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Abstract
Originally developed for small molecules in the late 1970s and early 1980s, isotope dilution mass spectrometry (IDMS) also 
has become the “go to” method of quantification for those wishing to characterize the mass fraction or amount of substance 
content of proteins in matrix-based certified reference materials (CRMs). While instrumental factors can impact the accuracy 
of IDMS methods, the use of double IDMS, higher order approaches, and “exact matching” have done a lot to improve the 
accuracy of the results. This review shows the development of IDMS for the quantification of proteins from being a method 
only used for value assignment of primary calibrators using isotope-labelled peptides as internal standards to a method for 
quantification of proteins in complex biological matrices such as serum and blood using isotope-labelled recombinant intact 
proteins as internal standards. It will discuss the challenges and limitations of currently used organic IDMS peptide-based 
approaches regarding the definition of the measurands, equilibration of sample and internal standard, digestion efficiency, 
and stability and suitability of the internal standards. This paper reviews the steps taken to assess the accuracy of the peptide- 
and protein-based IDMS methods used for the characterization of CRMs and the requirement to ensure comparability in 
laboratory diagnostics down to the patient level. Furthermore, it will give an outlook on future challenges, such as including 
structural and protein activity information in the results.

Keywords  Isotope dilution mass spectrometry · Internal standard · Certified reference material · Reference material 
characterization · Measurement comparability · Traceability

Introduction

In 1935, Rittenberg and Schoenheimer pioneered the use 
of stable isotopes to trace amino acid and lipid metabolism 
in vivo, establishing the conceptual foundation for isotope 
dilution (ID) [1]. Although this work predated mass spec-
trometry (MS), the core principle was already set: adding a 
known quantity of an isotope-labelled or isotope-enriched 
version of the analyte as an internal standard and determin-
ing the concentration of the analyte in the sample through 
the measurement of the analyte and labelled standard signal 
ratios. Radioactive ID was applied to elements like ura-
nium and plutonium, offering the key advantage that post-
equilibration losses do not affect the final result—making 
it ideally suited for measurements of samples with complex 
matrices [2].
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With the introduction of MS, IDMS first matured in inor-
ganic analysis due to the availability of isotope-enriched ele-
ments that could be used as internal standards. Techniques 
such as thermal ionization mass spectrometry (TIMS), spark 
source mass spectrometry (SSMS), and inductively coupled 
plasma mass spectrometry (ICP-MS) enabled the high-
precision isotope ratio measurements required for IDMS. 
Heumann’s [3] review highlighted the rise of IDMS as the 
definitive method for elemental analysis [3]. TIMS-IDMS 
became a cornerstone in geochronology and nuclear safe-
guards for measuring lead, uranium, and strontium isotopes. 
NIST adopted IDMS for the certification of their inorganic 
standard reference materials (SRMs), achieving uncertain-
ties below 0.2 % and setting a precedent for future organic 
and protein applications [4]. The role of IDMS as a primary 
reference measurement procedure (RMP) in the certification 
of inorganic reference materials (RMs) was summarized by 
Vogl and Pritzkow [5].

Deuterium- and 13C-labelled internal standards became 
essential in pharmacokinetics [6], driving the development 
of synthetic methods for isotope-labelled organic mol-
ecules. The use of IDMS to certify the concentrations of 
small organic analytes in clinical certified reference materi-
als (CRMs) goes back to the pioneering work at NIST (then 
known as the US National Bureau of Standards) with ana-
lytes such as glucose [7], cholesterol [8], and creatinine [9] 
in human serum. By quantifying serum cortisol and other 
steroids in human serum using IDMS, Siekmann and col-
leagues could show systematic errors in immunoassays for 
the first time and thus catalyzed the global movement for 
clinical measurement standardization [10]. Lehmann’s [11] 
review comprehensively outlines this development [11].

Since 1993, chemical measurements were also integrated 
into the activities of the Metre Convention via the Consultative 
Committee for Amount of Substance: Metrology in Chemistry 
and Biology (CCQM) [12] in order to achieve internation-
ally comparable results on the highest level. This led to the 
introduction of metrological concepts also in clinical and envi-
ronmental chemistry for the above-mentioned reasons. Inter-
nationally accepted, national metrological standards in these 
fields started to evolve from that time on and led to the growth 
of metrology in clinical chemistry. This included the concept 
of so-called primary standards as reference points. Most often, 
the primary standards (or primary RMs) were certified using 
IDMS that uses isotope-labelled molecules as internal stand-
ards. IDMS allows for the identification of the analyte via their 
molar mass as well as highly accurate quantification. The early 
efforts by the CCQM, through its Working Group on Organic 
Analysis (OAWG), implemented IDMS in Key Comparison 
studies for clinical analytes, such as glucose [7] and cholesterol 
[8], as well as the measurement of environmental contaminants 
such as dichlorodiphenyldichloroethylene (DDE), dichlorodi-
phenyltrichloroethane (DDT), and polychlorinated biphenyls 

(PCBs) [13]. Stephen Wise was an important contributor to 
many of the OAWG’s studies implementing IDMS and the use 
of IDMS for the certification of CRMs [14–17].

In more recent years, the importance of reliable and com-
parable results traceable to a common reference system for 
proteins has come into focus. Proteins are an essential build-
ing block of all organisms. Characterizing their behavior 
by measuring their concentration in relevant matrices such 
as bodily fluids reveals indispensable information about 
metabolic processes, and any deviation from their regular 
behavior reveals important information about health status. 
Furthermore, proteins can be allergens or toxins. Human 
health and well-being can demand measurements of the 
concentration of such proteins also in food and food prod-
ucts [18]. Proteins may occur as contaminants or residues in 
food or as biotoxins, for example produced by bacteria [18], 
and require their assessment quantitatively, e.g., because 
of medical decision limits or legal limits. The importance 
of proteins and the determination of their concentration in 
various biological matrices for medical applications (i.e., in 
clinical chemistry) was first recognized in the first half of the 
nineteenth century [19]. An overview of the fields in which 
protein analysis is important is given in Fig. 1. Although 
there are many other fields, this review will focus on human 
health including clinical diagnostics, biopharmaceuticals, 
and food.

Protein concentrations in bodily fluids such as blood or 
urine were found to be essential to characterize the health 
status of humans and animals alike. Modern methods for 
quantitative determination of protein biomarkers in clini-
cal laboratories include chemiluminescence immunoassays, 
which provide high sensitivity and automation for routine 
testing [20]; single-molecule technology, which enables 
ultrasensitive detection of low-abundance proteins at fem-
tomolar concentrations [21]; and liquid chromatography-
tandem mass spectrometry (LC-MS/MS), which offers 
structure-specific and SI-traceable protein quantification 
[22]. Nowadays, more than a dozen protein biomarkers are 
listed in the Directive of the German Medical Association as 
measurands of special importance which, when quantified, 
require metrological quality assurance [23]. A variety of 
methods evolved to quantify proteins in routine laboratories 
for clinical chemistry. An overview of the routine methods 
used for protein quantification has been given [24]. How-
ever, the results of these assays are often not comparable to 
each other as the definition of the measurand is challeng-
ing due to the presence of different variants of the same 
protein and their complex structure and the measurements 
lack a common reference point such as a RMP or CRM. 
Improved reliability of diagnostic results for medical use 
is needed, for example, to achieve joint decision limits for 
clinical markers. Efforts have been made to standardize 
measurements in clinical chemistry on a global scale. The 
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International Federation of Clinical Chemistry and Labora-
tory Medicine (IFCC) was founded in 1952 for that purpose 
[25]. A first Directive of the German Medical Association 
including advice in clinical chemistry was published in 
1971 [26]. Within the European Union, legal obligations 
for the quality of clinical chemistry were introduced by the 
in vitro Diagnostics Directive (IVDD 98/79/EG) in 1998 to 
establish quality standards for calibrators used in clinical 
chemistry [27]. This was reinforced in 2017 by the more 
stringent in vitro Diagnostics Regulation (IVDR 2017/746) 
[28] demanding metrological traceability.

Conventional methods such as colorimetric assays 
UV absorbance and fluorescence often combined with 
high-performance liquid chromatography (HPLC) rely 
on assumptions like linear detector response and require 
exact matrix matching of sample and calibrator to reduce 
the influence of potential interferences and background 
which might introduce systematic biases that limit true 
SI-traceable quantification [29]. Despite high sensitivity, 
immunoassays are often limited by a lack of metrological 
traceability, the use of non-commutable RMs, and incon-
sistent measurand definitions across platforms—factors 
that impair the global comparability of results. Further-
more, the development of immunoassays requires a pro-
longed and complex validation process and the defini-
tion of the measurand remains a particular challenge for 

heterogeneous protein analytes, where different assays 
targeting different epitopes may effectively measure dif-
ferent molecular fractions [30, 31]. In contrast, IDMS 
achieves SI traceable quantification through measure-
ment of the signal ratio of the unlabelled analyte to the 
labelled internal standard after adding a known amount of 
stable isotope-labelled internal standard. This approach 
can compensate for recovery loss and matrix effects if the 
analyte and internal standard are equilibrated to achieve 
chemical equivalence in the samples and, thus, enable 
SI-traceable results. IDMS is recognized by the CCQM 
as a potential primary ratio method for peptide and pro-
tein quantification underpinning clinical standardization 
and the characterization and value assignment of CRMs 
[32]. Extending IDMS to peptides introduced new chal-
lenges: peptides are non-volatile, synthesis of labelled 
peptides was immature and biological matrices posed 
interference. The invention of fast atom bombardment 
(FAB) MS by Barber et al. in 1981 enabled direct ioni-
zation of non-volatile peptides [33]. Desiderio and col-
leagues later combined deuterium-labelled peptides with 
FAB-MS and LC to quantify neuropeptides in brain tissue 
demonstrating the feasibility of LC-IDMS for biologi-
cal peptides [34]. Howeve,r sensitivity and background 
noise limit its broader application. The development of 
electron spray ionization (ESI) by Fenn et al. in 1989 

Fig. 1   Reliable protein quan-
tification is essential for very 
different areas from clinical 
diagnostics to pharmaceutical 
industry and farming. RMs 
are currently only available in 
some of the areas and only for 
specific analytes. As these are 
the most advanced areas, the 
focus of this publication will be 
on clinical, biopharmaceutical, 
and food applications (in bold) 
(sources of graphics: 1https://​
www.​rcsb.​org/​3d-​view/​jsmol/​
7VR0, 2thanks to Jan Baborák 
at Unsplash, 3thanks to Marek 
Studzinski at Unsplash, 4https://​
pdb101.​rcsb.​org/​motm/​21)

https://www.rcsb.org/3d-view/jsmol/7VR0
https://www.rcsb.org/3d-view/jsmol/7VR0
https://www.rcsb.org/3d-view/jsmol/7VR0
https://pdb101.rcsb.org/motm/21
https://pdb101.rcsb.org/motm/21
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revolutionized protein and peptide analysis [35]. ESI 
seamlessly integrated with LC, forming the LC-ESI-MS/
MS platform, which offered unprecedented sensitivity and 
selectivity. In 1996, Barr et al. introduced the signature 
peptide approach, using stable isotope-labelled peptides 
as internal standards to quantify apolipoprotein A-I in 
serum [36]. This strategy, wherein proteotypic peptides 
represent the intact protein, remains the most widely used 
method in protein IDMS. By the early 2000s, multiple 
protein IDMS strategies had matured, with methods for 
peptide or protein purity assessment successively reported 
based on inorganic elements, amino acid analysis, and 
signature peptides. Josephs et  al. comprehensively 
reviewed these approaches [32].

To successfully apply IDMS also for large biomol-
ecules, ideally their isotope-labelled form is available 
and a clear distinction between measurands and their 
isotope-labelled form is ultimately required. However, if 
the isotope-labelled form of the protein is not available 
or not feasible due to high cost, isotope-labelled specific 
signature peptides can be a solution assuming they are 
released completely from the protein and are not altered 
during digestions. The measurement of intact protein via 
MS is hampered by a number of non-trivial practicali-
ties. Their elemental composition results in the MS signal 
being spread across many isotopologs, which can reduce 
MS sensitivity. If isotop e-labelled versions of the protein 
are to be separated from the natural isotopic composition 
protein, the labelled protein requires excessive and/or total 
incorporation of the enriched element to be separated from 
the natural spread of isotopologs. This feature is further 
exacerbated by the multiple and often normal distribution 
of the added protons on the protein during the ESI pro-
cess, which further reduces the sensitivity of MS for intact 
proteins via the spreading of the MS signal across many 
ions. When first developing IDMS methods for proteins, 
the available MS technologies lacked sufficient resolv-
ing power to separate the individual isotopologs of intact 
proteins and are often not routinely available even today. 
Furthermore, the relevant concentrations of proteins are 
often extremely low, for example in the case of hormones 
in bodily fluids but also for allergens and toxins in food, 
and require excellent signal-to-noise ratios. At the same 
time, knowledge about the structure of proteins is indis-
pensable, and MS does not give this information a priori. 
Due to these challenges, the first CCQM key comparisons 
towards establishing internationally accepted standards for 
proteins in a matrix utilizing IDMS were published not 
before 2020 [37, 38]. New strategies, methods, and tools 
were required. The enormous effort to establish primary 
standards usable for proteins and the approaches to achieve 
this goal are described in this overview.

Challenges for IDMS for characterization 
and value assignment in matrix RMs

In IDMS, a sample with known isotopic composition 
(often the natural abundances as listed by IUPAC are 
assumed [39]) of the analyte but unknown concentration 
is mixed with a known amount of its isotope-labelled form, 
the so-called spike, used as an internal standard. This spike 
contains the analyte with a different isotopic composition: 
Ideally enriched in the rarest natural isotope and provid-
ing sufficient mass shift for complete peak separation. For 
organic molecules, the isotopic enrichment is usually 13C, 
15N, or 2H, with 13C, 15N being much preferred due to the 
kinetic isotope effects observed during separation and the 
frequent reactive exchange process of deuterium-labelled 
molecules. However, in the case of metal-containing mol-
ecules, such as metalloproteins, the metal can also be used 
for quantification. In this case, a spike material is needed 
with the analyte enriched in one isotope of this metal [40]. 
After complete mixing of sample and spike, the so-called 
sample-spike blend (bx) gained a new isotope ratio being 
between the isotope ratio of the sample and that of the 
spike. This blend isotope ratio directly reflects the ana-
lyte concentration in the sample [5]. This also indicates 
one of the most challenging steps in IDMS, the complete 
equilibration of sample and spike. Especially in biological 
matrices, this also requires that the spike behaves identical 
to the analyte including potential binding to other mol-
ecules present in the sample such as albumin or antibodies. 
This is necessary to preserve the isotopic ratio composi-
tion, present in the original sample-spike blend, in any 
following extraction, clean-up or measurement steps. This 
ensured, IDMS only requires isotope ratio determination 
and mass measurements. Losses of analyte after equili-
bration do not affect the accuracy of the analytical result, 
because the measurand, the blend isotope ratio, is equal 
in all sub-samples of the blend. This allows for extensive 
sample preparation schemes such as enzymatic digestion 
and chromatographic separation. To be used as a primary 
RMP, it has to be understood and clearly described in 
equations as well as a comprehensive uncertainty estima-
tion has to be possible. In case of IDMS, both were clearly 
described by De Bièvre and Peiser [41]. This approach 
requires a very thorough characterization of the spike 
material regarding isotope abundances and purity. Due to 
the very low concentration of the other isotope(s) of the 
element enriched in one isotope, this is quite challeng-
ing. A practical solution is the use of the so-called double 
IDMS approach (Fig. 2). In this case, a calibrator (often 
a solution prepared from a pure substance or matrix (C)
RM) with a known analyte content is used. By adding the 
spike to both the calibrator and the sample and measuring 
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the isotope ratios in both blends, the concentration of the 
analyte in the sample can be calculated using the known 
amount of analyte in the calibration blend (bz). However, 
this requires a well-characterized calibrator such as a (pri-
mary) RM for the target analyte.

The analyte content can then be calculated according to:

With
wx : mass fraction of analyte in sample
wz : mass fraction of analyte in reference
myx : mass of spike in the sample-spike blend
mx : mass of sample in the sample-spike blend
mz : mass of reference in the reference-spike blend
myz : mass of spike in the reference-spike blend
Ry : ratio of spike isotope to reference isotope in the 

spike
Rbx : ratio of spike isotope to reference isotope in the 

sample-spike blend
Rx : ratio of spike isotope to reference isotope in the 

sample (often the natural isotope pattern according to 
IUPAC [42])

Rbz : ratio of spike isotope to reference isotope in the 
reference-spike blend

wx = wz ⋅

myx

mx

⋅

mz

myz

⋅

(

Ry − Rbx

)

(

Rbx − Rx

) ⋅

(

Rbz − Rz

)

(

Ry − Rbz

)

Rz : ratio of spike isotope to reference isotope in the 
reference (often the natural isotope pattern according to 
IUPAC [42])

Both bx and bz are then subjected to the same sample 
preparation, leading to a similar matrix in both the sample 
and the reference. When using this so-called exact matching 
approach (isotope ratio in bx and bz as well as the amount 
of analyte in both mixtures is the same), another advantage 
is that a blank correction is not required; it might even be 
harmful in some cases, as shown by Pramann and Rienitz 
[43].

Also higher order IDMS such as triple IDMS are possi-
ble, having advantages like not requiring a characterization 
of the spike at all as both the spike content and its isotope 
ratios are cancelled from the equation. This is especially 
advantageous for ubiquitous elements such as iron or for 
poorly enriched spike materials and can improve the meas-
urement uncertainty considerably. However, that comes with 
the price of elaborate sample preparations [44].

Assessment of primary calibrators

Element‑based LC‑ICP‑IDMS for peptide and protein purity 
assessment

ICP-MS offers an orthogonal detection route for protein 
IDMS. Since almost all proteins contain sulfur as the same 
heteroatom, they yield a uniform relative molar response if 
the signal can be uniquely attributed to the protein of inter-
est. LC-ICP-IDMS enables absolute quantification inde-
pendent of protein sequence or structure, conferring broad 
applicability. Sulfur-based ICP-IDMS quantifies via cysteine 
and methionine residues using isotope-enriched sulfur 
spikes (e.g., 34S-labelled methionine) [45]. Key uncertainty 
sources may include precise knowledge of the number of 
sulfur-containing residues in the target protein, polyatomic 
interferences (e.g., on 32S from oxygen), effectively miti-
gated by collision-reaction cell technology, and the purity 
and concentration of the sulfur spike itself [46]. A disad-
vantage is the comparatively low sensitivity of ICP-MS for 
sulfur and an often high background leading to a high limit 
of detection. A similar approach can be used for the quantifi-
cation of metal-containing proteins such as selenium or iron-
containing proteins [47] using the metal for quantification. 
A 2024 review by Coverdale et al. systematically surveyed 
LC-ICP-IDMS advances for metalloprotein quantification, 
contrasting species-specific vs. species-unspecific IDMS and 
highlighting dual ESI-MS/ICP-MS platforms for simultane-
ous structural characterization and absolute quantification 
[48]. Furthermore, the simultaneous detection of metal(s) 
and sulfur indicates the number of metals bound to a pro-
tein, giving indications of the structure of the molecule. For 

Fig. 2   For the so-called double IDMS, the isotope-labelled form of 
the analyte is added to both the sample and a well-characterized cali-
brator. By measuring the isotope ratio in both sample-spike (bx) and 
calibrator-spike blend (bz), the concentration of the analyte in the 
sample can be calculated from the known concentration of the analyte 
in the calibrator
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proteins with low native sulfur or selenium content and no 
inherent metals, artificial metal labelling may broaden the 
applicability. Metal chelators (e.g., DTPA, DOTA), which 
are labelled with naturally low-abundance rare earth ele-
ments (e.g., Lu, Eu), are covalently attached and quantified 
via ICP-IDMS [49]. The high sensitivity of lanthanides and 
their low background allows the detection of the proteins in 
very low concentrations.

Amino acid analysis–based LC‑IDMS in value assignment 
of primary calibrators

Amino acid analysis (AAA) using IDMS (AAA-IDMS) is 
a well-established approach for the absolute quantification 
of peptides and proteins, providing a measure of total pep-
tide or protein content, particularly in the context of pure 
primary calibrator or RM characterization. The method 
relies on strong acid hydrolysis (typically 6–8 mol/L HCl) 
to convert proteins or peptides into their constituent free 
amino acids, which are subsequently quantified by LC-MS/
MS or gas chromatography with MS (GC–MS) using stable 
isotope-labelled amino acids containing heavier isotopes, 
e.g., 2H, 15N, or 13C, as spike. The measured amino acid 
amounts are then related to the known amino acid composi-
tion of the protein or peptide to determine the amount of 
substance of the target protein [50–53]. The key strengths of 
AAA-IDMS are as follows: elimination of systematic errors 
from incomplete enzymatic digestion or peptide/protein loss 
during sample preparation as the harsh hydrolysis condi-
tions minimizes the possibility of bias due to incomplete 
acid hydrolysis, establishing SI traceability via high-purity 
amino acid CRMs (e.g., NIST SRM 2389a), and offering 
broad applicability to any protein-containing pure material. 
Some weaknesses have to be considered when developing 
AAA methods. Kaiser and Brenner showed that racemiza-
tion of AAs occurs in acidic hydrolysis. The degree varies 
between the different AAs and depends on the conditions 
used [54]. Furthermore, proline is prone to isomerization 
which is solvent dependent [55].

Nevertheless, when aware of these potential limitations 
and controlling them, AAA is a powerful tool for value 
assigning primary CRMs and calibrators. Muñoz et  al. 
reported a complete AAA-IDMS workflow for protein cali-
brant quantification, demonstrating excellent repeatability 
and traceability across multiple protein types [52]. Li et al. 
applied parallel purity assessment strategies combining mass 
balance and AAA-IDMS to both recombinant human growth 
hormone and parathyroid hormone [56, 57], achieving high 
concordance between methods and cross-validating accu-
racy. Yan et al. extended this dual-route strategy to bovine 
lactoferrin [58]. The main limitations of AAA-IDMS arise 
from the harsh hydrolysis conditions, which lead to the deg-
radation of many amino acids. Consequently, acid-stable 

amino acids such as proline, valine, leucine, isoleucine, and 
phenylalanine are the most suitable choices for quantifica-
tion, as they remain stable throughout the hydrolysis process 
[59], although sometimes alanine and arginine are also used. 
Furthermore, complete hydrolysis has to be ensured, which 
can be challenging in certain amino acid combinations such 
as pairs of valine and/or isoleucine and multiple leucine in 
a row. However, AAA-IDMS analysis can only be applied 
to materials that contain only the target peptide or protein 
and no other source of amino acids. Otherwise, the result 
has to be corrected for protein or peptide impurities, which 
have to be identified and quantified using other methods such 
as LC-MS (including high-resolution MS) or quantitative 
nuclear magnetic resonance spectroscopy (qNMR). This 
approach is known as peptide impurity-corrected amino acid 
analysis (PICAA) [32].

Signature peptide–based LC‑IDMS for peptide and protein 
purity assessment

The workflow of signature peptide–based LC-IDMS for 
protein purity assessment involves the following: (1) selec-
tion of signature peptides which result from high protease 
specificity, stable LC-MS behavior, and no missed cleavage 
or labile sites; (2) synthesis of heavy isotope-labelled (e.g., 
13C/15N) peptide internal standards with rigorous isotopic 
purity; (3) addition of the labelled standard before or after 
digestion; and (4) quantification by triple quadrupole or 
high-resolution MS in SRM/MRM or DIA mode [60–62]. 
Signature peptide selection is critical, and the ideal candi-
dates must be unique to the target protein (e.g., BLAST-ver-
ified), completely and reproducibly released by the enzyme 
of choice, free of oxidation- or deamidation-prone residues, 
carry no post-translational modifications (PTMs) (unless 
these are the target analytes as in glycated hemoglobin) and 
exhibit good ionization and chromatographic performance 
[63]. The labelled and native peptides should also exhibit 
near-identical chromatographic retention and fragmentation 
patterns, necessitating the use of 13C/15N labelling, as deu-
terium (2H) labelling can cause a shift in chromatographic 
retention time [64]. For applying the double IDMS approach, 
the peptides of choice have to be produced in pure form 
with natural isotopic composition to serve as calibrants. Dif-
ferent methods for verifying the purity of these calibrants 
have been applied. Martos et al., for example, used qNMR 
to characterize the calibrant peptides for SARS-CoV-2 IgG 
monoclonal antibody quantification, confirming a trace-
able purity assessment [65]. For value assignment, AAA 
as described in the previous section can be applied. Diges-
tion completeness is another key factor for the signature 
peptide–based LC-IDMS. Arsene et al. showed that when 
cleavage is incomplete, the timing of internal standard addi-
tion significantly affects accuracy [62]. Thus, spike timing 
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is a fundamental design choice. In practice, digestion effi-
ciency is maximized by extended digestion, high enzyme-
to-substrate ratios, combined proteases (e.g., trypsin and 
Lys-C), and monitoring of missed cleavage peptides [66]. 
Another challenge are structure-related impurities present 
in pure protein material that might lead to the same signa-
ture peptide after digestions, but which is not related to the 
target form of the protein. Furthermore, IDMS quantifies 
total protein amount irrespective of folding state, which is 
appropriate for CRM mass fraction assignment but does not 
reflect native conformation or activity.

Other isotope dilution strategy beyond LC‑IDMS

Diaz et al. developed an online carbon IDMS approach in 
which peptides are combusted to CO2, and the resulting 
13C/12C ratio is measured to independently verify a com-
plete isotope labelling, providing a sequence-agnostic purity 
check orthogonal to LC-based methods [67]. GC-IDMS also 
offers a complementary route. After derivatization, analytes 
are resolved by GC and quantified by AAA-IDMS [53, 68]. 
Additionally, other ID-based methods were used as further 
orthogonal approaches. Vibrational spectroscopies are also 
sensitive to structural changes and can be useful to distin-
guish isotopologs of intact proteins. Frank et al. used ID 
Raman spectrometry to quantify hemoglobin alongside with 
IDMS-based approaches [69]. Song et al. proposed GC-ID 
infrared spectroscopy in which peptide hydrolysis is carried 
out and 13C-labelled amino acids are used as internal stand-
ards. The quantification was performed via the amide I band 
shift derived by isotope-labelled amino acids, circumventing 
ionization discrimination effects inherent in MS and repre-
senting a candidate primary RMP [70].

Applications of IDMS for peptide and protein purity 
assessment

The primary application of IDMS for peptide and protein 
purity assessment lies in the production of CRMs. For clini-
cally important proteins, this has become a core mandate 
of national metrology institutes (NMIs) worldwide. IDMS-
based RMPs have been established or are under active 
development for an expanding range of proteins, including 
C-peptide [71], insulin [72], porcine insulin [73], prostate-
specific antigen [74], bovine lactoferrin [58], recombinant 
human growth hormone [56], parathyroid hormone (PTH) 
[57], insulin-like growth factor-1 (IGF-1) [75], heat shock 
protein 90α (HSP90α) [76], interleukin-6 (IL-6) [77, 78], 
tumor necrosis factor alpha (TNF-α) [79], or procalcitonin 
[80]. During the COVID-19 pandemic, IDMS quantifica-
tion methods for SARS-CoV-2-related proteins (spike, 
nucleocapsid) and monoclonal antibodies were also rapidly 
advanced [81, 82]. Collectively, these developments have 

established a metrologically traceable reference measure-
ment infrastructure for protein quantification, significantly 
advancing the standardization of clinical laboratory meas-
urements for these analytes.

Application of reference materials 
and relation to routine measurements such 
as immunoassay

Major challenges in IDMS for proteins

A special challenge in protein measurements is the definition 
of the measurand beyond the content of a specific peptide. 
Measurand definition is made difficult by the usually strong 
structural heterogeneity of proteins. Proteins in nature exist 
with large variations, even when the same primary amino 
acid sequence is present, due to PTMs such as glycosyla-
tion and phosphorylation as well as structural variations 
(e.g., disulfide bridge scrambling). It should be noted that 
our discussion of PTMs and structural heterogeneity focuses 
on the analytical challenges in measurand definition and 
protein quantification, rather than on the feasibility, cost, 
or yield of recombinant protein production in expression 
systems. Before applying IDMS for value assignment in 
CRMs, the measurand has to be clearly defined and that 
requires the determination of present variants and evalua-
tion of their impact on protein quantification. Researchers 
and IVD manufacturers often identify clinically relevant 
biomarkers based on studies conducted relying on immu-
noassays that often detect a panel of isoforms that are not 
always completely defined. The advantage of targeted IDMS 
approaches of being highly selective can thus turn into a 
challenge as the measurand often consists of a unique, well-
defined target while for immunoassays, the measurand often 
consists of a panel of proteins with different structures. Fur-
thermore, while IDMS gives a result for the total amount 
of the protein in the sample independent of its form as long 
as it contains the specific peptides used for quantification, 
immunoassays may be blind to parts of it when bound to 
other proteins or in aggregates. This possible discrepancy 
between the measurands in IDMS and in immunoassays can 
compromise the success of standardization initiatives relying 
on an IDMS-based reference measurement system. Incon-
sistent measurand definition represents a critical challenge 
for the development of RMPs and CRMs and could explain 
the substantial differences that have been observed between 
IDMS-based results and immunoassay-based results, but are 
also often the cause of differences in results between immu-
noassays from different manufacturers nominally measuring 
the same analyte but including different variants (different 
assay selectivity) [80]. While discrepant measurand defini-
tions can explain these differences, differences in calibration 
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can also play a role. While immunoassays can be calibrated 
with matrix-matched materials spiked or not with recom-
binant proteins or peptides containing the target epitope, 
IDMS methods also proved to be affected by the nature of 
the calibrators, peptides or proteins [80, 83, 84]. Peptide-
based calibration has some major drawbacks as it does not 
account for incomplete release of the peptides from the pro-
teins. Therefore, intact proteins are used both as calibrants 
and as isotope-labelled standards as far as possible [85]. A 
major challenge lies in the availability of isotope-labelled 
proteins for use as internal standards and the evaluation of 
whether these are fit for purpose, i.e., properly mimic the 
behavior of the endogenous protein. An alternative can be 
the use of isotope-labelled peptides, which are more afford-
able than labelled proteins, and a natural protein standard if 
processing conditions (e.g., extraction, digestion) are very 
well controlled (reproducible) for sample and calibration 
blends [86]. Despite these limitations, LC-IDMS remains 
the RMP of choice to determine protein concentrations in 
human samples [87]. Thanks to spectacular progresses in 
instrumentation development, top-down analysis of intact 
proteins becomes possible and avoids the digestion step of 
the bottom-up approach [88]. This represents great benefits 
as demonstrating the digestion completeness is not straight-
forward in absence of recombinant proteins that could be 
used as primary calibrators and/or internal standards. How-
ever, quantitative top-down approaches still have to be 
improved to be able to provide SI traceable results com-
parable with the established bottom-up methods. Another 
challenge in protein analysis is the stability of the measur-
and. Torma et al., for example, showed that brain natriuretic 
peptide (BNP) is not stable in plasma samples and has to be 
stabilized to ensure accurate quantification [89].

As immunoassays target epitopes rather than the whole 
protein as analyte and not all forms of a protein are really 
biologically active, it is also important to know not only 
the concentration of the target protein in the sample but 
also its structure variants, PTMs and even conformers. The 
conventional IDMS approach cannot give this informa-
tion, but might be influenced by different structures, and 
new techniques and approaches are currently developed to 
answer this demand [90]. One step forward is the coupling 
of immune affinity techniques with MS to get the best from 
both worlds [91]. However, this approach also faces the chal-
lenge of the definition of the measurand, which might make 
traceability difficult.

Clinical requirements

Laboratory medicine results are vital for clinical decisions, 
but inconsistent findings across different laboratories and 
methods can lead to inappropriate patient care. Traceability 
in laboratory medicine seeks to minimize method variability, 

ensuring consistent results regardless of time or location. 
IDMS has played a pivotal role in the development of RMs 
traceable to the SI over the past decades with early appli-
cations for small molecule biomarkers such as creatinine 
or glucose. Proteins are an important class of biomarkers. 
Examples of widely accepted protein biomarkers include 
C-reactive protein for inflammation, cardiac troponin for 
myocardial infarction, brain natriuretic peptides for heart 
malfunction, prostate-specific antigen for prostate cancer, 
procalcitonin for sepsis, and amyloid-beta and tau protein 
for neurodegenerative diseases. The complexity of this class 
of biomarkers, including PTMs and higher order structure, 
poses significant challenges in the definition of the measur-
and of clinical relevance and the choice of the most appro-
priate measurand/calibrator for the development of IDMS 
workflows, RMPs, and CRMs. This is particularly the case 
when immunoassays are the routine measurements imple-
mented in clinical settings.

In 2002, the Joint Committee for Traceability in Labora-
tory Medicine (JCTLM) was formed as a result of collabora-
tion between the Bureau International des Poids des Mesures 
(BIPM), the IFCC, and the International Laboratory Accred-
itation Cooperation (ILAC) with the aim of coordinating 
standardization activities and implementing traceability of 
measurement results in clinical laboratory setting. JCTLM 
also offers educational support and maintains a database of 
RMs, reference methods, and services compliant with the 
relevant ISO standards including ISO 15194:2009 for RMs 
[92], ISO 15193:2009 for RMPs [93], and the more recent 
ISO 17511:2020 “In vitro diagnostic medical devices — 
Requirements for establishing metrological traceability of 
values assigned to calibrators, trueness control materials and 
human samples” [94]. A way to establish SI traceability of 
routine methods through an unbroken chain of calibration 
is shown in Fig. 3.

The JCTLM provides a framework for establishing met-
rological traceability in laboratory medicine, which is struc-
tured in a hierarchical order to ensure consistency and com-
parability of measurement results. The hierarchical structure 
aligns with ISO 17511:2020 standards, moves from highest-
level fundamental references down to daily patient sample 
results. IDMS is considered the gold standard method for 
development and value assignment of primary calibrators 
and CRMs for clinical measurements [87]. The main chal-
lenge is, however, in the definition of the measurand where 
IDMS traceability for proteins is achieved through surro-
gates (signature peptides) of the protein itself as described 
above, while immunoassay-based clinical measurements 
rely on the binding of antibodies to certain epitopes of the 
protein which usually require an intact tertiary structure 
of the protein without in-depth chemical characterization 
and differentiation. Ensuring that the standards produced 
are fit for purpose for the intended clinical measurements 
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Fig. 3   The role of IDMS in 
establishing traceability of 
protein measurements in clinical 
diagnostics to the SI according 
to [94] (sources of graphics: 
https://​www.​bipm.​org/​en/​measu​
rement-​units/​si-​base-​units, 
https://​www.​rcsb.​org/​3d-​view/​
jsmol/​7VDE/1, https://​www.​
reccs.​or.​jp/​en/​order/​index.​cgi?​
wd=​JCCRM%​20912)

https://www.bipm.org/en/measurement-units/si-base-units
https://www.bipm.org/en/measurement-units/si-base-units
https://www.rcsb.org/3d-view/jsmol/7VDE/1
https://www.rcsb.org/3d-view/jsmol/7VDE/1
https://www.reccs.or.jp/en/order/index.cgi?wd=JCCRM%20912
https://www.reccs.or.jp/en/order/index.cgi?wd=JCCRM%20912
https://www.reccs.or.jp/en/order/index.cgi?wd=JCCRM%20912
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is of paramount importance and one of the most challeng-
ing tasks of the metrological community, particularly when 
attempting retrospective standardization of established clini-
cal measurements.

With the advent of LC-based methods for clinical diagno-
sis, however, and the broader understanding of measurement 
standardization requirements, the development of standards 
alongside the validation of emerging clinical biomarkers 
has significantly improved, ultimately providing benefits to 
patients. Examples are the amyloid peptides, mostly meas-
ured routinely by MS.

Another challenge in the development of matrix-matched 
RMs for proteins consists of producing materials of adequate 
commutability, which describes the property of a material to 
properly mimic the behavior of unadulterated patient sam-
ples in routine methods [87]. As the use of non-commutable 
CRMs will cause (i) inaccurate results for clinical samples 
and (ii) the inability of a common calibration material to 
improve harmonization of results provided by the different 
measurement procedures [95], commutability of calibration 
materials has emerged as a key requirement for establish-
ing the metrological traceability of clinical measurements. 
Although commutability assessment frameworks have been 
established by the IFCC working group on commutability, 
evaluating commutability remains cumbersome, and to date, 
very few data are available to inform the extent to which 
processed and spiked materials properly mimic real patient 
samples [87].

Biopharmaceuticals

Biopharmaceuticals are medical drugs produced from liv-
ing organisms, cells or bacteria, typically characterized by 
a complex structure (often large molecules such as antibod-
ies, enzyme, or nucleic acids), high specificity, and potent 
activity. Examples of biopharmaceuticals are: - monoclonal 
antibodies such as rituximab used to treat certain lympho-
mas, leukemia, and autoimmune diseases like rheumatoid 
arthritis, adalimumab used for inflammatory conditions, 
pembrolizumab, an immunotherapy drug used in various 
cancers -hormones such as insulin, an essential drug used 
for regulating blood sugar and produced in recombinant 
form to treat diabetes or erythropoietin that stimulates red 
blood cell production and is used to treat anemia in kidney 
disease patients - vaccines that stimulate the body’s immune 
system to protect against infectious diseases and include e.g. 
proteins (vaccines against hepatitis B, shingles, and some of 
the COVID-19 vaccines) - mRNA (COVID-19) enzymes, for 
example used in replacement therapy to treat genetic disor-
ders - genetic and cell materials [96].

Biopharmaceutical standardization requirements are 
all about ensuring that complex biological medicines are 
consistently safe, effective, and high quality despite being 

produced in living systems and, therefore, less controlled 
and more variable than chemical synthesis. Biopharmaceu-
tical product properties often depend on the cell line used 
and the manufacturing process, impacting for example 
protein PTMs. The global regulators require strict com-
pliance with harmonized standards such as those defined 
by the International Council for Harmonisation (ICH) and 
local regulations such as those issued by the US Food and 
Drug Administration (FDA) and the European Medicine 
Agency (EMA), the National Medical Products Admin-
istration (NMPA), or the Pharmaceuticals and Medical 
Devices Agency (PMDA). The ICH guidelines are critical 
in setting the standards for the analytical requirements to 
measure the critical quality attributes of biopharmaceuti-
cals (CQA) including identity, purity, quantity, potency/
biological activity, and safety [97].

All biopharmaceuticals must be produced under Good 
Manufacturing Practice (GMP) conditions that ensure con-
trolled manufacturing environments, validated processing 
and analysis, trained personnel, and full traceability of mate-
rials and qualified instruments. Because of the complexity of 
biopharmaceuticals, MS alone does not provide all required 
information. Therefore, several analytical platforms are used 
including biochemical and chemical platforms from sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) to enzyme-linked immunosorbent assay (ELISA), to 
capillary electrophoresis and chromatography coupled with 
specialized detectors such as multiangle light scattering, 
fluorescence detector, and MS as well as physical methods 
such as circular dichroism, Fourier transform infrared spec-
troscopy, NMR, Raman spectroscopy, dynamic light scatter-
ing, and thermogravimetric analysis, and bioassays including 
cell based assays for the measurements of the bio-product 
potency and activity [98].

The importance of standard materials to be used for 
comparability of measurements e.g. between different 
laboratories or when upgrading instrumentation is cur-
rently underestimated due to the broad range of mol-
ecules, analytics involved, and regulatory requirements. 
The concept of SI traceability is often perceived to be a 
tool for manufacturing controls more than a regulatory 
requirement limiting the collaboration between industry 
and NMIs in this space. Nevertheless, the UK National 
Institute for Biological Standard and Control (UK) has 
played a pivotal role in introducing several standards such 
as infliximab, rituximab, adalimumab, trastuzumab which 
were introduced as the World Health Organization (WHO) 
RMs [99]. Furthermore, the NIST collated a large amount 
of data on a humanized IgG1κ antibody to become the first 
RM (NIST RM 8671) with a large amount of published 
data available as reference [100, 101]. However, continu-
ity in production is often one of the main challenges in 
this space.
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Food and food products

The needs for CRMs to assess the accurate quantities of 
specific proteins in foods have been prepared to address the 
assessment of “gluten free” and “low gluten” containing 
food as defined by food regulations and the detection of food 
allergens for the protection of allergic consumers.

For legislative purposes, gluten has been defined as the 
“protein fraction from wheat, rye, barley, oats or their cross-
bred varieties and derivatives thereof, to which some per-
sons are intolerant and that is insoluble in water and 0.5 M 
NaCl.” The proteins that form gluten constitute between 70 
and 80 % of total grain protein and hence find their way into 
many different food stuffs. However, gluten or its proteins 
are responsible for triggering an immune mediated disor-
der in individuals with celiac disease. This is a lifelong 
disease where the only relief is the complete removal of 
gluten from the diet. Due to farming practices and shar-
ing of storage and transport infrastructure, the presence of 
gluten is often detected in non-gluten containing products. 
Therefore, the EU legislation [102, 103] requires products 
sold as “gluten free” and “low gluten” to contain less than 
20 and 100 mg/kg of gluten, resp. The use of such thresholds 
requires the development of testing systems that could be 
used to enforce local legislation and protect consumers. For 
a variety of reasons, the predominant technology that was 
used for the detection of gluten is based on ELISA [104]. 
However, a lack of comparability in measurement results 
triggered requests for the production of reference materials 
with known quantities of gluten [105].

Using conventional approaches for the value assignment 
of an SI traceable quantity of gluten in a matrix RM pro-
vided many challenges. First, the definition of gluten results 
in no single protein that is present in a constant relative mass 
fraction to total gluten, and the difference in the gluten-
containing protein solution between grain species made 
the conventional IDMS defunct. No single group of target 
proteins was agreeable to all stakeholders. This, combined 
with the CODEX standard [106], defining the method for 
determining gluten as an ELISA method using a specific 
antibody (R5 Mendez method), which effectively redefined 
gluten at the analytical level as anything detected by the 
R5 antibody, resulted in any higher order protein reference 
method based on IDMS being unnecessary. A series of har-
monization materials were developed by the community, and 
these have been the subject of “label free” protein/peptide 
MS method [107].

The increase in the prevalence of food allergens, espe-
cially among children, has resulted in food labelling laws 
that require the indication of the intentional presence of, nor-
mally, 14 priority foods that are associated with triggering 
allergic reactions in the wider population. Of these 14 prior-
ity foods, 13 result from the presence of proteins or specific 

groups of proteins present in the offending food. Similar, to 
gluten, current food processing methods can result in the 
unintentional presence of these foods in processed foods. 
However, even trace amounts of these proteins can trigger a 
severe anaphylactic reaction in an allergic individual. This 
resulted in, what many consider to be, the overuse of “may 
contain” labelling for many of these priority foods. The 
impact of this on allergenic consumers has often resulted 
in a severe limitation in the ability to confidently consume 
processed foods. Unlike gluten, many of the ELISA test 
kits targeted the same protein or group of proteins from the 
offending food. However, the medical testing of thresholds, 
whereby the minimum eliciting dose of the offending food, 
is based on the mass of the total allergenic food protein. 
These thresholds are continuously updated and refined by an 
expert group under the VITAL scheme and have resulted in 
reference doses (based on total mass of allergenic food pro-
tein consumed per serving size) below which most allergic 
consumers will not have any adverse reaction [108].

As most analytical methods detect specific proteins, it is 
important that these are converted to “total allergenic food 
protein” in order to assess the real consumer risk. An assess-
ment of the current analytical methods for use with VITAL 
thresholds was conducted in 2020 [109]. During this review 
the authors reported that one of the biggest challenges in 
assessing the methods was that few reported limit of detec-
tion or quantification in total allergenic food protein but 
instead referred to single protein analytes. It is important 
that any RMs to support this sector are materials that sup-
port method development and trueness controls, not only for 
the chosen protein analyte but for the total food allergenic 
protein [110]. Therefore, any IDMS methods would need to 
provide reference values for the individual target proteins 
as well as conversion of these values to “total allergenic 
food protein.” This has focused the developments of peptide-
based IDMS methods for food allergens in the late 2010 s 
and early 2020s. As peptides were often also used as calibra-
tors, a complete assessment of the extraction of the individ-
ual proteins from the RM matrix was essential [111]. This 
was followed by an assessment of the individual uncertainty 
contribution of each step from protein extraction, digestion 
to target peptides and conversion from mole content of the 
target peptides to constituent protein and from each constitu-
ent protein to total food allergen protein (Fig. 4). In total, 11 
peptides from five separate proteins, which represented over 
95% of the total milk proteome by mass were quantified. The 
uncertainty for the conversions was based on reported ranges 
of the individual constituent proteins in total milk protein 
[112]. This method has been applied for the characterization 
of a cookie matrix RM and in providing the target reference 
value (for the individual mass fraction of the target analyte 
protein as well as total allergenic food protein) for a EU 
proficiency testing scheme for allergen detection laboratories 
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[113]. Similar peptide-based IDMS methods have been used 
for the characterization of a chocolate-based clinically rel-
evant RM, whereby the same material preparation methods 
were used to prepare materials for clinical testing of aller-
genic thresholds in allergic patients as well as the detection 
of multiple priority allergenic food proteins via multiplexed 
peptide quantification methods using IDMS [114].

Outlook: future challenges

As previously underlined, CRMs are an essential part of 
the traceability chain, providing the basis for comparable 
and reliable protein measurements. Both pure materials as 
primary RMs and matrix-based RMs are required to allow 
traceability from the results of routine methods such as 
immunoassays via RMP to the SI. This requires a thorough 
characterization of the materials regarding measurand iden-
tity, purity and, in case of matrix RMs to be used in routine 
analysis, commutability. Although for some analytes the 
traceability chain could successfully be implemented, there 
are still analytes that show discrepancies between different 
measurement principles, including MS-based RMPs and 
immunoassays, and resist standardization mainly because the 
measurand seems not to be the same. This may raise doubts 
about measurement results and may result in improper and 
serious consequences, such as incorrect clinical decisions. 
There could be several reasons for these discrepancies: the 
targeted protein structure varies between methods, only 

proteins with certain PTMs are recognized, or proteins 
form aggregates in biological matrices. However, to date, 
most of the developed RMPs determine the protein amount 
based only on the protein’s primary amino acid sequence 
without taking PTMs into account. Thus, the modifications, 
the whole structure of the protein, and its interaction and 
activity should be addressed in the future. This will require a 
multidisciplinary approach and the development of accurate 
methods for characterization of the whole protein structure 
(primary to quaternary) and the evaluation of protein-protein 
interactions in the hope of establishing traceability to the SI.

For structure analysis, classical techniques such as X-ray 
crystallography, NMR, small angle light scattering, or elec-
tron microscopy, including cryo-electron microscopy, can 
be applied to proteins [115]. However, they cannot capture 
solution-phase dynamics across multiple timescales or detect 
rare yet functionally critical conformers. In addition, these 
methods require large amounts of material and have lim-
ited resolution. In the last two decades, MS has emerged as 
a complementary technique, offering unique insights into 
protein structure (e.g., composition, stoichiometry, residue 
level proximity, solvent accessibility). Various structural MS 
methods, such as ion mobility MS (IM-MS), hydrogen/deu-
terium exchange MS (HDX-MS), chemical cross-linking MS 
(XL-MS), and top-down MS, have emerged. The advantage 
of MS is that it can be used to address PTMs, interactions, 
and the entire protein conformational landscape, allowing 
visualization of dynamic structure with high sensitivity. 
Recent advances in MS technologies and bioinformatics 

Fig. 4   Workflow for the quantification of “total food allergen pro-
tein” outlining the extraction of proteins, the determination of protein 
amount content from the quantification of their constituent peptides, 

and the conversion of individual protein content to total mass fraction 
of food protein (adapted from [112])
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have enhanced protein structural analyses by academic 
researchers [116–121].

HDX-MS, for example monitors the exchange of back-
bone amide hydrogens with deuterium from the solvent of 
D2O [122]. In solvent-accessible regions, exchange proceeds 
at the intrinsic chemical rate, while residues involved in 
hydrogen bonding or buried in hydrophobic cores exchange 
far more slowly. After quenching, the protein is digested 
and peptide-level deuterium uptake is measured by LC-MS, 
generating a spatial map of structural protection. This allows 
the investigation of protein-ligand and protein-protein inter-
action, protein folding, and aggregation studies [115].

IM-MS provides useful information on protein dynamics 
in the gas phase and is a powerful method for the separa-
tion of conformers, especially in its high-resolution version. 
Collision-induced unfolding (CIU) by IM-MS can report on 
the stability of a protein but also provide an unfolding fin-
gerprint that can be used as an additional means of protein 
characterization. By measuring the unfolding of proteins in 
the gas phase, it is possible to understand important features 
such as the preferential binding of different sub-units within 
a complex, subclassification of isoforms, and in-depth con-
formational characterization [123].

XL-MS enables the identification of residues that are close 
in three-dimensional (3D) space. This approach provides 
medium-resolution information to guidede novo structure 
prediction, protein interface mapping, and protein complex 
model building. Furthermore, XL-MS has a high potential for 
quantitative studies for differentiating protein conformational 
states, with the evaluation of the measurement uncertainty 
associated with the distances of linked peptides, the number 
of cross-linked peptides observed, the amount of cross-linked 
peptides, and the impact that cross-linking has on the original 
protein structure [124]. However, this approach is still limited 
by technical challenges, including the relatively low efficiency 
of the cross-linking reaction resulting in a low sensitivity of 
cross-linked peptides, the changes in cross-linked residue pairs 
(cross-links), and the complexity of the data analysis.

A current European project, EURAMET 23FUN06 Pro-
MET, intends to investigate overall protein structures and 
their influence on measurement results and protein function 
and to develop a metrology framework and guidelines to bet-
ter define the measurands. Further research is also needed 
to establish a link between the structure of a protein and its 
function as this might enable a better definition of the biolog-
ically active and, thus, clinically relevant form of the protein. 
Upcoming challenges are also the characterization of RMs 
for proteins in more complex systems such as viral vectors 
[115] or for a large set of proteins as required in (untargeted) 
proteomics to establish the traceability chain.

Up to now, targeted proteomic assays with results trace-
able to the SI have been developed for individual pro-
teins or small multiplexed panels. However, these RMPs 

target only one protein or at best a handful of proteins 
at a time. For the comprehensive characterization of a 
biological sample, ideally all proteins above detection 
limit are quantified in a single LC-MS/MS analysis. The 
entire set of proteins in a biological entity is called the 
proteome, which varies with genetics, environment, diet, 
health status, and many other factors. Current approaches 
in research enable the identification of thousands of 
individual proteins, and their relative quantities can be 
determined with an appropriately designed experiment, 
with quantitative proteomics currently widely under-
stood as ratio measurements of different samples [125]. 
However, an absolute quantification of the different pro-
teoforms, which would allow results independent of the 
benchmark used, is currently hardly possible, because a 
calibration specific for each proteoform is not feasible. 
Thus, there is at the moment the lack of a metrological 
framework to support highly multiplexed measurements 
with absolute quantification. Such a framework will help 
to translate proteomics into routine use in clinical diag-
nostics [126], animal health [127], food assessment [128], 
biopharmaceuticals [129], and pharmacology [130]. This 
fundamental need has also been recognized by the interna-
tional metrology community. A workshop on “Metrology 
for (multi)-omics measurements in clinical diagnostics” 
was organized by the CCQM and the need for RMs and 
methods for the standardization and calibration of omics 
approaches such as proteomics in personalized medicine 
has also been included in their 2030+ strategy. A first step 
in the direction of standardization of proteomics is the 
NIST RM 8321 “Peptide Mixture for Proteomics” meant 
to be used as calibration material in MS-based proteom-
ics research. A step further has been taken by Zheng et al. 
who prepared the so-called Chinese quartet as multi-omics 
RMs, including matched DNA, RNA, protein and metab-
olites with results based on ratio measurements [131] 
intended to be used also in routine omics measurements.

Acknowledgements  Steve Wise has dedicated five decades to the 
development of reference measurement procedures for the production 
of matrix reference materials for environmental and clinical monitor-
ing. These methods, largely based on chromatographic separation cou-
pled with mass spectrometry and isotope dilution calibration, were 
applied to classes of related organic molecules across a wide range of 
complex matrices.

The methods he developed, and many of the matrices he helped to char-
acterize, became a learning ground for many NMIs seeking to establish their 
own national metrology-in-chemistry programs. They were also selected as 
test materials for the early international comparisons of the CCQM Organic 
Analysis Working Group. Steve played a central role in assessing the suc-
cess of these studies and in tutoring new NMIs and Designated Institutes 
in the successful application of IDMS calibration methods for determining 
amount-of-substance content in complex matrices.

For Steve, both the measurand and the matrix mattered. Whether 
the material was serum, sediment, or tissue, each presented unique 
analytical challenges, and Steve understood these in depth. His 
willingness to share his experience, provide guidance, and 



	 C. Swart et al.

propose and design studies that challenged participants made his 
contributions invaluable to the international metrology community. 
This work formed part of the foundation on which IDMS methods 
for proteins were later developed. Before we began our own 
activities, we discussed with Steve the development of IDMS 
approaches, the assessment of interferences, and the contribution 
of matrix effects to the overall challenge of applying IDMS 
methods. His insights were invaluable, as were his enthusiasm 
and encouragement that we publish our findings in peer-reviewed 
journals as soon as possible.

The use of IDMS for characterizing matrix certified reference 
materials is now an accepted and viable approach for many reference 
material producers. Steve’s support in making this possible is deeply 
appreciated by all involved.

Where not stated otherwise, the authors thank Christine Brauck-
mann for providing the pictures.

Author contributions  Claudia Swart compiled all contributions to a 
manuscript and researched and wrote the “Introduction” to section on 
“Challenges for IDMS for characterization and value assignment in 
matrix RMs”.

Gavin O’Connor researched and wrote section on “Food and food 
products”.

Cristian Arsene contributed to the sections “Amino acid analy-
sis–based LC-IDMS in value assignment of primary calibrators” and 
“Signature peptide–based LC-IDMS for peptide and protein purity 
assessment” as an expert for method development.

Bernd Güttler is responsible for the description of the historic devel-
opment of protein analysis and metrology in this area.

Luise Luckau contributed mainly to the section “Major challenges 
in IDMS for proteins”.

Milena Quaglia wrote the section on “Biopharmaceuticals”.
David Bunk and Karen Phinney are responsible for the history of 

IDMS used for metrology in CCQM in the “Introduction” and Steve 
Wise’s contributions as close former colleagues.

Liesbet Deprez and Guy Auclair contributed as experts in the pro-
duction of CRMs to the section “Challenges for IDMS for characteriza-
tion and value assignment in matrix RMs” from the RM producer side.

Qinde Lui contributed to the section “Major challenges in IDMS 
for proteins”.

Liqing Wu is responsible for the sections “Other isotope dilution 
strategy beyond LC-IDMS” and “Applications of IDMS for peptide and 
protein purity assessment” and contributed to the outlook.

Vincent Delatour researched and wrote the section “Clinical 
requirements”.

Amandine Boeuf is mainly responsible for the section “Outlook: 
future challenges”, especially for the protein structure as coordinator 
of the project 23FUN06 ProMET.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The project 23FUN06 ProMET has received funding from the 
European Partnership on Metrology, co-financed from the European 
Union’s Horizon Europe Research and Innovation Programme and by 
the Participating States.

Declarations 

Conflict of interest  The authors declare no competing interests.

Disclaimer  Certain equipment, instruments, software, or materials, com-
mercial or noncommercial, are identified in this paper in order to specify 
the experimental procedure adequately. Such identification does not imply 
recommendation or endorsement of any product or service by NIST, nor 

does it imply that the materials or equipment identified are necessarily the 
best available for the purpose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Schoenheimer R, Rittenberg D. Deuterium as an Indicator in the 
study of intermediary metabolism. Science. 1935;82(2120):156–
7. https://​doi.​org/​10.​1126/​scien​ce.​82.​2120.​156.

	 2.	 Hevesy G, Paneth FA. A manual of radioactivity. Second edi-
tion. Oxford University Press, H Milford; 1926.

	 3.	 Heumann KG. Isotope dilution mass spectrometry (IDMS) of 
the elements. Mass Spectrom Rev. 1992;11(1):41–67. https://​
doi.​org/​10.​1002/​mas.​12801​10104.

	 4.	 Zeisler R, Murphy KE, Becker DA, Davis WC, Kelly WR, 
Long SE. Standard Reference Materials® (SRMs) for meas-
urement of inorganic environmental contaminants. Anal Bio-
anal Chem. 2006;386(4):1137–51. https://​doi.​org/​10.​1007/​
s00216-​006-​0785-7.

	 5.	 Vogl J, Pritzkow W. Isotope dilution mass spectrometry — a 
primary method of measurement and its role for RM certi-
fication. Mapan. 2010;25(3):135–64. https://​doi.​org/​10.​1007/​
s12647-​010-​0017-7.

	 6.	 de Leenheer AP, Thienpont LM. Applications of isotope dilu-
tion-mass spectrometry in clinical chemistry, pharmacokinet-
ics, and toxicology. Mass Spectrom Rev. 1992;11(4):249–307. 
https://​doi.​org/​10.​1002/​mas.​12801​10402.

	 7.	 White V E, Welch MJ, Sun T, Sniegoski LT, Schafter R, Hertz 
HS. The accurate determination of serum glucose by isotope 
dilution mass spectrometry—two methods. Biomed Mass 
Spectrom. 1982;9(9):395–405. https://​doi.​org/​10.​1002/​bms.​
12000​90907.

	 8.	 Cohen A, Hertz HS, Mandel J, Paule RC, Schaffer R, Sniegoski 
LT, u. a. Total serum cholesterol by isotope dilution/mass spec-
trometry: a candidate definitive method. [accessed 9 April 
2026]. https://​doi.​org/​10.​1093/​clinc​hem/​26.7.​854.

	 9.	 Welch MJ, Cohen Alex, Hertz HS, Ng KJ, Schaffer Robert, 
Van Der Lijn Pieter, u. a. Determination of serum creatinine 
by isotope dilution mass spectrometry as a candidate definitive 
method. Anal Chem. 1986;58(8):1681–5. https://​doi.​org/​10.​
1021/​ac001​21a018.

	 10.	 Siekmann L, Breuer H. Determination of cortisol in human 
plasma by isotope dilution-mass spectrometry. Definitive meth-
ods in clinical chemistry, I. Bd. 20. 1982;Clinical Chemistry 
and Laboratory Medicine (CCLM)20(12):883–92. https://​doi.​
org/​10.​1515/​cclm.​1982.​20.​12.​883.

	 11.	 Lehmann WD. A timeline of stable isotopes and mass spectrom-
etry in the life sciences. Mass Spectrom Rev. 2017;36(1):58–85.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.82.2120.156
https://doi.org/10.1002/mas.1280110104
https://doi.org/10.1002/mas.1280110104
https://doi.org/10.1007/s00216-006-0785-7
https://doi.org/10.1007/s00216-006-0785-7
https://doi.org/10.1007/s12647-010-0017-7
https://doi.org/10.1007/s12647-010-0017-7
https://doi.org/10.1002/mas.1280110402
https://doi.org/10.1002/bms.1200090907
https://doi.org/10.1002/bms.1200090907
https://doi.org/10.1093/clinchem/26.7.854
https://doi.org/10.1021/ac00121a018
https://doi.org/10.1021/ac00121a018
https://doi.org/10.1515/cclm.1982.20.12.883
https://doi.org/10.1515/cclm.1982.20.12.883


The development and use of isotope dilution mass spectrometry methods for the quantification…

	 12.	 CCQM: Report of the 1st meeting. 1995. https://​www.​bipm.​
org/​docum​ents/​20126/​40255​962/​1st+​meeti​ng.​pdf/​806db​6f8-​
cf68-​ee09-​824b-​4088d​6df43​47. Accessed 13 Mar 2026.

	 13.	 BIPM. Published CCQM-OAWG Key Comparisons. https://​
www.​bipm.​org/​en/​commi​ttees/​cc/​ccqm/​wg/​ccqm-​oawg/​key-​
compa​risons. Accessed 10 Apr 2026.

	 14.	 Wise SA, Phinney KW, Duewer DL, Sniegoski LT, Welch MJ, 
Pabello G. CCQM K6.2 determination of total cholesterol in 
human serum. Metrologia. 2018;55(1A):08011. https://​doi.​org/​
10.​1088/​0026-​1394/​55/​1A/​08011.

	 15.	 Wise SA, Phinney KW, Duewer DL, Sniegoski LT, Welch MJ, 
Pritchett J. CCQM-K11.2 determination of glucose in human 
serum and CCQM-K12.2 determination of creatinine in human 
serum. Metrologia. 2018;55(1A):08012. https://​doi.​org/​10.​
1088/​0026-​1394/​55/​1A/​08012.

	 16.	 Phinney KW, Rimmer CA, Thomas JB, Sander LC, Sharpless 
KE, Wise SA. Isotope dilution liquid chromatography - mass 
spectrometry methods for fat- and water-soluble vitamins in 
nutritional formulations. Anal Chem. 2011;83(1):92–8. https://​
doi.​org/​10.​1021/​ac101​950r.

	 17.	 Burdette CQ, Yen JH, Kuszak AJ, Wise SA. Value assignment 
of vitamin D and 25-hydroxyvitamin D in food-matrix standard 
reference materials (SRMs) using isotope dilution liquid chroma-
tography–tandem mass spectrometry (ID LC–MS/MS). J Agric 
Food Chem. 2026;74(18):14607–18. https://​doi.​org/​10.​1021/​acs.​
jafc.​6c012​98.

	 18.	 Zeleny R, Rummel A, Jansson D, Dorner BG. Challenges in the 
development of reference materials for protein toxins. In: Merk-
ley ED, Herausgeber. ACS Symposium Series. Washington, DC: 
American Chemical Society; 2019;S:185–202. https://​pubs.​acs.​
org/​doi/​abs/​10.​1021/​bk-​2019-​1339.​ch012.

	 19.	 Mulder GJ. Versuch einer allgemeinen physiologischen Chemie. 
Braunschweig: Friedrich Vieweg und Sohn; 1844.

	 20.	 Cinquanta L, Fontana DE, Bizzaro N. Chemiluminescent immu-
noassay technology: what does it change in autoantibody detec-
tion? Autoimmun Highlights. 2017;8(1):9. https://​doi.​org/​10.​
1007/​s13317-​017-​0097-2.

	 21.	 Dong R, Yi N, Jiang D. Advances in single molecule arrays 
(SIMOA) for ultra-sensitive detection of biomolecules. Talanta. 
2024;270:125529. https://​doi.​org/​10.​1016/j.​talan​ta.​2023.​125529.

	 22.	 Smit NPM, Ruhaak LR, Romijn FPHTM, Pieterse MM, van der 
Burgt YEM, Cobbaert CM. The time has come for quantitative 
protein mass spectrometry tests that target unmet clinical needs. 
J Am Soc Mass Spectrom. 2021;32(3):636–47. https://​doi.​org/​
10.​1021/​jasms.​0c003​79.

	 23.	 Qualitätssicherung laboratoriumsmedizinischer Untersuchungen 
– Rili-BÄK. Dtsch Ärztebl Online. 2023. https://​doi.​org/​10.​3238/​
arzte​bl.​2023.​rili_​baek_​QS_​Labor.

	 24.	 Wilson S, Steele S, Adeli K. Innovative technological advance-
ments in laboratory medicine: predicting the lab of the future. 
Biotechnol Biotechnol Equip. 2022;36(sup1):S9-21. https://​doi.​
org/​10.​1080/​13102​818.​2021.​20114​13.

	 25.	 About. IFCC. https://​ifcc.​org/​about/. Accessed 13 Mar 2026. 
	 26.	 Dtsch Ärztebl Int. 1971;31:7772–31.
	 27.	 Directive 98/79/EC of the european parliament and of the coun-

cIL of 27 October 1998 on in vitro diagnostic medical devices 
(OI L 331, 7.12.1998. p. 1–37).

	 28.	 Regulation (EU) 2017/746 of the european parliament and of the 
council of 5 April 2017 on in vitro diagnostic medical devices 
and repealing Directive 98/79/EC and Commission Decision 
2010/227/EU, OJ L 117, 5.5.2017. p. 176–332.

	 29.	 Reinmuth-Selzle K, Tchipilov T, Backes AT, Tscheuschner 
G, Tang K, Ziegler K. Determination of the protein content 
of complex samples by aromatic amino acid analysis, liq-
uid chromatography-UV absorbance, and colorimetry. Anal 

Bioanal Chem. 2022;414(15):4457–70. https://​doi.​org/​10.​1007/​
s00216-​022-​03910-1.

	 30.	 Hoofnagle AN, Wener MH. The fundamental flaws of immunoas-
says and potential solutions using tandem mass spectrometry. J 
Immunol Methods. 2009;347(1):3–11. https://​doi.​org/​10.​1016/j.​
jim.​2009.​06.​003.

	 31.	 Panteghini M, Braga F. Implementation of metrological trace-
ability in laboratory medicine: where we are and what is missing. 
Clin Chem Lab Med CCLM. 2020;58(8):1200–4. https://​doi.​org/​
10.​1515/​cclm-​2019-​1128.

	 32.	 Josephs RD, Martos G, Li M, Wu L, Melanson JE, Quaglia M. 
Establishment of measurement traceability for peptide and pro-
tein quantification through rigorous purity assessment—a review. 
Metrologia. 2019;56(4):044006. https://​doi.​org/​10.​1088/​1681-​
7575/​ab27e5.

	 33.	 Barber M, Bordoli RS, Sedgwick RD, Tyler AN. Fast atom bom-
bardment of solids (F.A.B.): a new ion source for mass spectrom-
etry. J Chem Soc Chem Commun. 1981;(7):325–7. https://​doi.​
org/​10.​1039/​C3981​00003​25.

	 34.	 Desiderio DM, Zhu X. Quantitative analysis of methionine 
enkephalin and beta-endorphin in the pituitary by liquid sec-
ondary ion mass spectrometry and tandem mass spectrometry. 
J Chromatogr A. 1998;794(1–2):85–96. https://​doi.​org/​10.​
1016/​s0021-​9673(97)​00670-5.

	 35.	 Fenn JB, Mann M, Meng CK, Wong SF, Whitehouse CM. 
Electrospray ionization for mass spectrometry of large bio-
molecules. Science. 1989;246(4926):64–71. https://​doi.​org/​10.​
1126/​scien​ce.​26753​15.

	 36.	 Barr JR, Maggio VL, Patterson DG, Cooper GR, Henderson 
LO, Turner WE. Isotope dilution--mass spectrometric quanti-
fication of specific proteins: model application with apolipo-
protein A-I. Clin Chem. 1996;42(10):1676–82.

	 37.	 Römmert AK, Ohlendorf R, Arsene C, Zhai R, Chu Z, Jin 
Y. CCQM-K177 - Determination of growth hormone in 
serum using isotope dilution mass spectrometry. Metrologia. 
2025;62(1A):08026. https://​doi.​org/​10.​1088/​0026-​1394/​62/​1A/​
08026.

	 38.	 Jeong JS, Yim YH, Liu Q, Yong S, Liu H, Beltrão P. Key 
comparison study on protein quantification: purity-assessed 
recombinant protein contents in buffer solution using insulin 
analogue. Metrologia. 2021;58(1A):08007. https://​doi.​org/​10.​
1088/​0026-​1394/​58/​1A/​08007.

	 39.	 Prohaska T, Irrgeher J, Benefield J, Böhlke JK, Chesson LA, 
Coplen TB. Standard atomic weights of the elements 2021 
(IUPAC Technical Report). Pure Appl Chem. 2022;94(5):573–
600. https://​doi.​org/​10.​1515/​pac-​2019-​0603.

	 40.	 Harrington CF, Vidler DS, Watts MJ, Hall JF. Potential for 
using isotopically altered metalloproteins in species-specific 
isotope dilution analysis of proteins by HPLC coupled to 
inductively coupled plasma mass spectrometry. Anal Chem. 
2005;77(13):4034–41. https://​doi.​org/​10.​1021/​ac050​256t.

	 41.	 De Bièvre P, Peiser HS. Basic equations and uncertainties in 
isotope-dilution mass spectrometry for traceability to SI of val-
ues obtained by this primary method. Fresenius J Anal Chem. 
1997;359(7):523–5. https://​doi.​org/​10.​1007/​s0021​60050​625.

	 42.	 Laeter JR de, Böhlke JK, Bièvre PD, Hidaka H, Peiser HS, 
Rosman KJR. Atomic weights of the elements. Review 2000 
(IUPAC Technical Report). Pure Appl Chem. 2003;75(6):683–
800. https://​doi.​org/​10.​1351/​pac20​03750​60683.

	 43.	 Pramann A, Rienitz O. Blank correction in IDMS: possible 
pitfalls. J Anal At Spectrom. 2026;41(6):2127–36. https://​doi.​
org/​10.​1039/​D6JA0​0070C.

	 44.	 Vogl J. Measurement uncertainty in single, double and triple 
isotope dilution mass spectrometry. Rapid Commun Mass Spec-
trom. 2012;26(3):275–81. https://​doi.​org/​10.​1002/​rcm.​5306.

https://www.bipm.org/documents/20126/40255962/1st+meeting.pdf/806db6f8-cf68-ee09-824b-4088d6df4347
https://www.bipm.org/documents/20126/40255962/1st+meeting.pdf/806db6f8-cf68-ee09-824b-4088d6df4347
https://www.bipm.org/documents/20126/40255962/1st+meeting.pdf/806db6f8-cf68-ee09-824b-4088d6df4347
https://www.bipm.org/en/committees/cc/ccqm/wg/ccqm-oawg/key-comparisons
https://www.bipm.org/en/committees/cc/ccqm/wg/ccqm-oawg/key-comparisons
https://www.bipm.org/en/committees/cc/ccqm/wg/ccqm-oawg/key-comparisons
https://doi.org/10.1088/0026-1394/55/1A/08011
https://doi.org/10.1088/0026-1394/55/1A/08011
https://doi.org/10.1088/0026-1394/55/1A/08012
https://doi.org/10.1088/0026-1394/55/1A/08012
https://doi.org/10.1021/ac101950r
https://doi.org/10.1021/ac101950r
https://doi.org/10.1021/acs.jafc.6c01298
https://doi.org/10.1021/acs.jafc.6c01298
https://pubs.acs.org/doi/abs/10.1021/bk-2019-1339.ch012
https://pubs.acs.org/doi/abs/10.1021/bk-2019-1339.ch012
https://doi.org/10.1007/s13317-017-0097-2
https://doi.org/10.1007/s13317-017-0097-2
https://doi.org/10.1016/j.talanta.2023.125529
https://doi.org/10.1021/jasms.0c00379
https://doi.org/10.1021/jasms.0c00379
https://doi.org/10.3238/arztebl.2023.rili_baek_QS_Labor
https://doi.org/10.3238/arztebl.2023.rili_baek_QS_Labor
https://doi.org/10.1080/13102818.2021.2011413
https://doi.org/10.1080/13102818.2021.2011413
https://ifcc.org/about/
https://doi.org/10.1007/s00216-022-03910-1
https://doi.org/10.1007/s00216-022-03910-1
https://doi.org/10.1016/j.jim.2009.06.003
https://doi.org/10.1016/j.jim.2009.06.003
https://doi.org/10.1515/cclm-2019-1128
https://doi.org/10.1515/cclm-2019-1128
https://doi.org/10.1088/1681-7575/ab27e5
https://doi.org/10.1088/1681-7575/ab27e5
https://doi.org/10.1039/C39810000325
https://doi.org/10.1039/C39810000325
https://doi.org/10.1016/s0021-9673(97)00670-5
https://doi.org/10.1016/s0021-9673(97)00670-5
https://doi.org/10.1126/science.2675315
https://doi.org/10.1126/science.2675315
https://doi.org/10.1088/0026-1394/62/1A/08026
https://doi.org/10.1088/0026-1394/62/1A/08026
https://doi.org/10.1088/0026-1394/58/1A/08007
https://doi.org/10.1088/0026-1394/58/1A/08007
https://doi.org/10.1515/pac-2019-0603
https://doi.org/10.1021/ac050256t
https://doi.org/10.1007/s002160050625
https://doi.org/10.1351/pac200375060683
https://doi.org/10.1039/D6JA00070C
https://doi.org/10.1039/D6JA00070C
https://doi.org/10.1002/rcm.5306


	 C. Swart et al.

	 45.	 Lee HS, Kim SH, Jeong JS, Lee YM, Yim YH. Sulfur-based 
absolute quantification of proteins using isotope dilution 
inductively coupled plasma mass spectrometry. Metrologia. 
2015;52(5):619. https://​doi.​org/​10.​1088/​0026-​1394/​52/5/​619.

	 46.	 Rappel C, Schaumlöffel D. The role of sulfur and sulfur iso-
tope dilution analysis in quantitative protein analysis. Anal 
Bioanal Chem. 2008;390(2):605–15. https://​doi.​org/​10.​1007/​
s00216-​007-​1607-2.

	 47.	 Busto ME del C, Oster C, Cuello-Nuñez S, Deitrich CL, Raab A, 
Konopka A. Accurate quantification of selenoproteins in human 
plasma/serum by isotope dilution ICP-MS: focus on selenopro-
tein P. J Anal At Spectrom. 2016;31(9):1904–12. https://​doi.​org/​
10.​1039/​C6JA0​0122J.

	 48.	 Coverdale JamesPC, Harrington CF, Solovyev N. Review: 
Advances in the accuracy and traceability of metalloprotein 
measurements using isotope dilution inductively coupled plasma 
mass spectrometry. Crit Rev Anal Chem. 2024;54(7):2259–76. 
https://​doi.​org/​10.​1080/​10408​347.​2022.​21628​11.

	 49.	 Bettmer J, Montes Bayón M, Ruiz Encinar J, Fernández 
Sánchez ML, Fernández de la Campa M, Sanz Medel A. The 
emerging role of ICP-MS in proteomic analysis. J Proteomics. 
2009;72(6):989–1005.

	 50.	 Burkitt WI, Pritchard C, Arsene C, Henrion A, Bunk D, 
O’Connor G. Toward Système International d’Unité-traceable 
protein quantification: from amino acids to proteins. Anal Bio-
chem. 2008;376(2):242–51.

	 51.	 Bunk DM, Lowenthal MS. Isotope dilution liquid chromatogra-
phy-tandem mass spectrometry for quantitative amino acid analy-
sis. In: Alterman MA, Hunziker P, Herausgeber. Amino acid 
analysis: methods and protocols. Totowa, NJ: Humana Press; 
2012;S:29–38. https://​doi.​org/​10.​1007/​978-1-​61779-​445-2_3.

	 52.	 Muñoz A, Kral R, Schimmel H. Quantification of protein cali-
brants by amino acid analysis using isotope dilution mass spec-
trometry. Anal Biochem. 2011;408(1):124–31.

	 53.	 Kinumi T, Goto M, Eyama S, Kato M, Kasama T, Takatsu 
A. Development of SI-traceable C-peptide certified refer-
ence material NMIJ CRM 6901-a using isotope-dilution mass 
spectrometry-based amino acid analyses. Anal Bioanal Chem. 
2012;404(1):13–21. https://​doi.​org/​10.​1007/​s00216-​012-​6097-1.

	 54.	 Kaiser K, Benner R. Hydrolysis-induced racemization of amino 
acids. Limnol Oceanogr Methods. 2005;3(8):318–25. https://​doi.​
org/​10.​4319/​lom.​2005.3.​318.

	 55.	 Eberhardt ES, Loh SN, Hinck AP, Raines RT. Solvent effects on 
the energetics of prolyl peptide bond isomerization. J Am Chem 
Soc. 1992;114(13):5437–9. https://​doi.​org/​10.​1021/​ja000​39a072.

	 56.	 Li J, Li J, He H, Li M, Ma P, Song D. Comparative study for 
purity assessment of recombinant human growth hormone using 
mass balance approach and amino acid-based isotope dilution 
mass spectrometry. Microchem J. 2024;205:111144.

	 57.	 Li J, Li J, Li M, Ma P, Song D, Fei Q. Quantification of par-
athyroid hormone in high-purity materials by two isotope 
dilution mass spectrometry methods. Anal Bioanal Chem. 
2025;417(21):4907–16.

	 58.	 Yan J, Wang M, Yang M, Zhou J, Xue X, Wang T. Study of SI-
traceable purity assessment of bovine lactoferrin using mass bal-
ance approach and amino acid-based isotope dilution liquid chro-
matography-mass spectrometry. Food Chem. 2022;385:132674.

	 59.	 Hoofnagle AN, Whiteaker JR, Carr SA, Kuhn E, Liu T, Massoni 
SA. Recommendations for the generation, quantification, stor-
age, and handling of peptides used for mass spectrometry–based 
assays. Clin Chem. 2016;62(1):48–69. https://​doi.​org/​10.​1373/​
clinc​hem.​2015.​250563.

	 60.	 Calderón-Celis F, Encinar JR, Sanz-Medel A. Standardization 
approaches in absolute quantitative proteomics with mass spec-
trometry. Mass Spectrom Rev. 2018;37(6):715–37. https://​doi.​
org/​10.​1002/​mas.​21542.

	 61.	 Shuford CM, Sederoff RR, Chiang VL, Muddiman DC. Pep-
tide production and decay rates affect the quantitative accuracy 
of protein cleavage isotope dilution mass spectrometry (PC-
IDMS)*. Mol Cell Proteomics. 2012;11(9):814–23. https://​doi.​
org/​10.​1074/​mcp.​O112.​017145.

	 62.	 Arsene CG, Ohlendorf R, Burkitt W, Pritchard C, Henrion A, 
O’Connor G. Protein quantification by isotope dilution mass 
spectrometry of proteolytic fragments: cleavage rate and accu-
racy. Anal Chem. 2008;80(11):4154–60. https://​doi.​org/​10.​1021/​
ac702​4738.

	 63.	 Carr SA, Abbatiello SE, Ackermann BL, Borchers C, Domon 
B, Deutsch EW. Targeted peptide measurements in biology and 
medicine: best practices for mass spectrometry-based assay 
development using a fit-for-purpose approach. Mol Cell Prot-
eomics MCP. 2014;13(3):907–17. https://​doi.​org/​10.​1074/​mcp.​
M113.​036095.

	 64.	 Zhang R, Regnier FE. Minimizing resolution of isotopically 
coded peptides in comparative proteomics. J Proteome Res. 
2002;1(2):139–47. https://​doi.​org/​10.​1021/​pr015​516b.

	 65.	 Martos G, Westwood S, Bedu M, Josephs RD, Wielgosz R. 
qNMR characterization of potential peptide calibrators for 
isotope dilution LC–MS quantification of a SARS-CoV-2 IgG 
monoclonal antibody. Meas Sci Technol. 2021;33(1):014003. 
https://​doi.​org/​10.​1088/​1361-​6501/​ac2fe9.

	 66.	 Glatter T, Ludwig C, Ahrné E, Aebersold R, Heck AJR, Schmidt 
A. Large-scale quantitative assessment of different in-solution 
protein digestion protocols reveals superior cleavage efficiency 
of tandem Lys-C/trypsin proteolysis over trypsin digestion. J Pro-
teome Res. 2012;11(11):5145–56. https://​doi.​org/​10.​1021/​pr300​
273g.

	 67.	 Diaz SC, Encinar JR, Alonso JIG. Evaluation of online carbon 
isotope dilution mass spectrometry for the purity assessment of 
synthetic peptide standards. Anal Chim Acta. 2014;844:48–53.

	 68.	 Zhou D, Wang X, Zou J, Song J, Su P, Yang Y. Determination of 
[Glu1]-fibrinopeptide B purity by gas chromatography – isotope 
dilution mass spectrometry. Anal Methods. 2024;16(12):1741–7. 
https://​doi.​org/​10.​1039/​D3AY0​2114A.

	 69.	 Frank C, Brauckmann C, Palos M, Arsene CG, Neukammer J, 
Del Castillo Busto ME. Comparison of potential higher order ref-
erence methods for total haemoglobin quantification—an inter-
laboratory study. Anal Bioanal Chem. 2017;409(9):2341–51. 
https://​doi.​org/​10.​1007/​s00216-​016-​0176-7.

	 70.	 Song J, Zhou D, Wu L, Wang Z, Jiang X, Su P. A potential 
primary method for peptide purity analysis by gas chromatogra-
phy-isotope dilution infrared spectrometry. Anal Bioanal Chem. 
2023;415(19):4795–804.

	 71.	 Little RR, Wielgosz RI, Josephs R, Kinumi T, Takatsu A, Li H. 
Implementing a reference measurement system for C-peptide: 
successes and lessons learned. Clin Chem. 2017;63(9):1447–56.

	 72.	 Ma S, He R, Jiang T, Hu Z, Ye Z, Mi W. Development of an 
isotope dilution mass spectrometry assay for the quantifica-
tion of insulin based on signature peptide analysis. Anal Bio-
anal Chem. 2024;416(12):3085–96. https://​doi.​org/​10.​1007/​
s00216-​024-​05258-​0P.

	 73.	 Wu L, Takatsu A, Park SR, Yang B, Yang H, Kinumi T. 
Development and co-validation of porcine insulin certified 
reference material by high-performance liquid chromatogra-
phy–isotope dilution mass spectrometry. Anal Bioanal Chem. 
2015;407(11):3125–35.

	 74.	 Wu J, Liu J, Sun H, Xing T, Liu X, Song D. Absolute quantifi-
cation methods for prostate-specific antigen by isotope-dilution 
mass spectrometry. J Chromatogr B. 2024;1240:124112.

	 75.	 Liu Z, Zhao X, Liu Y, Shi L, Wu L, Yuan H. Development 
of an insulin-like growth factor-1 certified reference material 
by SI-traceable isotope-dilution mass spectrometry. Talanta. 
2024;273:125812.

https://doi.org/10.1088/0026-1394/52/5/619
https://doi.org/10.1007/s00216-007-1607-2
https://doi.org/10.1007/s00216-007-1607-2
https://doi.org/10.1039/C6JA00122J
https://doi.org/10.1039/C6JA00122J
https://doi.org/10.1080/10408347.2022.2162811
https://doi.org/10.1007/978-1-61779-445-2_3
https://doi.org/10.1007/s00216-012-6097-1
https://doi.org/10.4319/lom.2005.3.318
https://doi.org/10.4319/lom.2005.3.318
https://doi.org/10.1021/ja00039a072
https://doi.org/10.1373/clinchem.2015.250563
https://doi.org/10.1373/clinchem.2015.250563
https://doi.org/10.1002/mas.21542
https://doi.org/10.1002/mas.21542
https://doi.org/10.1074/mcp.O112.017145
https://doi.org/10.1074/mcp.O112.017145
https://doi.org/10.1021/ac7024738
https://doi.org/10.1021/ac7024738
https://doi.org/10.1074/mcp.M113.036095
https://doi.org/10.1074/mcp.M113.036095
https://doi.org/10.1021/pr015516b
https://doi.org/10.1088/1361-6501/ac2fe9
https://doi.org/10.1021/pr300273g
https://doi.org/10.1021/pr300273g
https://doi.org/10.1039/D3AY02114A
https://doi.org/10.1007/s00216-016-0176-7
https://doi.org/10.1007/s00216-024-05258-0P
https://doi.org/10.1007/s00216-024-05258-0P


The development and use of isotope dilution mass spectrometry methods for the quantification…

	 76.	 Zhu M, Li J, Chu Z, Li L, Meng B, Zhao Y. Development of 
cancer biomarker heat shock protein 90α certified reference 
material using two different isotope dilution mass spectrometry 
techniques. Anal Bioanal Chem. 2024;416(4):913–23.

	 77.	 Yan R, Wang L, Ji H, Pei D, Chen X, Cheng Z, Wei W. Charac-
terization and development of an interleukin-6 reference material 
by SI-traceable isotope-dilution mass spectrometry. J Chroma-
togr B. 2026; 1275: 125002.

	 78.	 Yu Z, Wang J, Xia W, Wang Y, Zhang Y, Tang J. The develop-
ment of an isotope dilution mass spectrometry method for inter-
leukin-6 quantification. Int J Mol Sci. 2024;25(12):6777.

	 79.	 Bao C, Wang J, Xia W, Yang K, Shi X, Yang X. Absolute quan-
tification of tumor necrosis factor-alpha by isotope dilution mass 
spectrometry. Front Chem. 2026;13:1667885.

	 80.	 Huynh HH, Delatour V, Derbez-Morin M, Liu Q, Boeuf A, Vinh 
J. Candidate high-resolution mass spectrometry-based reference 
method for the quantification of procalcitonin in human serum 
using a characterized recombinant protein as a primary calibra-
tor. Anal Chem. 2022;94(10):4146–54. https://​doi.​org/​10.​1021/​
acs.​analc​hem.​1c030​61.

	 81.	 Pierce-Ruiz C, Santana WI, Sutton WJ, Fischler DA, Cooper 
HC, Marc LR. Quantification of SARS-CoV-2 spike and nucle-
ocapsid proteins using isotope dilution tandem mass spectrom-
etry. Vaccine. 2021;39(36):5106–15.

	 82.	 Martos G, Bedu M, Josephs R, Westwood S, Wielgosz R. 
Quantification of SARS-CoV-2 monoclonal IgG mass fraction 
by isotope dilution mass spectrometry. Anal Bioanal Chem. 
2024;416(10):2423–37.

	 83.	 Shuford CM, Walters JJ, Holland PM, Sreenivasan U, Askari N, 
Ray K. Absolute protein quantification by mass spectrometry: 
not as simple as advertised. Anal Chem. 2017;89(14):7406–15. 
https://​doi.​org/​10.​1021/​acs.​analc​hem.​7b008​58.

	 84.	 Oeckl P, Steinacker P, Otto M. Comparison of internal standard 
approaches for SRM analysis of alpha-synuclein in cerebrospi-
nal fluid. J Proteome Res. 2018;17(1):516–23. https://​doi.​org/​
10.​1021/​acs.​jprot​eome.​7b006​60.

	 85.	 Asicioglu M, Swart C, Saban E, Yurek E, Karaguler NG, Oztug 
M. Comparative evaluation of peptide vs. protein-based cali-
bration for quantification of cardiac troponin I using ID-LC-
MS/MS. Clin Chem Lab Med CCLM. 2025;63(5):1016–30. 
https://​doi.​org/​10.​1515/​cclm-​2024-​0999.

	 86.	 Nouri-Nigjeh E, Zhang M, Ji T, Yu H, An B, Duan X. Effects 
of calibration approaches on the accuracy for LC–MS tar-
geted quantification of therapeutic protein. Anal Chem. 
2014;86(7):3575–84. https://​doi.​org/​10.​1021/​ac500​1477.

	 87.	 Hoofnagle AN, Cobbaert CM, Delatour V, Kelleher NL, 
Lowenthal MS, Shuford CM. Should LC-MS/MS be the ref-
erence measurement procedure to determine protein concen-
trations in human samples? Clin Chem. 2021;67(3):466–71. 
https://​doi.​org/​10.​1093/​clinc​hem/​hvaa2​56.

	 88.	 Cupp-Sutton KA, Wu S. High-throughput quantitative top-
down proteomics. Mol Omics. 2020;16(2):91–9. https://​doi.​
org/​10.​1039/​C9MO0​0154A.

	 89.	 Torma AF, Groves K, Biesenbruch S, Mussell C, Reid A, 
Ellison S. A candidate liquid chromatography mass spec-
trometry reference method for the quantification of the car-
diac marker 1-32 B-type natriuretic peptide. Clin Chem Lab 
Med CCLM. 2017;55(9):1397–406. https://​doi.​org/​10.​1515/​
cclm-​2016-​1054.

	 90.	 Pritchard C, Groves KJ, Biesenbruch S, O’Connor G, Ashcroft 
AE, Arsene C. Quantification of human growth hormone in 
serum with a labeled protein as an internal standard: essential 
considerations. Anal Chem. 2014;86(13):6525–32. https://​doi.​
org/​10.​1021/​ac501​032q.

	 91.	 Ackermann BL, Berna MJ. Coupling immunoaffinity techniques 
with MS for quantitative analysis of low-abundance protein 

biomarkers. Expert Rev Proteomics. 2007;4(2):175–86. https://​
doi.​org/​10.​1586/​14789​450.4.​2.​175.

	 92.	 ISO 15194:2009: In vitro diagnostic medical devices — meas-
urement of quantities in samples of biological origin — require-
ments for certified reference materials and the content of sup-
porting documentation.

	 93.	 ISO 15193:2009: In vitro diagnostic medical devices – meas-
urement of quantities in samples of biological origin – require-
ments for content and presentation of reference measurement 
procedures.

	 94.	 ISO 17511:2020: In vitro diagnostic medical devices — require-
ments for establishing metrological traceability of values 
assigned to calibrators, trueness control materials and human 
samples.

	 95.	 Zegers I, Beetham R, Keller T, Sheldon J, Bullock D, MacKen-
zie F. The importance of commutability of reference materials 
used as calibrators: the example of ceruloplasmin. Clin Chem. 
2013;59(9):1322–9. https://​doi.​org/​10.​1373/​clinc​hem.​2012.​
201954.

	 96.	 Radenković M. Biopharmaceuticals—current information and 
new challenges. Sci Pharm. 2025;93(4):59. https://​doi.​org/​10.​
3390/​sciph​arm93​040059.

	 97.	 Gupta RK. The vital role of biological standardization in ensur-
ing efficacy and safety of biological products – historical per-
spectives. J Pharm Sci. 2025;114(2):690–700. https://​doi.​org/​10.​
1016/j.​xphs.​2024.​12.​011.

	 98.	 Cunha DR, Quinaz MB, Segundo MA. Biopharmaceutical analy-
sis — current analytical challenges, limitations, and perspec-
tives. Anal Bioanal Chem. 2026;418(2):373–94. https://​doi.​org/​
10.​1007/​s00216-​025-​06036-2.

	 99.	 NIBSC - WHO international standards. https://​nibsc.​org/​produ​
cts/​brm_​produ​ct_​catal​ogue/​who_​stand​ards.​aspx. Accessed 13 
May 2026. 

	100.	 Schiel JE, Turner A. The NISTmAb Reference Material 
8671 lifecycle management and quality plan. Anal Bio-
anal Chem. 2018;410(8):2067–78. https://​doi.​org/​10.​1007/​
s00216-​017-​0844-2.

	101.	 NIST Monoclonal Antibody Reference Material 8671. 
NIST. https://​www.​nist.​gov/​progr​ams-​proje​cts/​nist-​monoc​lonal-​
antib​ody-​refer​ence-​mater​ial-​8671. Accessed 13 May 2026.

	102.	 Commission Regulation (EC) No 41/2009 of 20 January 2009 
concerning the composition and labelling of foodstuffs suitable 
for people intolerant to gluten. OJ L 2009. http://​data.​europa.​eu/​
eli/​reg/​2009/​41/​oj. Accessed 31 May 2026

	103.	 Regulation (EU) No 1169/2011 of the European Parliament and 
of the Council of 25 October 2011 on the provision of food infor-
mation to consumers, amending Regulations (EC) No 1924/2006 
and (EC) No 1925/2006 of the European Parliament and of the 
Council, and repealing Commission Directive 87/250/EEC, 
Council Directive 90/496/EEC, Commission Directive 1999/10/
EC, Directive 2000/13/EC of the European Parliament and of 
the Council, Commission Directives 2002/67/EC and 2008/5/EC 
and Commission Regulation (EC) No 608/2004 Text with EEA 
relevance. OJ L. 25. Oktober 2011. Verfügbar unter: http://​data.​
europa.​eu/​eli/​reg/​2011/​1169/​oj. Accessed 31 May 2026

	104.	 Rzychon M, Brohée M, Cordeiro F, Haraszi R, Ulberth F, 
O’Connor G. The feasibility of harmonizing gluten ELISA 
measurements. Food Chem. 2017;234:144–54. https://​doi.​org/​
10.​1016/j.​foodc​hem.​2017.​04.​092.

	105.	 Bugyi Z, Török K, Hajas L, Adonyi Z, Poms RE, Popping B. 
Development of incurred reference material for improving con-
ditions of gluten quantification. J AOAC Int. 2012;95(2):382–7. 
https://​doi.​org/​10.​5740/​jaoac​int.​SGE_​Bugyi.

	106.	 Codex Alimentarius. (1979 rev. 2008). Codex standard for foods 
for special dietary use for persons intolerant to gluten. 2008. 
(CODEX STAN 118–1979).

https://doi.org/10.1021/acs.analchem.1c03061
https://doi.org/10.1021/acs.analchem.1c03061
https://doi.org/10.1021/acs.analchem.7b00858
https://doi.org/10.1021/acs.jproteome.7b00660
https://doi.org/10.1021/acs.jproteome.7b00660
https://doi.org/10.1515/cclm-2024-0999
https://doi.org/10.1021/ac5001477
https://doi.org/10.1093/clinchem/hvaa256
https://doi.org/10.1039/C9MO00154A
https://doi.org/10.1039/C9MO00154A
https://doi.org/10.1515/cclm-2016-1054
https://doi.org/10.1515/cclm-2016-1054
https://doi.org/10.1021/ac501032q
https://doi.org/10.1021/ac501032q
https://doi.org/10.1586/14789450.4.2.175
https://doi.org/10.1586/14789450.4.2.175
https://doi.org/10.1373/clinchem.2012.201954
https://doi.org/10.1373/clinchem.2012.201954
https://doi.org/10.3390/scipharm93040059
https://doi.org/10.3390/scipharm93040059
https://doi.org/10.1016/j.xphs.2024.12.011
https://doi.org/10.1016/j.xphs.2024.12.011
https://doi.org/10.1007/s00216-025-06036-2
https://doi.org/10.1007/s00216-025-06036-2
https://nibsc.org/products/brm_product_catalogue/who_standards.aspx
https://nibsc.org/products/brm_product_catalogue/who_standards.aspx
https://doi.org/10.1007/s00216-017-0844-2
https://doi.org/10.1007/s00216-017-0844-2
https://www.nist.gov/programs-projects/nist-monoclonal-antibody-reference-material-8671
https://www.nist.gov/programs-projects/nist-monoclonal-antibody-reference-material-8671
http://data.europa.eu/eli/reg/2009/41/oj
http://data.europa.eu/eli/reg/2009/41/oj
http://data.europa.eu/eli/reg/2011/1169/oj
http://data.europa.eu/eli/reg/2011/1169/oj
https://doi.org/10.1016/j.foodchem.2017.04.092
https://doi.org/10.1016/j.foodchem.2017.04.092
https://doi.org/10.5740/jaoacint.SGE_Bugyi


	 C. Swart et al.

	107.	 Martínez-Esteso MJ, Brohée M, Nørgaard J, O’Connor G. Label-
free proteomic analysis of wheat gluten proteins and their immu-
noreactivity to ELISA antibodies. Cereal Chem. 2017;94(5):820–
6. https://​doi.​org/​10.​1094/​CCHEM-​11-​16-​0266-R.

	108.	 Taylor SL, Baumert JL, Kruizinga AG, Remington BC, Crevel 
RWR, Brooke-Taylor S. Establishment of reference doses for 
residues of allergenic foods: report of the VITAL Expert Panel. 
Food Chem Toxicol. 2014;63:9–17. https://​doi.​org/​10.​1016/j.​fct.​
2013.​10.​032.

	109.	 Holzhauser T, Johnson P, Hindley JP, O’Connor G, Chan 
CH, Costa J. Are current analytical methods suitable to verify 
VITAL® 2.0/3.0 allergen reference doses for EU allergens in 
foods? Food Chem Toxicol. 2020;145:111709. https://​doi.​org/​
10.​1016/j.​fct.​2020.​111709.

	110.	 Cubero-Leon E, Emons H, O’Connor G, Nørgaard J, Robouch 
P. Food allergen analysis: considerations for establishing a ref-
erence measurement system to implement EU legislation. Food 
Chem. 2023;424:136391. https://​doi.​org/​10.​1016/j.​foodc​hem.​
2023.​136391.

	111.	 Nitride C, Nørgaard J, Omar J, Emons H, Esteso MJM, 
O’Connor G. An assessment of the impact of extraction and 
digestion protocols on multiplexed targeted protein quantifi-
cation by mass spectrometry for egg and milk allergens. Anal 
Bioanal Chem. 2019;411(16):3463–75. https://​doi.​org/​10.​1007/​
s00216-​019-​01816-z.

	112.	 Martinez-Esteso MJ, O’Connor G, Nørgaard J, Breidbach A, 
Brohée M, Cubero-Leon E. A reference method for determin-
ing the total allergenic protein content in a processed food: 
the case of milk in cookies as proof of concept. Anal Bio-
anal Chem. 2020;412(30):8249–67. https://​doi.​org/​10.​1007/​
s00216-​020-​02959-0.

	113.	 Cordeiro F, Cubero-Leon E, Nørgaard J, Martinez-Esteso MJ, 
Brohée M, Breidbach A. Total cow’s milk protein in cook-
ies: the first interlaboratory comparison with a well-defined 
measurand fit for food allergen risk assessment. Accredita-
tion Qual Assur. 2021;26(3):177–81. https://​doi.​org/​10.​1007/​
s00769-​021-​01470-y.

	114.	 Holcombe G, Walker MJ, Singh M, Gray K, Cowen S, Ellison 
SLR. Clinically and industrially relevant incurred reference mate-
rials to improve analysis of food allergens, milk, egg, almond, 
hazelnut and walnut. Food Chem. 2024;434:137391. https://​doi.​
org/​10.​1016/j.​foodc​hem.​2023.​137391.

	115.	 Campbell JJ, Almond N, Bae YK, Bhuller R, Briones A, Cho SJ. 
Standards and metrology for viral vectors as molecular tools: out-
comes from a CCQM Workshop. Biologics. 2024;4(2):187–201. 
https://​doi.​org/​10.​3390/​biolo​gics4​020013.

	116.	 Castel J, Delaux S, Hernandez-Alba O, Cianférani S. Recent 
advances in structural mass spectrometry methods in the context 
of biosimilarity assessment: from sequence heterogeneities to 
higher order structures. J Pharm Biomed Anal. 2023;236:115696. 
https://​doi.​org/​10.​1016/j.​jpba.​2023.​115696.

	117.	 Castel J, Botzanowski T, Brooks I, Frechard A, Bey G, Schro-
eter M. Deciphering molecular determinants of GPBAR1-
Gs protein interactions by HDX-MS and cryo-EM. Sci Rep. 
2025;15(1):31517. https://​doi.​org/​10.​1038/​s41598-​025-​16529-w.

	118.	 Masson GR, Burke JE, Ahn NG, Anand GS, Borchers C, Brier 
S. Recommendations for performing, interpreting and reporting 
hydrogen deuterium exchange mass spectrometry (HDX-MS) 
experiments. Nat Methods. 2019;16(7):595–602. https://​doi.​org/​
10.​1038/​s41592-​019-​0459-y.

	119.	 Hernandez-Alba O, Wagner-Rousset E, Beck A, Cianférani 
S. Native mass spectrometry, ion mobility, and collision-
induced unfolding for conformational characterization of IgG4 

monoclonal antibodies. Anal Chem. 2018;90(15):8865–72. 
https://​doi.​org/​10.​1021/​acs.​analc​hem.​8b009​12.

	120.	 Deslignière E, Ollivier S, Ehkirch A, Martelet A, Ropartz D, 
Lechat N. Combination of IM-based approaches to unravel the 
coexistence of two conformers on a therapeutic multispecific 
mAb. Anal Chem. 2022;94(22):7981–9. https://​doi.​org/​10.​1021/​
acs.​analc​hem.​2c009​28.

	121.	 Eldrid C, Ben-Younis A, Ujma J, Britt H, Cragnolini T, 
Kalfas S. Cyclic ion mobility–collision activation experi-
ments elucidate protein behavior in the gas phase. J Am Soc 
Mass Spectrom. 2021;32(6):1545–52. https://​doi.​org/​10.​
1021/​jasms.​1c000​18.

	122.	 Burkitt W, O’Connor G. Assessment of the repeatability and 
reproducibility of hydrogen/deuterium exchange mass spec-
trometry measurements. Rapid Commun Mass Spectrom. 
2008;22(23):3893–901. https://​doi.​org/​10.​1002/​rcm.​3794.

	123.	 Pritchard C, O’Connor G, Ashcroft AE. The role of ion mobility 
spectrometry-mass spectrometry in the analysis of protein refer-
ence standards. Anal Chem. 2013;85(15):7205–12. https://​doi.​
org/​10.​1021/​ac400​927s.

	124.	 Piersimoni L, Kastritis PL, Arlt C, Sinz A. Cross-linking mass 
spectrometry for investigating protein conformations and pro-
tein–protein interactions─a method for all seasons. Chem Rev. 
2022;122(8):7500–31. https://​doi.​org/​10.​1021/​acs.​chemr​ev.​
1c007​86.

	125.	 Shi M, Huang C, Chen R, Chen DDY, Yan B. A new evaluation met-
ric for quantitative accuracy of LC–MS/MS-based proteomics with 
data-independent acquisition. J Proteome Res. 2024;23(9):3780–90. 
https://​doi.​org/​10.​1021/​acs.​jprot​eome.​4c000​88.

	126.	 Hartl J, Kurth F, Kappert K, Horst D, Mülleder M, Hartmann 
G. Quantitative protein biomarker panels: a path to improved 
clinical practice through proteomics. EMBO Mol Med. 
2023;15(4):EMMM202216061. https://​doi.​org/​10.​15252/​emmm.​
20221​6061.

	127.	 Adnane M, de Almeida AM, Chapwanya A. Unveiling the power 
of proteomics in advancing tropical animal health and produc-
tion. Trop Anim Health Prod. 2024;56(5):182. https://​doi.​org/​10.​
1007/​s11250-​024-​04037-4.

	128.	 Battisti I, Ebinezer LB, Lomolino G, Masi A, Arrigoni G. Pro-
tein profile of commercial soybean milks analyzed by label-free 
quantitative proteomics. Food Chem t. 2021;352:129299. https://​
doi.​org/​10.​1016/j.​foodc​hem.​2021.​129299.

	129.	 Kontogiannis T, McElroy C, Quaglia M, Foy C, Whale AS, 
Braybrook J. Development of LC-MS methods for AAV capsid 
protein quantification and host cell protein profiling. Mol Ther 
Methods Clin Dev. 2025;33(3):101562. https://​doi.​org/​10.​1016/j.​
omtm.​2025.​101562.

	130.	 Prasad B, Al-Majdoub ZM, Wegler C, Rostami-Hodjegan A, 
Achour B. Quantitative proteomics for translational pharmacol-
ogy and precision medicine: state of the art and future outlook. 
Drug Metab Dispos. 2024;52(11):1208–16. https://​doi.​org/​10.​
1124/​dmd.​124.​001600.

	131.	 Zheng Y, Liu Y, Yang J, Dong L, Zhang R, Tian S. Multi-omics 
data integration using ratio-based quantitative profiling with 
Quartet reference materials. Nat Biotechnol. 2024;42(7):1133–
49. https://​doi.​org/​10.​1038/​s41587-​023-​01934-1.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1094/CCHEM-11-16-0266-R
https://doi.org/10.1016/j.fct.2013.10.032
https://doi.org/10.1016/j.fct.2013.10.032
https://doi.org/10.1016/j.fct.2020.111709
https://doi.org/10.1016/j.fct.2020.111709
https://doi.org/10.1016/j.foodchem.2023.136391
https://doi.org/10.1016/j.foodchem.2023.136391
https://doi.org/10.1007/s00216-019-01816-z
https://doi.org/10.1007/s00216-019-01816-z
https://doi.org/10.1007/s00216-020-02959-0
https://doi.org/10.1007/s00216-020-02959-0
https://doi.org/10.1007/s00769-021-01470-y
https://doi.org/10.1007/s00769-021-01470-y
https://doi.org/10.1016/j.foodchem.2023.137391
https://doi.org/10.1016/j.foodchem.2023.137391
https://doi.org/10.3390/biologics4020013
https://doi.org/10.1016/j.jpba.2023.115696
https://doi.org/10.1038/s41598-025-16529-w
https://doi.org/10.1038/s41592-019-0459-y
https://doi.org/10.1038/s41592-019-0459-y
https://doi.org/10.1021/acs.analchem.8b00912
https://doi.org/10.1021/acs.analchem.2c00928
https://doi.org/10.1021/acs.analchem.2c00928
https://doi.org/10.1021/jasms.1c00018
https://doi.org/10.1021/jasms.1c00018
https://doi.org/10.1002/rcm.3794
https://doi.org/10.1021/ac400927s
https://doi.org/10.1021/ac400927s
https://doi.org/10.1021/acs.chemrev.1c00786
https://doi.org/10.1021/acs.chemrev.1c00786
https://doi.org/10.1021/acs.jproteome.4c00088
https://doi.org/10.15252/emmm.202216061
https://doi.org/10.15252/emmm.202216061
https://doi.org/10.1007/s11250-024-04037-4
https://doi.org/10.1007/s11250-024-04037-4
https://doi.org/10.1016/j.foodchem.2021.129299
https://doi.org/10.1016/j.foodchem.2021.129299
https://doi.org/10.1016/j.omtm.2025.101562
https://doi.org/10.1016/j.omtm.2025.101562
https://doi.org/10.1124/dmd.124.001600
https://doi.org/10.1124/dmd.124.001600
https://doi.org/10.1038/s41587-023-01934-1

	The development and use of isotope dilution mass spectrometry methods for the quantification of target proteins in certified reference materials
	Abstract
	Introduction
	Challenges for IDMS for characterization and value assignment in matrix RMs
	Assessment of primary calibrators
	Element-based LC-ICP-IDMS for peptide and protein purity assessment
	Amino acid analysis–based LC-IDMS in value assignment of primary calibrators
	Signature peptide–based LC-IDMS for peptide and protein purity assessment
	Other isotope dilution strategy beyond LC-IDMS
	Applications of IDMS for peptide and protein purity assessment


	Application of reference materials and relation to routine measurements such as immunoassay
	Major challenges in IDMS for proteins
	Clinical requirements
	Biopharmaceuticals
	Food and food products

	Outlook: future challenges
	Acknowledgements 
	References


