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ABSTRACT:

The emerging field of metrometallomics refers to the qualitative and quantitative measurement of metallic
analytes in the metrological sciences. Inductively coupled plasma mass
spectrometry (ICP-MS) has the merits of multi-elemental quantification with very
low detection limits. It has been applied for the quantification of peptides and
proteins by measuring the concentration of certain elements, which is a very
important applications area in metrometallomics. This review showcases the
application of ICP-MS on the quantification of metalloproteins through the
quantification of protein-bound metal/metalloid elements, intrinsic
metal/metalloid elements, or labeled metal/metalloid elements. The results of
study also suggest that metrometallomics can be a useful tool in the development
of certified reference materials of metalloproteins.

INTRODUCTION

the amino acid residue on the polypeptide chain. Metalloenzymes
contain metal cofactors that catalyze basic chemical reactions, and
an imbalance of metalloenzymes can lead to many diseases. As
metalloproteins represent around 30% of the whole proteome,
they have become increasingly significant in clinical diagnostics.5
Therefore, their quantification is absolutely critical in order to
access the capacity of biomarkers in clinical applications, which
involves determination of the amount of substance of the target
analyte in a given sample. However, since there is a great risk of
exchange, acquisition or loss of the metal during separation of the
proteins,6 the analytical strategies of absolute quantification of the
metalloproteins are essential and technically challenging.

Metallomics aims to provide a systematic understanding of the
metal uptake, trafficking, and the role of and excretion in the
biological systems.1,2 It focuses on the systematic study of the
metallome and the interactions and functional connections of
metal ions and their species with genes, proteins, metabolites and
other biomolecules within the organisms.3,4 Here we propose
"metrometallomics" as a branch of metallomics, which is defined
as the measurement activities involved for metallic analytes with
metrological strategies, including the establishment of reference
methods with uncertainty evaluation, certified reference material
(CRM) development, and their application in the life sciences,
environmental sciences, etc. In the life science area, the current
trend of metrometallomics research is towards the development of
absolute quantitative strategies for the determination of the metaltransport protein and the metalloenzymes. The metal-transport
protein delivers the metal ions directly to the target protein via
specific protein-protein interactions, and the metal ions are
generally coordinated with the oxygen, nitrogen or sulfur atoms of
www.at-spectrosc.com/as/article/pdf/2021104

Mass spectrometry (MS)-based quantitative strategies mainly
include molecular MS (e.g., ESI-MS) and elemental MS (e.g.,
ICP-MS). Molecular MS (such as ESI-MS, MALDI-MS) using
multiple-reaction monitoring (MRM) for peptide or protein
quantification has been considered a promising high-throughput
targeting protein quantification technology (common strategies
are based on bottom-up and top-down) in many instances.7 The
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Fig. 1 Protein quantification strategies based on ICP-MS.

mass analyzer based on their mass-to-charge ratio (m/z) and are
finally measured without significant spectral interference. This is
particularly advantageous for quantitative purposes because of the
excellent analytical features, such as low detection limits, wide
linear dynamic range, high sensitivity, matrix-independent
ionization and multi-elemental analysis.9,10 Because of its hard
ionization source, ICP-MS is a powerful technique which is able
to provide absolute amounts of biomolecules in complex samples
without the need for specifically targeted standards.11-12 Moreover,
the use of stable isotopes, as non-radioactive tags for biomarker
and for accurate biomolecule quantification with isotope-dilution
analysis (IDA), is a great bonus of ICP-MS in tackling the longstanding problem of the absolute determination of proteins.13

MRM technology selects the specific parent ion and product ion
pair of the target protein to perform mass spectrometry analysis in
order to eliminate the influence of the interfering ions to the
greatest extent and thus, significantly improves the signal-to-noise
ratio of the target peptide. This technology has the advantages of
high sensitivity, good accuracy, and strong specificity. It is known
as the "gold standard" for mass spectrometry quantification and is
especially suitable for high-throughput verification of labeled
proteins. The MRM technology can be combined with a variety of
quantitative strategies. Proteomics experiments usually include a
large number of separation and enrichment steps. Therefore, the
earlier the internal standard is added, the less experimental error
occurs. In addition, MRM is suitable for a variety of mass
spectrometers, such as high-resolution mass spectrometers (QTOF, orbitrap, FT-ICR, which can distinguish mass differences in
ppm) and low-resolution mass spectrometers, such as triple
quadrupole mass spectrometers.8 However, some limitations of
the MRM technology must be taken into account. Because of the
signal intensity they provide, it is strongly affected by the sample
matrix and the solvent used, and the ion sources used in MS are
not inherently quantitative. On the other hand, it is well known that
there is no linear relationship between the target peptide/protein
concentration and the measured soft ion source signal intensity.
Therefore, a specific standard (usually manually synthesized) of
the target peptide/protein is required in order to obtain absolute
quantification results.7

IDA is an analytical technique based on the measurement of
isotope ratios after the mixture of the spike (i.e. a known amount
of an enriched isotope).14 For an IDA study, the equilibration of the
spike with the analyte is a prerequisite. Isotope dilution mass
spectrometry (IDMS) has many unique advantages. First, the final
results obtained by IDMS are independent of the drift of the
instrumental signals and the matrix effects of the samples.
Secondly, the results can provide definable uncertainty values and
can achieve very high accuracy and precision with a mass
spectrometer. Last but not least, once the complete isotope
equilibration is achieved between sample and spike (e.g. full
equilibration for solid samples can be reached after an appropriate
digestion), any possible loss of the isotope-diluted analyte has no
influence on the final results, because any fraction in the isotopediluted sample contains the same isotope ratio. Therefore, IDMS
is regarded as one of the highly qualified primary methods.15 The
detected heteroatoms may be naturally occurring, such as S, Se, P

ICP-MS as an elemental analysis tool uses a hard ionization
source that dissociates proteins into elemental ions or molecular
ions under ~10,000 K in inductively coupled plasma (ICP). These
elemental and molecular ions are introduced and filtered by the
www.at-spectrosc.com/as/article/pdf/2021104
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Table 1. Applications of Biomolecule Analysis by Using ICP-MS
Elements
Mn, Co, Cu,
Se,

Fe, Cu, Zn, I

S

S
S
S

Ca
S
Fe

Fe

Sample/
Analyte
Human milk

Human milk

Technique

Analytical Performance

SEC-ICP-MS

Mn: LOD: 2.81 μg L−1
Linear range: 8.51~100 μg L−1
Co: LOD: 3.39 μg L−1
Linear range: 10.27~100 μg L−1
Cu: LOD: 1.46 μg L−1
Linear range: 4.43~100 μg L−1
Se: LOD: 5.86 μg L−1
Linear range: 17.75~100 μg L−1
Mothers of pre-term (Fe: 0.997, Cu: 0.506, Zn: 4.15 and
I: 0.458 mg L−1)
Mothers of full-term (Fe: 0.733, Cu: 0.234, Zn: 2.91 and
I: 0.255 mg L-1)
Aβ: 0.763 ± 0.0044 g g-1
LOD: 140 pg g-1
Linear range:5~60 μg g-1

RP-HPLC-ICP-QQQ MS

βamyloid Peptide
(Aβ42)

SEC-ID-ICP-MS

Proteomics in Snake
venoms
hGh
Transferrin and
albumin in human
serum
Serum
SOD, BSA, MT-II
Haemoglobin (HGB)

RP-HPLC-ID-ICP-QQQ MS
SEC-ID-ICP-MS
GE-LA-ID-ICP-MS

hGH: 18.86 ± 0.77 mg kg .
Linear range: 1 ~ 400 μg g-1
Albumin:36.9±1.55 mg mL-1
Transferrin:2.45±0.06 mg mL-1

ID-ICP-MS
SEC-ICP-CC-MS
ID-ICP-MS

17

18

23
19,20

LOD for BSA, SOD, and MT-II are 8, 31, and 15 pmol
HGB: 115.3±2.4 mg g-1
LOD: 1.0×10‒7 mg g-1
RSD<3%
HGB:122.1±1.8mg g-1

and metals in proteins, selenoproteins, phosphoproteins and
metalloproteins, respectively, or be intentionally bioconjugated as
an elemental tag. However, those assets of ICP-MS as a reference
technique also have their limitations for quantitative proteomic
analysis. Due to the loss of structural information or identification
from an atomized peptide or protein taking place in ICP, reliable
analysis of the target proteins depends on the separation process in
advance, such as liquid chromatography (LC),11 gel
electrophoresis (GE),16,17 etc., in order to isolate the different
compounds containing a detectable heteroatom before final
measurement.

16

22
-1

Haemoglobin (HGB)

24
25
26
27

At present, protein quantification by molecular MS is greatly
limited because of the need for specific standards. Such standards
must first be synthesized, then they have to be characterized and
finally accurately certified, which leads to severe quantitative
limitations. However, ICP-MS may achieve absolute protein
quantification without the need of such specific standards due to
its robust species-independent signal. There are some ICP-MS
detectable heteroatoms (S, P, Se and metals) naturally present in
metalloproteins. All species in a sample need to be separated first
since ICP-MS cannot distinguish the molecules of origin of the
detectable element. Among the methods, the coupling of HPLC to
ICP-MS appears to be one of the most common methods for
protein analysis because of its ease of sample preparation and the
simplicity of the interface.15-18 However, the hyphenated
techniques incur some problems when a liquid chromatography
column is coupled to ICP-MS with a nebulizer. GE-LA-ICP-MS
has been increasingly employed for the quantification and
characterization of metal-containing (e.g. Zn and Fe) proteins, for
example in brain or human serum.19-21 Due to the lack of suitable
matrix-matched standard reference materials for GE-LA-ICP-MS,
the accurate quantification of metal-containing proteins still poses
important challenges. Some relevant applications of macro
biomolecules analysis by using ICP-MS as the detector are given
in Table 1.

This article reviews the protein quantification techniques
developed in ICP-MS (Fig. 1) in recent years and focuses on
several techniques and methods for quantitative protein research
using ICP-MS detectable heteroatoms, particularly metal-coded
affinity tags (MECAT) and nanoparticles (NPs) immunoassay.
What’s more, because of the growing potential of direct analysis
via laser ablation (LA) ICP-MS for metalloprotein quantification,
the progress made with this methodology is also discussed.

ABSOLUTE QUANTIFICATION OF
METALLOPROTEINS BY USING ICP-MS
Naturally present elements (P, S, Se, and metals)

www.at-spectrosc.com/as/article/pdf/2021104

Reference

In the ICP-MS determination of heteroatoms naturally
occurring in proteins and peptides for protein quantification, the
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radicals.35 Because of the strong affinity of mercury and sulfur,
organic mercury compounds are the most specific and sensitive
reagents reacting with the sulfhydryl groups in peptides and
proteins. The advantage of using monofunctional organic mercury
ion (R-Hg) as a label is that it can react with a sulfhydryl group to
provide a definite mass shift, especially a stable and characteristic
non-radioactive isotope distribution. Guo et al.36 studied the
interaction between methylmercury and the -SH of peptides or
proteins at room temperature and provided an alternative strategy
to calculate the number of -SH and -S-S- involved. Compared with
non-metallic elements, the method using mercury labeling has no
spectral interference. However, since mercury has high ionization
energy, only about 20% of the mercury is ionized in the plasma.
In addition, mercury is highly toxic, which limits the practical
application of mercury in quantitative protein analysis in ICP-MS.
Although 96.6% of the proteins contain cysteine residues or
disulfide bonds with the -SH groups, the reactivity of the -SH
groups may vary depending on their location and the surrounding
microstructure.37

quality and reliability of the quantification results are less affected
by isotope or chemical labeling of the proteins and the peptides.
However, there are still many limitations in using heteroatoms to
quantify proteins.22,23 Metals are not covalently bonded to the
protein’s moiety. It is not maintaining the integrity of the
metalloproteins during the separation, which may result in loss of
metal. Buffers and solutions for gel staining may be sources of
metal contamination, and metal loss also occurs during the
decolorization process. Such loss will result in crucial errors in
protein quantification. Due to the low ionization efficiency of
heteroatoms (such as phosphorus and sulfur which are covalently
bonded to the protein's primary structure) and its susceptibility to
severe spectral line interference,24,25 it is difficult to measure the
heteroatoms by ICP-MS directly, and the measurement of
heteroatoms is also interfered by polyatomic ions.26,27 In fact, the
use of the collision reaction cells and high-resolution ICP-MS
instrumentation to remove polyatomic interferences may hinder
the applicability of ICP-MS quantification in biological
applications, usually requiring low limits of detection (LOD). 28,29
In this sense, the introduction of tandem configurations into ICPMS instrumentation (ICP-QQQ) provided an efficient way for the
elimination of polyatomic interferences and so for highly sensitive
detection of non-metallic heteroatoms.30 As a matter of fact, today,
tandem ICP-MS enables highly sensitive quantification of S- and
P-containing peptides and proteins.31

Halogen, as a label for protein quantification, can be conjugated
with the organic part of a protein. But currently, due to the high
ionization energy, only iodine has been developed in the
quantitative analysis of proteins. The principle is that a simple
reagent (NaI) can be oxidized to I + and react with the aromatic ring
of the amino acid residues. Each tyrosine residue introduces two
iodine atoms and each histidine residue introduces one iodine
atom. Since iodination may be specific to more than one functional
group of a protein, the non-specific iodination of tyrosine and
histidine residues must be considered.38 More complex iodination
reagents (such as pyridine) were used to iodide tetrafluoroborate,
and the results showed that only the tyrosine residues in standard
peptides are completely and specifically derivatized.39 The general
disadvantage of iodine labeling is that the sensitivity of iodine in
ICP-MS is not as good as that of metals (3-4 orders of magnitude
lower than lanthanides), but it is more sensitive than non-metals
naturally present in proteins (such as P or S). In addition, biological
samples may contain a significant amount of natural iodine
background. Waentig et al.40 examined the iodination of proteins,
the entire proteome, and antibodies to analyze Western Blot
membranes by LA-ICP-MS. Iodinated antibodies have been
applied for the sensitive determination of transferrin in breast
cancer cell lines using a novel immunoassay coupled to the ICPMS detection of iodine. Alonso-Garcí
a41 revealed an iodine on the
antibody iodination efficiency, the transferrin molar ratio was 27:1
which corresponds to the iodination of all the tyrosine residue
present in the antibody.

Elemental labeling
The sensitivity of ICP-MS for the detection of heteroatoms
naturally present in proteins, even using tandem MS
configurations, might not be sufficient for certain quantitative
applications in biomedical research. In this sense, the trend for
elemental labelling is to achieve higher selectivity and sensitivity
in spite of the laborious and time-consuming labeling process.
Usually, the label is easily ionized and has low background, which
results in better sensitivity than for S, P, and Se.32 By element
labeling, peptides and proteins without heteroatoms can be
detected and quantified by ICP-MS, which expands the analysis
of proteins.33 Protein labeling can be done directly on the target
protein or indirectly through its corresponding antibody
(immunological strategy). The main limitations of the two
strategies are dealing with excessive reagents, stoichiometric
determination, and the possibility of generating undesirable
products or fragments during the labeling process. Therefore, the
labeling procedure must be properly characterized, and separation
techniques are often employed to resolve potential interfering
compounds in most proteomics applications.32-34

So far, many commercially available reagents have been widely
used in real samples. However, these methods are limited to the
derivatization of one or two functional groups with a single
element (Hg or I). In contrast, metal chelating tags show greater
versatility because they potentially provide a combination of
different metals and the functional groups. By using coordination

Direct Protein Tagging (I, Hg, and Chelate complexes)
As one of the most active functional groups in proteins, the
sulfhydryl group (-SH) has unique physiological characteristics
and plays an important role in protein stabilization, enzyme
catalysis, heavy metal detoxification, and reactivity of the
www.at-spectrosc.com/as/article/pdf/2021104
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ligands or dual-functional ligands containing detectable
heteroatoms, metals detectable by ICP-MS can be introduced into
proteins. Tetraazacyclododecane tetraacetic acid (DOTA) is a
commonly used ligand. Lanthanide chelating tags containing
reactive groups that allow binding to functional groups on
biomolecules can be used to achieve specific lanthanide labeling
(bio-binding) of biomolecules, which forms a covalent bond
between the biomolecule and the chelating tag. In addition, the
lanthanide-chelate label has very high thermodynamic stability.
The use of lanthanide tags for protein labeling has many
advantages. Compared with stable isotope reagents, lanthanide
tags are cheaper, and there are more lanthanide elements available,
which expands the selection range of protein metal labels. In
addition, the lanthanide elements have high detection sensitivity,
higher ionization efficiency, low background, and a large
quantitative dynamic range, which makes lanthanide ideal tags for
the quantitative analysis of protein by ICP-MS.

method could reach 97.9%.
This method further verifies that the ICP-MS binding element
labeling can well be applied to the absolute quantitative analysis
of proteins. In order to improve the efficiency and specificity of
protein metal labeling, Rappel and Schaumloffel37 optimized the
acid anhydride bifunctional reagent (diethylenetriamine
pentaacetic anhydride, Lu-DTPA) to label proteins, and the
peptide reaction steps and reaction buffers were investigated to
improve the labeling efficiency37. The specificity of the labeling
reaction was verified by ESI-MS detection, and the recovery of the
labeled peptide was 100% with a precision of 4.9%. The LOD of
the Lu-DTPA-labeled peptides can reach 179 pmol g-1, which is 4
orders of magnitude more sensitive than ICP-MS quantification
by detecting sulfur and phosphorus atoms in proteins.
Immunological Tagging
Antibody-based immunoassay is another main tool for quantifying
protein due to its good sensitivity, selectivity and throughput,
especially the method based on enzyme-linked immuno sorbent
assay (ELISA). In essence, suitable heteroatom-labeled antibodies
can specifically recognize and bind to the target antigen protein or
analyte even in complex matrices. However, traditional tags such
as colorimetric tags and fluorescent tags are greatly affected with
a complex biological matrix and poor dynamic range. Because of
its good stability and great potential in multiplex analysis, elementtagged immunoassay may be a good choice for immunoassay. In
2001, Zhang et al.45 published an ICP-MS-based method for
detecting proteins with lanthanide-labeled antibodies. The antigen
is immunoreacted with a biotin-labeled antibody, which then binds
to Eu-labeled streptavidin. Research over the next few years
further demonstrated the potential of lanthanide-labeled antibodies
for multiple protein analysis using ICP-MS.46 Due to the success
of these experiments, various bioconjugation technologies and
lanthanide chelation tags have been developed and verified to
improve the sensitivity and multiplexing capabilities of these
assays.

Despite the excellent features of lanthanides as labels for ICPMS detection, this method also has some disadvantages. First, the
sensitivity is still limited by the number of metal ions that can be
loaded into such chelates. Moreover, relatively high polarity of
these derivatives makes their separation in reverse phase columns
difficult in peptide/protein separations. In addition, metal atoms
may be exchanged during the pretreatment process. The most
important thing is that the quantified peptide must be able to
achieve baseline separation. At the same time, other MS methods,
such as ESI-MS, MALDI-TOF, must be used to identify their
sequences, and the structure of proteins and peptides must be
determined to achieve quantification. Whetstone et al. 42 proposed
a lanthanide-DOTA based element coded affinity tags (ECAT)
method by avoiding the use of stable isotopes as mass labels, and
a specific peptide containing a thiol group was labeled through the
specific reaction with the thiol group. Jakubowski et al.43 used the
bifunctional
reagent
2-(4-isothiocyanophenyl)-1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (p-SCN-BnDOTA) as a label and measured two different proteins (bovine
serum albumin and chicken egg white lysozyme). The proteins
were labeled with elements, such as Eu, Tb, and Ho, and the
proteins were separated by sodium dodecyl sulfonate (SDS)PAGE. After the target protein was transferred to nitrocellulose,
LA-ICP-MS was used for protein quantification. The obtained
linear range of BSA was 0.015- 15 pmol g-1 and the detection limit
can be as low as 15 fmol g-1. Yan et al.44 established a specific and
efficient method for labeling intact proteins and achieved absolute
quantification of the proteins with isotope dilution ICP-MS. 1, 4,
7,
10-tetraazacyclododecane-1,
4,
7-trisaceticacid-10maleimidoethylacetamide- europium (MMA-DOTA-Eu) was
used as the marker to label lysozyme (lysozyme), insulin (insulin)
and ribonuclease A (Rnase A). After the labeling conditions were
optimized by ESI-MS, they were quantified by isotope dilution
ICP-MS. The LODs of the three proteins obtained were 0.819,
1.638 and 0.819 fmol g-1, respectively, and the recovery rate of this
www.at-spectrosc.com/as/article/pdf/2021104

However, element-tagged immunoassay requires specific
antibody design, and the sensitivity of the method of labeling
antibodies with lanthanide-chelate complexes is affected by the
reduction in the number of detectable heteroatoms of labeled
antibodies. Tanner et al.47 solved this problem by using polymerbased metal tags to label antibodies. These polymer tags bind up
to 60~120 lanthanides per antibody and increased the final ICPMS sensitivity. Perez et al.48 labeled specific monoclonal
antibodies against four cancer biomarkers (CEA, sErbB2, CA 15.3
and CA 125) with different polymer-based lanthanides and
separated, by size exclusion chromatography followed by ICP-MS
detection, the antigen-antibody complex. The lanthanide loading
in the polymer tag may be 30 times that of lanthanide-DOTA to
improve the sensitivity and detection limit. This labeling method
has a recovery rate ranging from 95% to 110% for all biomarkers
studied, and the inter-assay and intra-assay accuracy is less than
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ionization. The elements on the surface of solid samples can be
analyzed directly without sample pretreatment. Moreover, LAICP-MS can offer bioimaging with high spatial resolution in the
low micrometer range, excellent LOD and the possibility of
quantitative data. One of the main drawbacks of quantitative
analysis by LA-ICP-MS, however, are sample-related “matrix
effects” due to the difference in the interactions (e.g. absorptivity,
reflectivity and thermal conductivity) between the laser beam and
the different sample matrices. This brings noticeable changes in
the mass of the analytes ablated per laser pulse in each case. An
extensive overview about overcoming such limitations via internal
standardization for LA-ICP-MS quantification has been published
in several recent reviews.54,57,58

8%. However, polymer preparation is complicated, and the
antibody cognitive ability is liable to be affected by a large number
of polymer chains introduced. In fact, the concentrations of some
target analytes in a real sample are extremely low, requiring the
development of new signal amplification techniques for highly
sensitive detection.
A recent alternative strategy was developed by using metalcontaining nanoparticles (NPs) as ICP-MS tags. In this strategy, if
the exact number of metal atoms per nanoparticle and the
stoichiometric number of the nanoparticle per antibody are known,
the protein/peptide can be quantified without specific standards.
However, the surface of nanoparticles is compatible with a large
number of surface sealants and cleaning steps to prevent nonspecific adsorption. Yang et al.49 reported a protocol for the
detection of tumor cells by using ICP-MS with lead sulfide
nanoparticles (PbS NPs) as the elemental tag. Under the optimized
conditions, the linear range of 800~40,000 was obtained, and the
relative standard deviation was 5.0%. The proposed method has
several advantages, including easy sample preparation, high
sensitivity and selectivity. More importantly, this methodology
could be extended to the detection of other cells based on their
cellular biomarkers.

In the separation process of metalloproteins, such as
chromatography and electrophoresis, the metal may be lost. In
order to maintain the metal-protein binding, a non-denaturing gel
separation method (natural PAGE) is recommended. The PAGE
and LA-ICP-MS detection can be combined with elemental
labeling after the tissue is incubated with an antibody that holds an
elemental label. Among the external calibration strategies, the
most commonly used one is the protein standard for
electrophoretic separation or hydration of gels and the standard
solutions for external calibration methods for the analysis of
selenoproteins, phosphoprotein and metalloprotein.59 In order to
overcome the problems caused by the incomplete or changeable
ablation and/or ionization behavior of the analytes, the 13C signal
is generally used as the internal standard.60 It has also been
reported to use the isotope dilution method to absolutely quantify
protein by GE-LA-ICP-MS. Konz et al.19 reported for the first time
the absolute quantification of natural transferrin (Tf) in human
serum samples, separated by GE-LA-ICP-MS in combination
with species-specific isotope dilution mass spectrometry (SSIDMS). However, isotopically enriched spikes are not available
and metal losses in GE separation are the main limitations for SSisotope dilution GE-LA-ICP-MS. To overcome this problem,
Feng et al.61 reported the determination of Fe transferrin and
albumin in human serum by GE-LA-ICP-MS combined with
species-unspecific isotope dilution. Compared with the alternative
quantification methodologies, no calibration curves or speciesspecific spikes are necessary. The use of the LA-ICP-MS analysis
approach based on such species-unspecific isotope dilution offers
an important potential to achieve reliable, direct and simultaneous
quantification of proteins after conventional 1D and 2D gel
electrophoretic separations. The combination of immunoassay
with LA-ICP-MS has also been reported. Gao et al.62 established
a method using antibody-conjugated gold nanoparticles (AuNPs)
to quantitatively image β-amyloid peptide (Aβ) in the brains of AD
mice by LA-ICP-MS. The Aβ antibody (anti-Aβ) was labeled with
AuNPs to form the conjugate AuNPs-Anti-Aβ that
immunoreacted with Aβ in mouse brain slices. Homogeneous
brain slice matrix matching standards were used as the external
calibrators for quantitative imaging of Au.

Gold nanoparticles (AuNPs) are most widely used due to their
high sensitivity, good biocompatibility and low background in
biological samples. Xiao et al.50 proposed a simple, sensitive and
specific assay for DNA by ICP-MS detection with AuNPs
amplification and isothermal circular strand-displacement
polymerization reaction (ICSDPR). Under the optimized
condition, the proposed method could detect target DNA as low as
45 zmol (8.9 fM in 5 μL) in a relatively short time (about 4.5 h)
with good specificity, and the linear range of this method is
0.1~10,000 pmol. Li et al.51 developed a high-sensitive detection
of alpha-fetoprotein (AFP) by immunoassay ICP-MS strategy,
which was based on tyramide signal amplification (TSA) and
AuNPs labeling. Under the optimized conditions, the LOD of the
developed method was 1.85 pg mL-1 with a linear range of
0.005~2 ng mL-1. The relative standard deviation (RSD) of seven
replicates was 5.2%. This strategy is highly sensitive and easy to
operate and can be extended to the sensitive detection of other
biomolecules in human serum. Ko et al.52 synthesized three
different metal/dye-doped silica nanoparticles (SNPs) as probes
for multiple detection of several clinical biomarkers. In the
quantification, the doped metal of the SNP conjugate was
measured by ICP-MS and the LOD was 0.35~77 ng mL-1 of
different biomarkers.
Direct quantification of proteins by LA-ICP-MS
Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has already been established as a powerful tool for
the direct analysis of a wide variety of solid samples in life
sciences.53-56 In LA-ICP-MS, sample aerosol is generated by LA
and introduced into the plasma for vaporization, atomization and
www.at-spectrosc.com/as/article/pdf/2021104
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In recent years, great interest has been shown in studying the
combined elemental and molecular distribution in biological
tissues since LA-ICP-MS has emerged as one of the popular and
powerful elemental imaging methodology for heteroatomcontaining proteins.63, 64 However, because the use of LA-ICP-MS
to detect biological tissues may have matrix effects during ablation,
appropriate calibrations must be designed to compensate or
mitigate this possible difference between samples and standards in
order to obtain reliable quantitative data.65,66 The use of internal
standards can help to correct the changes in the signal intensity of
ectopic atoms for imaging and analyzing the matrix composition
of the sample. Alternatively, an external appropriate internal
standard can be used as a dry thin-layer aerosol or applied by
depositing a uniform gold film on the surface of the tissue.63 In
addition, an attempt was made to perform spatially resolved
imaging of actual proteins by using exogenous tags for protein
labeling and final LA-ICP-MS measurement. Different labeling
reagents have been used for this exogenous immunoimaging,
including metals (e.g. lanthanides), conventional dual-functional
ligands, isotope-enriched polymer tags, and/or nanoparticles.
Hutchinson et al.67 first reported the use of LA-ICP-MS for
imaging of Eu and Ni coupled antibodies against the amyloid
precursor protein and Aβ in histological sections of a transgenic
mouse model for Alzheimer's disease.

add stable isotopes of the relevant metal after the column. This
post-column isotope dilution technique cannot only compensate
for the influence of the gradient, but also improve the precision
and accuracy of the ICP-MS measurement because only the
isotope ratio is determined instead of the absolute intensity.
Therefore, the ability of ICP-MS to measure isotopes can combine
ICP-MS element detection with isotope dilution procedures to
quantify the elements with multiple stable isotopes. The method
involves adding the isotope-enriched species of known
concentration and the isotopic composition to the sample, so that
the analyte can be quantified by measuring the isotope ratio. The
added standard substance can be an isotope-enriched analogue of
the target analyte (i.e. species-specific ID species), which can be
added before chromatographic analysis to correct for sample loss
or matrix effects. Alternatively, non-specific (universal)
compounds (i.e. species-nonspecific ID speciation) containing
enriched isotopes of the detected heteroatoms can be added online
to the chromatographic eluent. Of course, the species-nonspecific
ID method cannot correct the sample loss or incomplete recovery.
However, it can quantify all the element species containing the
target element using only quantitative analysis, because after
adding spikes online and measuring the light/heavy isotope ratio,
any possible signal changes during the chromatographic gradient
can be corrected.
Another strategy is to combine the internal standard (IS)
containing common elements with species non-specific ID
quantification. As a result, the complexity of the isotope dilution
calculation is reduced and the injection error is compensated. On
the one hand, immunoassay quantification of element labeling is
usually performed according to a typical immunoassay calibration
curve. If the stoichiometric element is labeled and the antibody is
known and controlled, no specific standards are needed to achieve
quantification of the biomolecules.

Calibration for metalloprotein quantification by ICP-MS
One of the attractions of quantification by elemental labeling is the
simple calibration using only universal elemental standards.
Conventional external calibration methods using such elemental
standards can provide absolute protein quality by directly
measuring the target heteroatoms. However, this method will be
hindered by contamination, because in addition to the target
protein, any substance that contains the detected element would
contribute to the final heteroatom signal detected by ICP-MS. This
is the main reason why this method is mainly applied to pure or
highly purified samples.68 In most cases, two or more proteins
need to be quantified in the same sample. In this case, if an ICPMS-based method is used, a reliable platform is required to ensure
the pre-MS separation of each protein. It can be quantified by
adding standards containing heteroatoms to the sample before
chromatographic or electrophoresis separation. This method can
determine the element response factor (peak area of the injected
element per ng) of the instrument, which can be used to quantify
the element content of other chromatographic peaks (i.e., certain
element-containing proteins in the sample mixture). However,
when using online reversed-phase LC-ICP-MS coupling, the
influence of the change in the amount of organic solvent
introduced during the gradient elution process on the sensitivity of
the considered metal must be considered. At each time point of the
gradient, the system should be calibrated. In fact, internal
standards that show similar ionization behavior in plasma can be
used to balance gradient effects. The most elegant solution is to
www.at-spectrosc.com/as/article/pdf/2021104

The use of a certified reference material (CRM) is a very
important calibration strategy for protein analysis. In the protein
CRM development, although the ICP-MS approach was
successfully demonstrated in the method development of protein
quantification, its application on CRM certification has just been
reported recently. Feng et al.18 first reported that the isotope
dilution high-performance liquid chromatography mass
spectrometry (ID-LC-MS) and high-performance liquid
chromatography isotope dilution inductively coupled plasma mass
spectrometry (HPLC-ID-ICP-MS) strategies were employed to
certify the candidate Aβ solution CRMs. These CRMs are
primarily intended to be used for value assignment to secondary
calibrators or CRMs with a clinical matrix, which will help in early
diagnosis of AD.

CONCLUSIONS
In this review, we proposed metrometallomics as a branch of
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J. Feldmann, Anal. Chem., 2007, 79, 8381-8390.
https://doi.org/10.1021/ac071397t

metallomics and showcased the application of ICP-MS in the
quantification of metalloproteins as an example for the
development of CRMs. The multiplicity of protein determination
by ICP-MS is predictable and may constitute a valuable
supplementary technique in the near future. In addition, the isotope
dilution strategy can expand the multiplexing capabilities of ICPMS with high accuracy and small uncertainty. At present, basic
research on the characterization of metal proteome in cells, tissues
and organisms (such as microbial proteome) is also a clear field
for ICP-MS guided proteomics. Therefore, we can imagine that
further research will lead to using multiple quantitative analyses of
proteins in the microarray, resorting to bioassays, and finally
detection by LA-ICP-MS (and quantitative imaging work). By
using ICP-MS certified peptides for the absolute quantification of
the target protein, perhaps the application of ICP-MS in a wide
range of molecular MS proteomics may become a common
procedure. From an instrumental point of view, the recently
introduced flow cytometer based on ICP-MS (which may allow
the analysis of more than 100 different antibodies at the single cell
level) may also provide a direct, innovative solution to the current
situation.
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