91,116] which considerably differs
from the other selenoproteins of this group. Deitrich et al.
designed a protocol for SELENOP quantification in human
blood serum using ssIDMS.[117] Serum proteins were trypsi-
nized (24 hours, 37 �C), the peptides separated by C18

reversed phase HPLC and detected using triple quadrupole
ICP-MS in oxygen mode (78/76Se and 82/76Se ratios were
monitored as Se16Oþ species). Characteristic 76Se-enriched
peptides ENLPSLCSUQGLR and AEENITESCQUR (U
stands for Sec) were chemically synthesized and used as ID
spikes. The peptides were also analyzed by electrospray ESI-
QTOF-MS to ensure full proteolysis and equilibration with
the spike. The authors reported the expanded uncertainty
(k¼ 2) of 5% and LODs of 1.38 and 2.74 mg kg�1 Se,
depending on the peptide used for spiking.[117]

An alternative approach for SELENOP IDMS quantifica-
tion was used by del Castillo Busto et al.[118] The ID spike
material consisted of modified SELENOP whereby the Sec
residues were replaced by the S analogue Cys, which was
produced by cell-free Escherichia coli protein synthesis. Sec
codons in human SELENOP gene were replaced with Cys
codons by point mutations. Se (ICP tag) was introduced in
the form of 76SeMet, supplemented as a source of Met to be
introduced at 4 usual Met sites in a SELENOP molecule.
The product was characterized by Orbitrap ultra-perform-
ance liquid chromatography (UPLC) coupled to ESI MS/MS.
For the quantification, double-affinity HPLC involving sim-
ultaneous fractionation of the selected selenoproteins, GPX3,
SELENOP and SeAlb, was used for separation, coupled to
single quadrupole ICP-MS (77/76Se isotope ratio was

monitored). The stability of the blends was tested within
one month. NIST SRM 1950 metabolites in human plasma
and human serum CRM BCR-637 were used to test the
expanded uncertainty (k¼ 2); the values of 5.7–7.7% were
reported.[118]

The analysis of the published literature on the accurate
and traceable quantification using IDMS of Se-containing
proteins (SeAlb) and selenoproteins (i.e., GPX and
SELENOP) indicates that this field is still under develop-
ment and requires further insight. The majority of seleno-
proteins (25 in humans) are currently not covered, which
may partially be attributed to their intracellular localiza-
tion.[91] Importantly, the production of the isotopically
enriched spikes for selenoproteins is somewhat more prob-
lematic compared to other metalloproteins (e.g., containing
Fe, Cu, Zn, etc.). The reason being the presence of Se atoms
in the polypeptide chains per se, rather than being a part of
a prosthetic group. Thus, it is impossible to introduce iso-
topically labeled Se through conventional means such as dia-
lysis and ultrafiltration. That considerably complicates the
production of isotopic spikes for IDMS to the use of syn-
thetic peptides[118] or protein biosynthesis by genetically
manipulated organisms.[118] Importantly, popular cell lines
used for recombinant protein production, first of all yeast or
bacterial cells, lack the required biochemical machinery and
specific regulation mechanisms[7] required to produce native
selenoproteins (i.e., SECIS-binding proteins, Sec-tRNA, sele-
nophosphate synthase, etc.). Although the replacement of
Sec with Cys should considerably stabilize the resulting pro-
tein, the chemical behavior of the spike may change consid-
erably, compared to the native selenoprotein present in the
sample. Besides, due to the low redox stability of some sele-
noproteins, e.g., SELENOP,[119] isotopic spikes should be
properly tested for their storage stability even under low
temperatures. These difficulties in full protein spike gener-
ation result in the use of isotopically labeled selenoamino
acids as an indirect way to quantify the proteins after their
digestion.[111,113] Notably, such an approach, at least par-
tially, reduces the benefits of IDMS in the case of analysis of
protein mixtures such as body fluids because the IDMS
spike does not account for the proteolysis stage. That is
especially critical if SeMet is used as a spike since it is ran-
domly distributed in all Met-containing body proteins. Also,
a preliminary protein separation and proteolysis are not
accounted for by the use of selenoamino acid isotopic
spikes. From this perspective, the use of authentic selenopro-
teins with transgenic modifications (e.g., Sec replacement
with Cys or Met) may be considered a major advancement
toward accuracy and traceability in IDMS measurements.
The production of native selenoproteins via cell cultures or
cell-free biosynthesis is highly challenging due to the neces-
sity to reproduce a sophisticated mechanism behind Sec
introduction into the proteins on the ribosome.[99] The limi-
tation here is that the use of isotopically labeled authentic
selenoproteins imposes high costs even compared to other
metalloproteins.

Another important problem, specific for Se-containing
proteins and selenoproteins, is the problematic nature of Se
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as an analyte for inorganic MS by ICP-MS. Accurate and
sufficiently precise measurement of isotopic ratios of Se by
ICP-MS is seriously hampered by spectral interfer-
ences,[119–122] which befall all 6 natural Se isotopes (74Se,
76Se, 77Se, 78Se, 80Se, and 82Se). All these isotopes are over-
lapping with different argon dimers and related polyatomic
species in the plasma. The matrices of biological samples
such as blood serum, urine, tissue, etc. may impose strong
ionization interferences in the plasma and are rich in ele-
ments, which may further worsen spectral interferences for
selenium. Accurate quantification of selenium requires the
use of MS systems with the chemical resolution,[121,123]

including collision/dynamic reaction cell/triple quadrupole
technologies or higher resolution sector field ICP-MS for Se
quantitation. Additionally, Se demonstrates low sensitivity in
the ICP-MS, due to relatively high ionization energy
(9.75 eV), the scatter of the sensitivity across a number of
isotopes (the most abundant Se isotope 80Se has an abun-
dance of 49.61%) and spectral interferences (first of all, Ar
dimers for m/z 76, 78, and 80). With the further evolving of
chemical resolution techniques as well as wider distribution
of higher resolution ICP-MS equipment, we may anticipate
further development in the field of accurate and traceable
selenoprotein quantification.

Protein-bound xenobiotic metal elements

Xenobiotic elements are non-native to humans and are of
particular interest for the study and development of metal-
based therapeutics. The field remains predominated by
research into the biological interactions of the platinum(II)
anticancer complex, cisplatin [PtCl2(NH3)2)] though many
groups are now exploring the biological properties of other
metal complexes; including ruthenium, rhodium, iridium or
osmium.[124] Though many xenobiotic analytes have been
studied by ICP-MS, only a limited number utilize IDMS.
Though this may be due to the inherently low background
concentrations of these analytes, which do not suffer signifi-
cant polyatomic or isobaric interference, there is also a not-
able lack of spike materials and a considerable cost associated
with enriched isotopes for the platinum group elements.

However, in some cases, enriched stable isotopes are
available. In 2019, Larios et al. synthesized carboplatin and
cisplatin using 194Pt to investigate adducts with Alb, Tf, and
IgG by ssIDMS.[125] Sera were prepared using clinically rele-
vant concentrations of 194Pt or 195Pt carboplatin (1mg g�1)
for the spike and natural calibrant, respectively. Separations
were achieved using a combination of Convective
Interaction Media (CIM) monolithic disks, weak anion
exchange-based disks (containing diethylamino groups) and
affinity-based disks containing protein G (for the retention
of IgG) coupled to ultraviolet-visible spectroscopy (UV-Vis).
Complementary separation was achieve using an AF2000
series multi-flow system to characterize calibrants. Double
ssIDMS achieved similar Pt-Alb LODs of 0.005 and 0.003 ng
g�1 for 194Pt and 195Pt, respectively, with an average Pt
recovery of 101.6 ± 2.5% and expanded uncertainty (k¼ 2) of
4.7%. Approximately 83% of total platinum in blood was

found to be associated with plasma/serum proteins, of which
96% was bound to Alb, and the remaining 4% equally dis-
tributed between Tf and IgG.

As research efforts continue to pursue both extracellular
and sub-cellular investigations of xenobiotic elements, in
some cases as therapies with low-nanomolar potencies, con-
cerns of traceability and accuracy are likely to increase. As
IDMS techniques become more conventional, driven by
investigations of complex analytes like sulfur, we believe
IDMS will also play an important role in future xenobiotic
biochemical studies, particularly as next-generation xeno-
biotic therapies move ever closer to clinical evaluation.

Conclusions and perspectives

Though significant efforts have been made toward greater
traceability in the quantification of metalloproteins and sele-
noproteins, there is still a long road ahead to see the imple-
mentation of the approaches described in this review being
adopted sufficiently to have a real impact. In general, there
has been a tendency by instrument manufacturers and aca-
demic researchers to focus on achieving lower and lower
LODs, at the expense of improvements in accuracy, preci-
sion and traceability. In clinical science, because of the
often-low analyte concentration in the presence of a com-
plex matrix, there has been a reliance on immunochemical
methods to ensure suitable LODs/LOQs. However the
nature of this approach results in the poorly traceable meth-
ods that are in use. In reality there is a requirement for both
improved LODs/LOQs and for greater traceability.
Fundamentally, the methods covered in this review fulfill
this goal for the important metalloproteins discussed
and can form the basis of providing better characterized and
more widely impactful matrix based reference materials and
standards. Subsequently these can be used as part of the
traceability chain and improve the methods used in routine
clinical and biomedical laboratories.

The importance of accurate quantification with its associ-
ated improvements in traceability, should also apply to
researchers developing novel metallodrugs based on xeno-
biotic elements. Techniques including ssIDMS and suIDMS
are often overlooked in this area; we believe in part due to
efforts by instrumentation manufacturers to make ICP techni-
ques accessible to a more general user group, and a lack of
advanced quantitative techniques being taught in undergradu-
ate/postgraduate programs. There also appears to be a lack of
concerted effort on the part of some National Metrology
Institutes, especially in relation to the availability of suitable
isotopically enriched metalloprotein standards, but also the
software to make the IDMS procedures more user friendly.
Together these factors have resulted in fewer available stand-
ards for use in clinical diagnostics and research activities.

From a technical perspective, the analysis of the pub-
lished data indicates that in the majority of cases, transme-
tallation approaches, e.g., isolation of the protein, leaching
the native metal from its moiety using a chelator, typically
followed by ultrafiltration, and reconditioning with isotopic-
ally enriched metal, are used. Transmetallation has certain
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limitations, notably the potential denaturation of the protein
and a distinct lack of suitable characterization of the product
in terms of conformation, metal binding sites, and purity.
The authors of this review consider biotechnological
approaches may be more suitable to afford isotopically
enriched standards, especially to produce highly redox sensi-
tive proteins such as Cp and Fer. Several studies discussed
in this review describe various transmetallation approaches
which did not result in suitable enriched materials or certi-
fied reference materials. Biochemically manufactured pro-
teins do not suffer from such problems, but their design and
production may be more expensive, which limits their
implementation. At the same time, biotechnological produc-
tion of some proteins may be very challenging due to the
absence of the required biochemical machinery, e.g., seleno-
proteins cannot be prepared in Saccharomyces cerevisiae and
other popular bioreactor cultures. However, those obstacles
should not be impermeable but require more collaborative
efforts from biotechnologist and analytical scientists.

Abbreviation

AEC anion exchange chromatography
Alb human serum albumin
CE capillary electrophoresis
Cp ceruloplasmin
CRM certified reference material
CV coefficient of variation
Cys cysteine
DEAE diethyl aminoethyl
EDTA ethylene diamine tetraacetic acid
ESI electrospray ionization
Fer ferritin
GPX glutathione peroxidase
Hb hemoglobin
HbA hemoglobin A
HbA1c hemoglobin A1c

HILIC hydrophilic interaction liquid chromatography
HPLC high-performance liquid chromatography
ICP inductively coupled plasma
ICP-MS/MS triple quadrupole inductively coupled plasma mass

spectrometry
IDMS isotope dilution mass spectrometry
IS internal standard
LA laser ablation
LC liquid chromatography
LOD limit of detection
LOQ limit of quantification
Met methionine
MS mass spectrometry
MS/MS tandem mass spectrometry
MALDI matrix assisted laser induced desorption ionization
MT metallothionein
NTA nitrilotriacetic acid
PAGE polyacrylamide gel electrophoresis
PMSF phenylmethylsulfonyl fluoride
PVPP polyvinylpolypyrrolidone
RSD relative standard deviation
SAX strong anion exchange chromatography
SeAlb selenised albumin
Sec selenocysteine
SEC size exclusion chromatography
SDS sodium dodecyl sulfate
SELENOP selenoprotein P
SeMet selenomethionine

SF sector field
ssIDMS species specific isotope dilution mass spectrometry
suIDMS species unspecific isotope dilution mass spectrometry
SOD super oxide dismutase
Tf transferrin
TIMS thermal ionization mass spectrometry
TMT tandem mass tag
TOF time of flight
Tris tris(hydroxymethyl)aminoethane
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