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ABSTRACT

Mass spectrometry is the technique of reference for the identification and quantification of
proteins. Whereas ESI and MALDI ionization sources are inherently not quantitative being highly
influenced by the chemical nature of the analyte and the matrix, ICP-MS uses a hard ionization
source that destroys proteins into its atoms and measures the elemental signal, which is independent
of its chemical environment. As a consequence, ICP-MS turns up as an excellent technique for the
screening, mapping and quantification of peptides and proteins in a sample through elemental
detection (any element but C, H, N, or O) once they have been previously separated by
chromatography. In this time, great efforts have been put in developing instrumentation and new
methodologies that enable a better, more efficient, and more useful analysis of proteins with ICP-
MS. Moreover, quantitative capabilities but lack of molecular information of ICP has led to a
synergic relationship both with identifying capabilities of ESI-MS, or the use of protein-specific
antibodies carrying an elemental label.

Journal Significance

We are delighted to participate in this special issue and have the chance to congratulate Journal of
Proteomics for its 10" Anniversary, and wish for many further successful anniversaries. During this
last decade, Journal of Proteomics has been a clear promotor of works integrating ICP-MS for
proteomics analysis. In fact, already in 2009, a review was published by invitation of the editor in
chief focused on the established and potential role of ICP-MS in different areas of the proteomics
analysis at the time: “The emerging role of ICP-MS in proteomics” [1]. Even though ICP-MS is not
fully known or acknowledged in the proteomics world yet, its impact was significant as
demonstrated by the really high interest in such publication (over 150 citations). Since then, several
excellent papers relating to ICP-MS applications in proteomics have been published in this journal.
Following the trend, we expect through this personal view of the current standing of ICP-MS in
proteomics to enlighten the readers of Journal of Proteomics with a vision of the full present and
future potential of ICP-MS in proteomics.

Abbreviations

AQUA: Absolute Quantification, MS: Mass Spectrometry, ESI. Electrospray lonization, MALDI:
Matrix-Assisted Laser Dissociation/lonization, ICP-MS: Inductively Coupled Plasma Mass
Spectrometry, ToF: Time of Flight, HPLC: High-Performance Liquid Chromatography, HILIC:
Hydrophilic Interaction Liquid Chromatography, SEC: Size Exclusion Chromatography, SIL: Stable-
Isotope Labeled, PTM: Post-Translational Modification.



1. The context of ICP-MS in Proteomics

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a technique within the mass
spectrometry battery that consists on the use of a hard ionization source (argon plasma at
atmospheric pressure) to break down any molecule into its constituent atoms, which are then ionized
in that plasma. As any mass spectrometry technique, these ionized atoms are guided through or
filtered by the mass analyzer on basis of their m/z ratio, until they reach the detector. The distinctive
feature of this elemental technique is that the element ionization is independent of the chemical
structure of the compound containing it. That is particularly advantageous for quantitative purposes,
since there is no need to use standards specific to each analyte, as any compound that contains the
target detectable element (any but C, H, N, and O, because ICP plasma works at atmospheric

pressure) is useful as quantification standard (e.g., inorganic salts) [2,3].

Nonetheless, this asset of ICP-MS is at the same time its limitation, since no structural
information or identification can be obtained from an atomized peptide or protein. Therefore, the
molar ratio element:protein is mandatory to translate the elemental signal from the target compound
into peptide/protein quantification. That is why instrumental and methodological advances towards
the complementarity between ICP-MS and molecular mass spectrometry techniques (mainly ESI) are
essential to strengthen its role in protein analysis [4]. This integrated ICP-MS and ESI-MS approach
was feasible with the development of micro-nebulizers [5] and sample interfaces [6] that made
compatible n/pu-LC with ICP-MS [7]. As a result, required sample volumes to be injected in ICP-MS
analysis were dramatically reduced (now in the range of nL-pL volumes), and also any potential
nebulization or sample transport effects in the ICP nebulization chamber [8] were eliminated. Last
but not least, ICP-MS became fully compatible with the organic solvents typically used in protein
chromatography (i.e., reversed-phase or HILIC).

Still, the main Achilles’ heel in ICP-MS-based quantification is to be solved. That is, the complete
separation of all species containing the detected element. Because signal is elemental, ICP-MS
cannot discriminate the molecules of origin of that element, and therefore all detected species in the
sample have to be separated first in order to have an accurate correlation between element and
peptide/protein. Despite ICP-MS versatility supports an easy coupling to LC and CE separation
strategies, most quantitative applications with ICP-MS in proteomics are still restrained to
peptide/protein standards, and in few cases medium-complex real samples have been successfully
analyzed and quantified with ICP-MS. However, due to the lack of resolution of current separation
methods, the possibility to analyze complex samples at the level of a full proteome is still out of the

picture, even if using state of the art multidimensional chromatographic systems.
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In this context, the use of the corresponding antibody, specific of the protein of interest, is a useful
alternative to fish and isolate the target protein within the complex sample. Additionally, such
specific antibody could carry an element label to make the target protein detectable by ICP-MS. Such
combination of immunoassays with ICP-MS is becoming attractive due to its potential coupling with
ablation techniques enabling “target” protein bio-imaging through the detection of the labelled

element.

Figure 1 exemplifies the different strategies that can be addressed nowadays in proteomics
analysis with ICP-MS.

2. The Paradigm evolved from Metallomics to Proteomics

After the introduction of ICP-MS in the 80s, a great number of potential applications were
foreseen in the fields of proteomics [9,10]. However, main application at first were focused on the
analysis of metalloproteins, through the ICP-MS detection of the coordinated metal (Fe, Zn, Cu,
etc.), in order to study the interaction of the metal with the protein, and its influence on the
biochemical processes of the organism [11,12]. The possibility to detect several elements (and
isotopes) with ICP-MS is extremely useful to selectively screen species that contain one or more
target elements, even in complex samples. Moreover, it may serve as preparative step, using a first
SEC-ICP-MS screening analysis to isolate or fractionate the sample of interest, for a later analysis
with ESI-MS or ICP-MS [13]. In fact, this kind of strategy has proved useful for the screening of the
distribution of a certain element (e.g., Se) along the proteins of a sample [14] and its subsequent
purification after removal of highly-abundant interfering proteins [15].

However, application of such analysis to quantitative proteomics is severely limited because
metal-protein bonding is labile, so it can be disrupted under certain circumstances during pre-ICP-
MS separation. This is the case when using organic modifiers (MeCN, MeOH, etc.) for typical
reversed-phase or HILIC chromatographic gradients, and even with less “aggressive” separations
such as CE, SEC or ion exchange chromatography [16]. Additionally, in order to translate metal
information into protein concentration it is required to know the stoichiometry metal:protein. In this
regard, such determination can be done through the simultaneous detection of the target element
together with sulfur, which is present in the protein moiety [13,17], although most of the times the

existing metal-to-protein complexes are already well known.

Interestingly, most metallic elements coordinated to proteins have more than one stable isotope,
so that elemental quantification can be directly approached through isotope dilution analysis. Instead
of an analogous counterpart of the peptide or protein labeled with a stable isotope as in SIL-based
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molecular mass spectrometry approaches [18], in most ICP-MS-based quantifications a generic
inorganic compound enriched in an isotope of the target element (one isotope for each element) can

be used as simple standard added continuously post-column [19].

Of course, stoichiometry determination through simultaneous detection with sulfur is valid both in
the case of proteins that coordinate metals, and/or those that carry one or more chemical
modifications, e.g. phosphoproteins (P/S), selenoproteins (Se/S), or As-binding proteins (As/S).
Statistically, in eukaryotic proteins every 20 amino acids there is at least one methionine or cysteine,
so that vast majority of polipeptides and proteins contain sulfur [20]. Therefore, experimental ratio
element:sulfur can be translated into molar ratio element:protein if the amino acid sequence is known
or determined. Unfortunately, sulfur detection with ICP-MS was severely hindered using regular

quadrupole- or sector field-based ICP-MS instruments.

One of the main focus of this kind of analysis has been the quantitative characterization of
peptides and proteins phosphorylation. In 2001, Mathias Wind and coworkers already stated the
potential of ICP-MS for the identification of protein phosphosites and determination of proteins
phosphorylation degree in tryptic digest with ICP-MS and ESI-MS [7,21]. During this time, different
modifications of this approach have arose, using organic or inorganic phosphorous standards to
quantify phosphorylation degree in peptides [22,23] and proteins [24]. In fact, great precision and
accuracy achieved in some of those developed strategies [22] enabled the differential
characterization of phosphorylation dynamics of several peptides when subjected to phosphatase
over time [25], and proved useful to characterize peptide recovery in TiO2 enrichment cartridges
[26], used for affinity-based isolation/purification of phosphopeptides in bottom-up MS strategies
[27].

However, phosphopeptides/proteins analysis with LC-ICP-MS has a critical practical limitation.
That is the influence of organic modifiers (LC gradients) in the elements ionization efficiency [26].
This had to be taken into account when determining phosphorylation degree in a protein, usually by
relating the phosphorous quantity obtained from ICP-MS detection with the known (or determined)
protein quantity. In the case of directly determination through P/S ratio, this situation becomes more
severe, not just because of limitations in sulfur detection, but due to the fact that variations in
sensitivity affect much differently to P and S. Given that phosphorous is a monoisotopic element,
isotope dilution analysis cannot be used to address correction of such signal variations, which drops-
off quality of quantitative results. In consequence, several strategies has been proposed:
mathematical corrections based on the analysis of P and S standards at the LC conditions at which

the peptides eluted [21]; addition of a post-column flow of an aquo-organic solution to screen effect
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of LC gradients [22]; or the use of a secondary chromatograph instrument that provides a second
flow with inverse composition to that of the chromatographic separation, providing a constant

phosphorous signal along a RP-LC analysis [23].

Biological importance of selenoproteins have also resulted in several methodologies for detecting
and quantifying selenium present in peptides and proteins. For example, Giusti and coworkers were
able to quantify peptides containing selenomethionine from a tryptic digest of a selenoprotein using
parallel nLC-ESI-MS for identification of such peptides (Se:peptide stoichiometry) [28].
Interestingly, this strategy proved useful to characterize efficiency of tryptic digestion procedure. On
the other hand, Xu and coworkers carried out determination of the concentration and distribution of
selenium in several proteins in human plasma, and selenium content in those proteins of known

amino acid sequence [29].

3. Sulfur marked the turning point in quantitative proteomics

Although sulfur detection is useful to study stoichiometries heteroatom:protein, its greatest
relevance would actually be the quantification of proteins through the determination of their
constituent sulfur with 1ICP-MS [30,31]. Given that sulfur is statistically present in all proteins, S-
based protein quantification is applicable to any protein, and not solely to a limited number of them
that contain a specific heteroatom (e.g., P or Se). That is, capability of ICP-MS to detect sulfur
makes of it a generic and quantitative detector of proteins. However, such direct analysis has been
traditionally hampered. First, because unlike in the case of phospho- or selenoprotein analysis in
which only a certain number of proteins need to be separated, in this case complete separation of all
proteins in the sample is required. Moreover, low ionization efficiency and spectral interferences
(e.g. °00"*, “N®O*, ’NOH* over %S) in ICP-MS detection of sulfur result in much lower
sensitivity for sulfur in comparison with other elements, thus being required higher amounts of
proteins in order to be properly detected [32], which is a limiting factor in biological analysis.

As an alternative, protein quantification has been addressed through the labeling of peptides and
proteins with heteroatom-carrying tags. In this regard, different approaches have been used, such as
the specific iodination of tyrosine residues for peptide quantification through iodine ICP-MS
detection [33], or the use of lutetium-DTPA tags that bound to N-term and Lys chains of peptides,
providing peptide quantification via inorganic isotope dilution analysis [34]. The concept of such
tagging strategies has been also extended to the quantification of PTMs, like phosphorylation, e.g.,
by means of specifically tagging phosphorylated amino acids (pY, pS, pT) with Gallium-tags,
resulting in extremely high sensitivity [35]. All these strategies are limited however by the stringent



demands of specificity and efficiency of the labeling, so they are more appropriate to be used at the
peptide level, especially in those cases that peptides do not contain any ICP-detectable element (e.qg.,
S, P, or Se).

The whole situation changed in 2012, when ICP-MS tandem analyzer with a set of two
quadrupoles, one before and one after the collision/reaction cell, was firstly introduced [36]. This
ICP-MS/MS configuration makes use of the 1 Da selectivity in each quadrupole, resulting in better-
controlled cell processes, and hence more efficient removal of spectral interferences in the detection
of highly-interfered elements such as phosphorous and especially, sulfur [37]. Briefly in the case of
sulfur, first quadrupole (Q1) selects major sulfur isotope at m/z 32 and its polyatomic isobaric
interferences. Reaction with Oz in the cell separates analyte and interferences by shifting exclusively
sulfur to a new product ion mass (m/z=48, 3S'®0*) because reaction rate with O is much than for
the polyatomic interferences. This leads to interference-free detection after setting the second
quadrupole (Q2) at 16 mass units higher than Q1. In fact, detection limits in comparison to single
quadrupole or high-resolution ICP instruments for the detection of sulfur in proteic species improved
more than one order of magnitude [36]. Such low sulfur detection limits (c.a. 15 fmol sulfur)
translate into very small protein requirements, at the low fmol level of protein (considering a medium
size protein containing ca. 10 sulfur atoms). It is therefore expected that this instrumentation may

result in a turning point of ICP-MS in life sciences.

Still, to that point, quantitative proteomics with ICP-MS had been mainly limited to the peptide
level, because of the widely known concern of chromatographic recovery (Figure 2). It is important
to note here that absolute quantification provided by ICP-MS and using generic standards rests on
the principle of full analyte recovery from the column. During the LC or CE analysis, intact proteins
can be pseudo-permanently retained in the column or capillary [7,17], resulting in a non-complete
elution of the protein amount injected. As a result, quantitative results are biased by such incomplete
recovery, which also depends not only on the nature of the separation but on the protein itself. Thus,
in the case of protein quantification, a quantitative or controlled (this requires specific protein
standards) recovery is a must [38]. In the case of peptides, however, this problem is not as frequent
and recoveries are usually close to 100 % [28]. Yet, such analysis has other inherent limitations (as
schemed in Figure 2), such as the dimensional increase of the sample complexity, as a consequence
of the higher number of species that contain the detected element when one single protein is digested

into several peptides.

All these developments and considerations for ICP-MS protein analysis were eventually taken

into account, put together and improved in order to accomplish absolute quantification of intact
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proteins [38]: (i) the use of micro-reversed phase chromatography to provide high-resolution
separation of proteins in the sample and compatibility or organic modifiers with ICP source, and ~1
pL sample volume injected; (ii) the use of ICP-MS/MS as detector enabling the low-fmol detection
of sulfur present in the assayed proteins; (iii) novel chromatographic packing in micro-flow columns
that provide quantitative recoveries for intact proteins [39]; (iv) isotope dilution analysis for accurate
and precise S-based protein quantification using non-specific quantification standards; (v) use of
high-resolution ESI-MS instrumentation in parallel capable of carrying out intact protein
identification. This strategy was demonstrated in the absolute quantitative characterization of real
samples (snake venoms, which contain tens of proteic species) making complementary use of pLC-
ICP-MS/MS for sulfur-based quantification, and pLC-ESI-MS for identification of intact
proteoforms based on accurate mass determination (resorting to MS/MS proteomics data and data
bases) and amino acid sequencing [40].

To this point ICP-MS demonstrated useful integration in proteomics, and especially top-down
platforms. Yet, its quantitative capabilities were constrained in the case of multi-elemental
quantitative analysis. In the case of multi-isotopic elements, isotope dilution analysis can be used,
resorting to the use of extra instrumental set-up and isotopically-enriched reagents for each element
though. In the case of the analysis of monoisotopic elements (mainly P or As), however, it was
necessary to use alternative quantitative strategies such as mathematical corrections or complex
instrumental configurations which moreover limit experimental conditions and capacity.
Alternatively, a new methodology based on the previously described strategy [38] has been
developed just recently [41]. It consists on an instrumental modification at the ICP-MS level, and
thus can be easily implemented, that does not require from additional instrumental set-ups after the
chromatographic separation nor isotopically-enriched reagents [41]. This strategy enables
simultaneous quantitative analysis of elements of interest in proteomics such as S, P, Se and I, and
elements that are gaining relevance such as As [42]. Moreover, this approach resulted in a significant
increase of sensitivity in the detection of these elements in regards to isotope dilution analysis.
Finally, it has been successfully applied to the absolute quantification of protein species in real
samples, demonstrating its easier combination with LC-ESI-MS analysis and thus its potential as

integrative complementary tool in top-down proteomics workflows.

Of course, there is still plenty of room for improvement. It is undeniable that new approaches and
instrumental developments in terms of chromatography and intact and top-down protein analysis
with ESI-MS-based instruments with better resolution, may result in a better integration of ICP-MS

in proteomics workflows.



4. Consolidation of ICP-MS in standards certification

Species-independent ICP-MS signal response of any heteroatom present in a protein has been
long acknowledged as a great asset for the simple and direct certification of SIL peptide and protein
standards [3] required in most MS-based absolute quantitate proteomics (i.e., AQUA). Nonetheless,
availability of proper characterized standards is not often feasible, and it is required to synthesize and
certify those standards. However, traditional certification procedures make use of multi-step,
cumbersome and prone to error strategies, mostly based on amino acid analysis. By contrast, ICP-
MS features enable to determine with high-quality the heteroatom quantity present in the proteic
species through calibrations using pure inorganic or organic compounds as single generic standard.
This high analytical quality certification is worth remarking, because quality-assurance of the
standards is one of the main requirements (and limitations) in any quantification strategy, especially
if absolute, and it determines reliability and robustness of the experimental results.

It is significant to stress that this certification could traditionally only be addressed so far in those
peptides or proteins that contained typical ICP-MS-detectable elements, such as metals,
phosphorous, or selenium. The possibility to detect sulfur with high sensitivity opened the
application field enormously to the certification of any protein or S-containing peptide with generic
standards. Moreover, use of coupled LC separation with ICP-MS detection enables accurate and
precise certification (in mass purity) of proteins even when there are impurities in the sample, or in
simple mixtures of proteins. That is, it is possible to address certification of few proteins present in a
mixture in just a single analysis and using a single inorganic compound as quantification
(certification) standard [38]. This could be particularly relevant in cases such as the purity

certification of antibodies in pharmaceutical preparations.

5. ICP-MS as immunoassays detector: size (nano) matters

Despite the preponderance of MS in proteomics, still many protein quantitative workflows
involve immunoassays, given their high specificity, selectivity and throughput. In the last years, ICP-
MS has turned up as an attractive detector in immunoassays, offering good sensitivity and
overcoming some limitations (e.g., matrix effects and signal overlap) of traditional luminescence
detection techniques [43-45]. Typical workflow consists on the use of a protein-specific antibody
tagged with a label that contains an ICP-detectable element. It is true that all these strategies are
likewise limited by the immunoassay procedure, but they are benefited by the sensitive ICP-MS
detection and multiplexing capabilities, which can be easily carried out using antibodies labeled with
different elements, and isotopes (Figure 1).



One of the most prominent consequences of this integrative strategy has been the development of
mass cytometry technology, as result of the combination of flow cytometry with ICP-MS detection
[46,47]. As in regular flow cytometry, several cellular components in the sample are labeled, and
measured at the single cell level. However, in contrast to regular flow cytometry, tags are not
fluorophores but different elemental isotopes detectable by ICP-MS. Thus, the use of antibodies
labeled with different elemental isotopes as tags opens the door to address the simultaneous
quantification of tens of cellular features and parameters by targeting individual proteins (and/or
other cellular components) . This is extremely useful for the study of cellular behavior, networks,
organization, etc. overcoming spectral overlap issues with fluorophore reporters typically used in
flow cytometry, at single-cell resolution [48]. High sampling resolution and quasi-simultaneous
detection of a wide range of m/z values accomplished with ICP-ToF instrumentation are the key
features. The price to be paid is a worse sensitivity in comparison to quadrupole or high resolution
ICP instrumentation [49]. In fact, relevance and potential of this strategy has resulted in the
development of specialized ICP-ToF instruments for this application [50], and instrumental upgrades
and developments are being carried out in order to provide more robust and sensitive technology
[48,49].

Most common tags in these strategies have been lanthanide polymeric complexes, which have a
fixed element:tag ratio and provide great sensitivity, besides multiplex capabilities [51,52]. However,
it has been the latest developments in nanotechnology which have greatly boosted this kind of
application [53]. The use of inorganic nano-sized particles (NPs) as labels has implied a significant
upgrade, overcoming stereochemical limitations of La-polymers, aside from providing high
sensitivity (because NPs might contain hundreds to thousands of atoms, resulting in an amplified
ICP-MS signal). Moreover, deposition of atoms over the NP, which may act as seed, results in ultra-
amplified signal that has led, for instance, to the highly sensitive (low attog/mL protein) detection of
protein cancer biomarkers in serum [54]. The great challenge of this kind of labels though is the
accurate determination of composition and ratio between NPs and antibodies, which has required the
development of analytical strategies for their proper characterization [55]. Then, once the ratio
element:NP:antibody:protein is accurately known, protein quantification from the elemental signal

can be carried out.

The different kinds and natures of NPs used have resulted in significant applications in life
science and proteomics given their different analytical characteristics. Some of them have magnetic
or luminescence properties (e.g., phosphorescence NPs), and for instance they can result suitable as

alternative contrast reagents [56]. The interest and impact of potential applications, together with the
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myriad of NPs, suggest further developments towards higher-performance and fit-for-purpose NPs

with more and better applicability.

6. Imaging possibilities using LA-ICP-MS

A highly promising approach nowadays consists on the coupling of a laser-ablation system to the
ICP-MS, in order to carry out imaging in solid samples, such as single cells, or biological tissues,
among others (Figure 1) [53,57]. The most extended application of this technique is the mapping of
the spatial distribution of a certain element of interest (e.g., Cu, Zn, Fe), which can be used to bio-
imaging of cells or tissues (e.g., the distribution of metallic elements present in metalloproteins) [58]
with adequate resolution (1-10 um). This methodology has a clear limitation: the element mapping
does not imply per se protein mapping since it just shows elemental distribution in the sample.
Besides, that signal can correspond to more than one protein that carry the element or even non-
proteinaceous complexes of such element. Therefore, combination with MALDI-MS analysis is
mandatory in order to identify the protein and corroborate whether the metal element is indeed
bonded (coordinated) to it [59].

Alternatively, this LA-ICP-MS detection can be combined with elemental labeling, when the
sample (e.g., tissue) is incubated with an antibody that holds an elemental label, as described before.
The use of these antibodies provide the specificity lacked by ICP-MS when several proteins are
together in the same ablated area, and its spatial distribution mapping can be performed through the
detection of the element from the antibody tag. As previously commented, the possibility of using
different elements and isotopes enables multiplexing capabilities. Actually, this kind of strategy has
been clearly benefited from the developments in NPs labeling. Naturally, if the ratio
element:tag:antibody is known, the elemental signal can be easily translated into protein
concentration using non-specific standards without resorting to immunoassays calibration curves
[60]. However, it has to be taken into consideration though that despite elemental ionization is
independent from the species, the ablation efficiency is strongly dependent from the matrix, which is
critical in heterogeneous samples such as biological tissues or cells. Therefore, in order to correct
any bias in quantitative results caused by this effect, development of adequate standards has been
necessary, such as ink printed internal standardization [61] or gelatin standards that simulate

biological tissues [62].

7. Perspective
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Last decade has brought consolidation and maturity of ICP-MS in proteomics. Instrumental
developments enabling highly sensitive sulfur and multi-elemental detection for intact protein
analysis, and the more consistent combination of ICP and ESI analysis might finally lead to the long-
awaited integration of ICP-MS in proteomics platforms. This might particularly apply in the case of
the highly interesting intact protein analysis and top-down strategies currently ascendant in
proteomics. Nevertheless, despite great progress in pre-ICP-MS separation, it still constrains
quantitative capabilities and further ICP-MS implementation since full chromatographic resolution is
far from being achieved in complex samples analysis. In this regard, potential improvements e.g.,

better packaging or multi-dimensional separations will likely help filling this gap.

Specificity of immunoassays combined with ICP-MS detection offer great and unique possibilities
in proteomics, especially since the integration of nanotechnology developments by using
nanoparticles, which proved excellent elemental labels offering high sensitivity and versatile
applications. Moreover, the great efforts made so far and existent room for further developments in
this regard suggest that potential possibilities of this kind of strategy can establish a significant

upgrade in immunohistochemistry-based proteomics.
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LEGENDS OF FIGURES

Figure 1. Possibilities in proteomics analysis of real sample using ICP-MS.

Figure 2. Comparison of advantages, requirements and disadvantages in S-based absolute protein

quantification with ICP-MS, at the intact protein and the peptide levels.
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