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    1  
 

 

Scope of the thesis 
 

 

 

The work described in this thesis was performed to explore and extend the 

possibilities of liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS) as an analytical technique for the absolute quantification of proteins in 

complex biological matrices such as serum and plasma. 

For over 50 years, the quantification of proteins in such matrices has commonly 

been performed with ligand binding assays (LBAs). In recent years, however, LC-

MS/MS, which has been the golden standard for the quantification of small 

molecules for more than 20 years, has also been gaining popularity for the 

quantitative determination of proteins. One of the reasons for this trend is the 

possibility to use internal standards to correct for analytical variability which 

improves the precision and accuracy of the results. 

The analytical techniques and principles required for protein quantification with LC-

MS/MS are already commonly used in the area of proteomics, where LC-MS/MS is 

firmly established as an analytical method. However, analysis in that field is typically 

of a qualitative or semi-quantitative nature and to allow successful use for absolute 

protein quantification and compliance with the high quality standards of regulated 

bioanalysis, there is a need for further optimization of analytical approaches. In the 

studies described in this thesis, the main goal was to address several analytical 

challenges commonly associated with protein quantification in biological samples 

and to help extend the possibilities of LC-MS/MS in this field as a true alternative for 

LBAs. Since LC-MS/MS currently is less sensitive than LBA for protein 

quantification, the possibilities to improve the concentration sensitivity without the 

use of antibody-based reagents were investigated with several proteins. The general 
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benefit of LC-MS/MS of a superior precision and accuracy was further explored in a 

systematic way by investigating the impact of several internal standardization 

approaches. The clinically very relevant discrimination between free and antibody-

bound drug levels, which is difficult to establish by LBAs, was another major topic of 

investigation. To explore the general applicability of the results, a variety of protein 

analytes with widely different sizes and molecular masses were studied and both a 

number of biopharmaceuticals and a biomarker were used. In all cases, the 

reliability of the developed methods was demonstrated by an extensive validation 

according to the most recent regulatory guidelines, and the methods were applied to 

a range of biological samples from clinical and pre-clinical studies. 

 

 

Chapter 2 presents an extensive overview of the scientific literature on the various 

internal standardization techniques for protein quantification by LC-MS/MS and 

discusses the way in which these can be applied to reduce assay variability. 

Compared to the quantitative determination of small molecules with LC-MS/MS, in 

which stable isotope labelled (SIL) versions of the analyte are commonly used as 

internal standards, the situation for proteins is more complicated due to the 

application of a proteolytic digestion step. Several ways of internal standardization 

are in use and these are compared and critically evaluated.  

In the other chapters several important aspects of protein quantification with LC-

MS/MS are studied. 

 

 

 Chapter 3 describes the practical comparison of the performance of 10 different 

internal standardization approaches and discusses the obtained results. For this 

purpose we quantified the small biopharmaceutical protein salmon calcitonin as a 

model protein with LC-MS/MS in three different sample preparation workflows which 

are commonly used for protein quantification in the literature; quantification of the 

intact protein directly following an extraction from the sample, quantification of the 

signature peptide after extraction followed by proteolytic digestion and quantification 

of the derivatized signature peptide after extraction, digestion and chemical 

derivatization. For each of these workflows, the available internal standardization 

options were applied and compared. The comparison was performed with protein 

concentrations down to 10.0 pg/mL in human plasma, which is a relevant level for 

proteins of low abundance. The results offer generally applicable information which 

can help researchers select an appropriate internal standardization approach. 

Furthermore, the chromatograms obtained with the different workflows clearly show 

that the myriad of proteolytic peptides which result from the digestion can 

significantly interfere with the LC-MS/MS measurement and thus reduce the 

sensitivity of an analytical method. This finding underlines the importance of a 

selective sample preparation strategy. 



8 

Chapter 4 explores two features of an analytical method for the absolute 

determination of a 28-kDa biopharmaceutical protein in plasma with LC-MS/MS. 

Firstly, the possibility to obtain a low quantification limit by using an antibody-free 

sample extraction strategy was investigated. A quantification limit of 10.0 ng/mL was 

obtained, which is comparable to the commonly used LBA developed for this 

analyte, and sufficiently low to allow the quantification of the analyte during clinical 

trials. Single-cartridge multi-dimensional solid-phase extraction, a generally 

applicable extraction method for signature peptides from a proteolytic digest, was 

used. The combination of two orthogonal extraction dimensions on one cartridge 

removes sufficient amounts of interfering plasma components to allow quantification 

at the necessary levels and, at the same time, significantly reduces the time required 

for sample preparation. In addition, it minimizes the risk of losing the analyte through 

adsorption to container materials during the sequential drying and redissolving 

steps, which would be required in a multiple cartridge approach. Secondly, the 

method uses an in-house created SIL-internal standard peptide. The use of an 

internal standard created by acid-catalysed oxygen exchange in a validated method 

for the absolute quantification of a protein with LC/MS-MS had not been described 

before. This is mainly due to the instability typically associated with this type of 

internal standard. However, the measures we took to prevent oxygen back-

exchange greatly increase the stability of the internal standard. The methodology 

was successfully validated according to international regulatory guidelines and 

applied to samples from a preclinical trial with the drug. 

 

 

In Chapter 5 an analytical strategy is reported which allows the quantitative 

determination of the total and anti-drug antibody (ADA) bound concentrations of the 

105-kDa biopharmaceutical protein recombinant human alpha-glucosidase. The 

method has general use, as it can be applied to most non-IgG based 

biopharmaceuticals. The majority of the currently available biopharmaceutical 

proteins can illicit an immune response in their host, which leads to the formation of 

ADAs. These ADAs occur in the circulation and bind the drug with high specificity, 

which may result in the reduction of the therapeutic effect. The possibility of 

monitoring the extent of ADA binding of a drug in plasma is, therefore, an important 

feature for any analytical platform used for therapeutic drug monitoring of 

biopharmaceutical proteins. We present an approach to discriminate between free 

and ADA-bound concentrations of alpha-glucosidase, by extraction of the ADA-

glucosidase complex from plasma before digestion and LC-MS/MS analysis. 

Important parameters for the quantitative performance of the approach are 

discussed and the methodology is applied to plasma samples obtained from patients 

with Pompe’s disease who are on long-term treatment with the drug.  
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Chapter 6 describes the development and validation of a quantitative LC-MS/MS 

method for the 7.6-kDa endogenous biomarker insulin-like growth factor 1 (IGF-1) in 

human plasma. This protein is traditionally quantified using LBAs, but the typical 

poor inter-laboratory comparability of this platform has prompted us to investigate 

LC-MS/MS in order to establish a quantitative reference method. The main reason 

for the poor comparability of the LBA methods is the use of several critical reagents, 

all of which are proteins (antibodies), which may show considerable between-batch 

variability and whose quantitative performance is difficult to control. In this chapter, 

an antibody-free LC-MS/MS method is presented with good accuracy and precision 

down to the clinically relevant level of 10 ng/mL in plasma. By selection of two 

signature peptides, the method allows the distinction between mature IGF-1 and the 

potentially occurring different N-terminally extended forms of the protein. The 

absolute nature of the LC-MS/MS method revealed large differences in purity and 

concentration between the reference standards obtained from several suppliers. The 

method was applied to plasma samples obtained from a large number of individuals. 
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I fear not the man who has practiced ten thousand kicks once, but I fear the man 
who has practiced one kick ten thousand times. 

 Bruce lee. 

 

 

  



11 

    2  
 

Internal standards in the quantitative 

determination of protein biopharmaceuticals 

using liquid chromatography coupled to mass 

spectrometry. 
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2.1 Abstract 

Following the increase in development of protein biopharmaceuticals, there is a 

growing demand for the sensitive and reliable quantification of these proteins in 

complex biological matrices such as plasma and serum to support (pre)-clinical 

research. In this field, ligand binding assays (LBAs) are currently the standard 

analytical technique, but in recent years, there is a trend towards the use of liquid 

chromatography hyphenated with (tandem) mass spectrometry (LC-MS/MS). One of 

the reasons for this trend is the possibility to use internal standards to correct for 

analytical variability and thus improve the precision and accuracy of the results. In 

the LC-MS/MS bioanalysis of small molecules, internal standardization is quite 

straightforward: either a stable-isotope labeled (SIL) form of the analyte or a 

structural analogue is used. For the quantification of biopharmaceutical proteins, the 

situation is more complex. Since the protein of interest is digested to a mixture of 

peptides, one of which is subsequently used for quantification, there are more 

options for internal standardization. A SIL form or a structural analogue of either the 

intact protein or the signature peptide can be used. In addition, a modified form of 

the SIL-peptide internal standard, containing one or more cleavable groups is a 

possibility, and an internal standard can be generated during the analysis by using 

differential derivatization techniques. In this paper we provide an overview of the 

different options for internal standardization in the field of absolute targeted 

quantification of protein biopharmaceuticals using LC-MS/MS, based on literature 

from 2003 to 2011.  

The advantages and disadvantages of the different approaches are evaluated both 

with regard to the correction they provide for the variability of the different steps of 

the analysis and with regard to their generic availability. As most of the approaches 

used lead to acceptable results in terms of accuracy and precision, we conclude that 

there currently is no clear preferable method for internal standardization in the field 

of protein quantification by LC-MS/MS. It is essential, however, that any step in the 

analysis that is not covered by the internal standard chosen, should be carefully 

optimized and controlled. 
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2.2 Introduction 

In recent years, there has been a sharp increase in the development of 

macromolecular drugs, so-called biopharmaceuticals. In the period 2000-2009, 65 

biopharmaceutical products received marketing approval from the US Food and 

Drug Administration (FDA), up from 39 in the 1990s and 13 in the 1980s 
1
. Following 

this trend, analytical techniques to quantify biopharmaceuticals in complex biological 

matrices are continuously being developed and improved. The current standard 

method for quantifying proteins in biological matrices is based on ligand binding 

assays (LBAs). For years, no other analytical technique has been able to match the 

low detection limits of LBAs. Their excellent sensitivity and selectivity results from 

the use of an antibody raised against the protein of interest, or, in the case of the 

quantification of monoclonal antibodies (mAbs), the antigen, which very selectively 

extracts the analyte from the matrix, and significantly reduces the complexity of the 

sample. 

LBAs require far lower investments in analytical equipment than chromatographic or 

mass spectrometric assays, have straightforward protocols and the 96, or 384-wells 

micro plate they come in is truly a high-throughput format. However, when used for 

absolute quantitative determination of proteins some disadvantages arise 
2
. Firstly, 

there is the time required to develop a new assay, typically some 4 to 6 months due 

to production and characterization of the antibodies and subsequent assay 

development and optimization. Secondly, there are analytical issues that can 

drastically influence results such as competition with endogenously generated anti-

drug antibodies, non-specific binding and cross-reactivity which may remain 

undetected, since LBAs do not generate any chemical information about the analyte. 

Thirdly, most LBAs have a complex calibration model with a limited linear range. 

Finally, in LBAs, the use of an internal standard, correcting for these and other 

sources of variation, is technically not possible. Together with the fact that variation 

between different batches of antibodies is not uncommon, this may cause limited 

accuracy and precision, poor inter-laboratory reproducibility and significant 

discrepancies between products of different vendors. 

Over the last few years it has been demonstrated that liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS), the golden standard for 

quantitative determination of low-molecular-weight drugs, can be a viable alternative 

to LBAs for the quantification of proteins 
34

. Ongoing improvements in 

chromatography and mass spectrometry instrumentation have led to a situation 

where the sensitivity of LBAs is sometimes already rivaled by LC-MS/MS, although 

the approach is not free of its own problems and pitfalls 
5
. One of the main strengths 

of the technique lies in the possibility to use internal standards that correct for 

different sources of analytical variability. Furthermore, analytical methods using this 

technique can be set up and validated in a relative short period of time of typically a 

few weeks.  
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A disadvantage of using LC-MS/MS in protein quantification is that proteins are 

incompatible with LC-MS/MS because their high molecular weight and size result in 

poor ionization efficiency, a signal that is distributed over a large number of charge 

states and very inefficient or non-existent collision-induced dissociation (CID). To 

resolve these problems, the protein needs to be digested to a mixture of smaller 

peptides, one of which is selected for quantification (the so-called signature or 

proteotypic peptide). The enzymatic digestion is, however, a potential source of 

variation and needs to be carefully controlled. In addition, selective extraction of the 

protein from the biological matrix is desirable to reach sufficient concentration 

sensitivity, which may be difficult to achieve without the use of immuno-affinity 

materials. 

The transfer of protein analysis from the LBA to the LC-MS/MS platform is by no 

means straightforward. Compared to LBAs the analytical approach is relatively 

complex, which makes the use of a proper internal standard essential. This paper 

describes and compares different approaches towards the use of internal standards 

in the field of quantitative bioanalysis of protein biopharmaceuticals. After a general 

discussion of the use of internal standards and the important step of protein 

digestion, an overview is given of different types of proteins and peptides as internal 

standards, the possibilities of differential derivatization to create internal standards 

and finally protein quantification without internal standards. Selected examples from 

the bioanalytical literature are used to compare and discuss the different approaches 

for internal standardization. Table 1 shows a summary of the relevant literature. 

 

2.3 Protein quantification – general remarks 

2.3.1 Internal standard 

An internal standard is a compound that displays physical and chemical 

characteristics similar to that of the analyte of interest, but at the same time 

generates a response that can be distinguished from that of the analyte. Equal 

amounts of internal standard are added to all samples to be analyzed, and due to 

the similarity between the analyte and the internal standard, it is anticipated that 

their initial ratio does not change, because both suffer the same losses due to 

inefficiencies in extraction, digestion or ionization. Finally, both compounds are 

analyzed and the ratio of the measured signals is calculated. The internal standard 

thus corrects for variations in the analyte response caused by variability in the 

analytical procedure. 

Mass spectrometric detectors for liquid chromatography have been widely used 

since the early 1990s. Before then, ultraviolet (UV) and fluorescence (FL) detectors 

were more common. An advantage of these detection systems over mass 

spectrometry is their stability. Good results in terms of accuracy and precision can 

be achieved, even without the use of an internal standard, provided that sample 
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handling steps are minimized and if needed, well optimized. When necessary, a 

compound displaying similar extraction and chromatographic characteristics as the 

analyte of interest can be used as internal standard to correct for instrumental 

variability. Due to the inability of these detectors to discriminate between the analyte 

and its internal standard, a chromatographic separation is required. The reason why 

the much more expensive mass spectrometers rapidly became more popular is their 

enhanced sensitivity and selectivity compared to UV and FL detectors. Visible 

interferences from co-extracted matrix compounds or metabolites are much less 

common. However, when using mass spectrometry, the use of an internal standard 

is an absolute necessity. In addition to the relatively large variability of the detector 

response itself, there are significant effects on signal intensity due to ion-

suppression, in particular for the most widely used ionization technique – 

electrospray ionization – caused by zones of co-eluting matrix components that 

influence the efficiency of ion formation 
535

. An important contributor to the rising 

popularity of mass-spectrometric detection has been the increasing commercial 

availability of stable-isotope labeled (SIL) internal standards, which differ from the 

analytes in molecular mass only. Since physicochemical properties are essentially 

identical, they generally co-elute with the analyte and correct for ion-suppression 

effects, as well as for other detection variability. Today, SIL forms of a given analyte 

are the most commonly used internal standards in small-molecule bioanalysis using 

LC-MS/MS. 
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2.3.2 Protein digestion and signature peptide selection 

As mentioned, LC-MS/MS is not the preferred analytical platform for direct protein 

quantification at low concentrations in biological matrices at present. To facilitate 

quantification using this technique, proteins are typically digested using a proteolytic 

enzyme, which cleaves certain peptide bonds. While trypsin is the most commonly 

used enzyme, several alternative enzymes are available that will cleave the protein 

analyte at different positions, resulting in a different set of potential signature 

peptides. A recent comparison of proteolytic enzymes discusses their different 

cleavage site specificities, the average generated peptide length and the suitability 

of the resulting (signature) peptides for LC-MS quantification 
36

. 

To allow trypsin or other enzyme access to all available cleavage sites, proteins are 

commonly subjected to a three-step pretreatment. First, a denaturing agent such as 

guanidinium hydrochloride is used to unfold the protein, secondly intramolecular 

disulfide bonds are reduced (e.g. with dithiothreitol) and finally reactive thiols are 

alkylated (e.g. with iodoacetamide) preventing uncontrolled reformation of disulfide 

bonds. 

Digestion traditionally takes place overnight for ca 16 hours, but when large 

numbers of samples need to be processed, this might not be practical. Reduction of 

the digestion time can also be desirable as it reduces the effect of unwanted side 

reactions such as the oxidation of methionine or deamidation of asparagine or 

glutamine. Recently, several alternative procedures have been reported that 

increase the speed of digestion. These include addition of denaturing agents like an 

organic solvent or a surfactant 
37

, increased temperature or pressure 
38

 and 

exposure to microwave radiation 
6
 or high-intensity focused ultrasound 

39
 . These 

procedures are reported to significantly decrease the time needed to digest a 

sample to a few hours and sometimes even to less than one hour. An even more 

time-efficient approach uses immobilized enzyme reactors (IMERs). This procedure 

can achieve digestions efficiencies that are comparable to offline approaches in 

several minutes and sometimes even seconds 
40

. 

After the digestion step, a peptide needs to be selected for subsequent 

quantification, the so-called signature or proteotypic peptide. For this purpose, 

several selection criteria have been defined 
41

. Firstly, the peptide has to uniquely 

identify the targeted protein. Several bioinformatics tools developed for this purpose 

are available, both commercially and free of charge (an extensive software list is 

available at www.ms-utils.org). Some of these tools use algorithms that match 

peptide sequences to a protein or translated nucleic acid sequence database that 

contains all known proteins (open reading frames) from a selected species. 

Candidate signature peptides should not match tryptic peptides of endogenous 

proteins to ensure selectivity of the method. Absence of interfering peptides arising 

from endogenous proteins should always be confirmed experimentally by analysis of 

several matrix samples and the occurrence of any interfering peaks disqualifies this 
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peptide from use. Secondly, to prevent chemical degradation of the signature 

peptide, candidates containing unstable amino acids such as methionine, cysteine, 

tryptophan, asparagine or glutamine should be avoided to prevent changes in 

concentration during sample handling or storage. Stability of an internal standard 

containing these amino acids may also be compromised. Careful consideration 

needs to be given when post-translational modifications (PTMs), such as 

carbohydrate chains, are present on a protein biopharmaceutical. PTMs and other 

modifications make that a protein is hardly ever present as one single species 
42

. 

Quantitative information on a signature peptide obtained by LC-MS/MS may thus 

only reflect the amount of a given protein species and are not representative of the 

amount of all species derived from the biopharmaceutical. Whether this is relevant 

for the purpose of the quantitative analysis and whether peptides containing PTMs 

must be included in the analysis requires careful consideration. In the case of 

biopharmaceutical proteins, chemical entities such as polyethylene glycol groups are 

sometimes synthetically attached to the protein after production (PEGylation), in 

order to improve physicochemical properties, to increase in vivo half-life or to alter 

the immunological profile of the protein. This type of modification may affect 

digestion and ionization characteristics of the analyte and might thus impose 

additional limitations when selecting an internal standard. Thirdly, peptides resulting 

from proteolysis at adjacent cleavage sites should be avoided as this may give rise 

to missed cleavages. The final criterion when selecting a signature peptide is based 

on the analytical response that the peptide generates because sensitivity of the 

analytical method depends heavily on the ionization and fragmentation 

characteristics of the peptide. When sufficient information is present, these selection 

criteria can all be checked against the results of an in-silico digestion prior to any 

experimental work. Software solutions designed specifically for this purpose are 

available 
43

. 

To confirm that measured concentrations correspond uniquely to that of the protein 

of interest, it is common, in qualitative protein analysis using LC-MS/MS, to monitor 

multiple tryptic peptides from a protein simultaneously in a single analysis. 

Additionally, several selected reaction monitoring (SRM) transitions for each peptide 

can be used. The selectivity of analytical methods towards other proteins is 

established in a different manner in targeted quantification of biopharmaceutical 

proteins. Typically, in this field, a single signature peptide is monitored using one 

SRM transition. The extensive method validation and quality control guidelines 

combined with strict criteria provide the necessary confidence in the results. 

Until recently, only tandem mass spectrometric detectors coupled to liquid 

chromatography offered the robustness, selectivity and sensitivity necessary to 

quantify analytes in a complex biological matrix. Therefore they have become the 

workhorse in this analytical field. Nevertheless, other types of mass analyzers, 

including several types of ion-traps and time-of-flight (TOF) instruments, can be 

used for this purpose. They enable significantly higher mass resolution and faster 
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spectral acquisition compared to triple quad mass analyzer, making them better 

suited for qualitative determinations, but lack its sensitivity and usually display lower 

reproducibility. However, in the case of relatively abundant analytes, when a good 

internal standard is available, the choice for tandem mass spectrometry becomes 

less obvious, as is demonstrated in a recent comparison of the performance of a 

tandem quadrupole and a high resolution ion trap instrument in the LC-MS(/MS) 

quantification of 17 drugs in patient plasma samples, using only close structural 

analogue or SIL internal standards where a very good correlation between the HR 

and SRM results was found 
44

.  

 

2.3.3 Workflow and possibilities for internal standardization 

In comparison to bioanalysis of small molecules, the analytical workflow for protein 

quantification, is more complicated and several approaches for internal 

standardization in use in this field are not found in small-molecule bioanalysis. 

Ideally, an internal standard is added to the sample at the beginning of the analytical 

procedure so that it may correct for all experimental variability. A first step in the 

analytical procedure is the extraction of the protein of interest from the biological 

matrix to reduce sample complexity and/or enrich the analyte. Due to the high 

complexity of the plasma and serum proteome 
45

, this is generally a difficult task. In 

the field of targeted absolute quantification with LC-MS/MS, only a few techniques 

are described: immuno-affinity extraction, albumin depletion and partial protein 

precipitation. In order to properly cover this initial step, the internal standard needs 

to be an intact protein, either a SIL-form of the analyte or a structural analogue.  

Digestion of an enriched protein or of an untreated complex sample is an enzymatic 

process whose efficiency depends on a multitude of factors. If an internal standard is 

to correct for variability resulting from this step, it has to be added to the sample 

before digestion, and should contain at least one cleavage site. When a protein 

internal standard is not available, a smaller peptide with a cleavable group can offer 

some correction for the digestion step. 

For methods in which extraction of the protein analyte from the matrix is not 

performed, the sample after digestion is highly complex because of the presence of 

peptides released from endogenous proteins. To reduce this complexity, some form 

of extraction of the signature peptide can be applied, examples being reversed-

phase or ion-exchange Solid Phase Extraction (SPE) as well as immuno-affinity 

extraction. A variety of peptides can be used as internal standards to correct for 

variation of the extraction step: a peptide resulting from digestion of a protein 

internal standard (SIL or structural analogue) or of a peptide with a cleavable group, 

as well as a (SIL or structural analogue) peptide added to the sample prior to the 

extraction step. 

The differential derivatization approach adds another possible step to the workflow. 

This step creates a SIL internal standard through chemical derivatization of a pure 
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form of the peptide with a stable-isotope labeled reagent, which is performed in 

parallel to derivatization of the signature peptide, after extraction from the biological 

sample, with a non-labeled form of the derivatization reagent. The internal standard 

is added to the sample just before instrumental analysis and will thus not correct for 

any of the other steps. LC-MS/MS itself will also introduce variability. Most internal 

standard approaches correct well for this step. A SIL-peptide internal standard 

added to the sample, released by digestion of a SIL-protein, a cleavable SIL-peptide 

or a SIL-peptide created by differential derivatization will have identical 

chromatographic and mass spectrometric characteristics as the signature peptide 

and will thus correct for instrumental variability. Analogue internal standards, both 

proteins and peptides, do not correct ideally for this final step of the analytical 

procedure. 

In the following sections, an in depth review of the different approaches for using 

internal standards, illustrated with selected examples is presented, including their 

application, particular (dis)advantages and availability. 

 

 

2.4 Protein quantification using protein internal 
standards. 

2.4.1 Stable-isotope labeled proteins as internal standards 

Considering the widespread use and the favorable performance of SIL internal 

standards in small-molecule bioanalysis, one would want to apply the principle of 

stable isotope labeling to the quantification of proteins as well. A SIL version of the 

protein biopharmaceutical added to the sample at the very beginning of the 

analytical procedure as internal standard corrects for all sources of variation 

throughout the entire analytical procedure. The extent and location of labeling 

should be chosen in a such a manner that the signature peptide can be clearly 

distinguished from the analyte after digestion of the SIL-protein. 

Small-molecule SIL internal standards are relatively easy to produce by organic 

synthesis. SIL-proteins, however, are more difficult to obtain because the specific 

folding of the linear amino acid sequence, the creation of intra-molecular disulfide 

linkages connecting multiple amino acid sequences and further PTMs are all 

processes that, in nature, occur only in living cells and are impossible to reproduce 

in a synthetic manner. 

Biopharmaceuticals are produced by genetically modified cell lines, yeast or 

bacteria. The cell line is allowed to grow in a culture and at a certain point in time the 

biopharmaceutical protein is purified from the cell lysate or the cell culture 

supernatant. To produce a SIL-protein, cells are grown in a medium containing for 

example only the heavy isotope labeled form of one or several amino acids. The 
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organism will incorporate the heavy isotope label in its proteins, thus creating the 

SIL-protein that is subsequently purified and used as an internal standard. This 

technique is also referred to as SILAC (Stable Isotope Labeling with Amino Acids in 

Culture) 
46

 and has been in use for years alongside other isotopic labeling 

techniques for proteins, for example, in structural magnetic resonance (NMR) 

analyses of proteins 
47

. A limitation may be that the cell line and knowledge about 

the production process are typically only available to the company developing the 

biopharmaceutical, and is considered to be proprietary material. When the cell line is 

available, however, it is often possible to produce mg-amounts of a given SIL-protein 

in a commercially available protein production system. 

An alternative approach is production of the SIL-protein in a cell-free system 

containing a lysate of E. coli or wheat germ 
48

. The supernatant of these cell lysates 

after centrifugation at 30000g, also known as the S30 fraction, contains the 

molecular machinery for protein synthesis. After introduction of a suitable expression 

vector coding for the protein of interest, transcription and translation takes place in 

the presence of (labeled) amino acids and a number of additional reagents, resulting 

in the (labeled) protein of interest. After the SIL-protein has been produced, it 

requires extensive purification and characterization before it can be used as internal 

standard. In the cell-free method, significantly less proteolytic enzymes are present 

compared to techniques that use living cells and this facilitates purification of the 

labeled target protein. The main disadvantage of the cell-free technique is that due 

to differences between the cell lines used in production of the biopharmaceutical 

protein and the cell-free transcription and translation of the internal standard, 

molecular differences between the two are likely, especially where PTMs are 

concerned. This makes an internal standard produced in this way less than ideal. 

For screening purposes, it does however represent a way to produce a close 

analogue of the biopharmaceutical protein that can be used as internal standard. 

Heudi et al. 
15

 reported the use of a SIL-mAb as internal standard in an LC-MS/MS 

method for determination of the concentration of the mAb drug candidate in 

marmoset serum. The internal standard was produced in the same way as the 

analyte, with the exception that each threonine contained four 
13

C and one 
15

N atom. 

After digestion, a labeled version of the signature peptide was released from the 

internal standard and used to correct for analytical variability during the remainder of 

the procedure. 

The analytical method used SPE on a mixed mode cation-exchanger to enrich the 

signature peptide and its labeled equivalent from the digested plasma sample. The 

SPE step was set up in a way that did not make use of the non-polar properties of 

the SPE material effectively making it a cation- exchange extraction. Such a 

procedure will retain most tryptic peptides in the digest, because trypsin cleaves at 

lysine and arginine residues, resulting in the presence of a positive charge at the C-

terminus. The resulting extract was evaporated to dryness and reconstituted prior to 

reversed-phase LC-MS/MS analysis. Reversed-phase LC provides a 
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complementary selectivity dimension compared to cation-exchange SPE and is able 

to separate the signature peptide from interfering peptides. 

Figure 1 shows that the tryptic peptide of the mAb and its internal standard co-elute 

from the analytical column. Even though the recovery of analyte was quite low, 

about 14%, the internal standard suffers the same losses and, thus, the initial ratio 

of compound to internal standard is maintained throughout the procedure. The 

method was fully validated according to the FDA guidelines for small molecules. The 

method's intended use was to determine pharmacokinetics using marmoset serum. 

Due to the high doses given, a lower limit of quantification (LLOQ) of 5 µg/mL was 

sufficient. Incorporation of an immuno-affinity step to selectively enrich the mAb from 

serum would be an option, as the SIL-mAb internal standard is expected to correct 

for variability caused by the analytical procedure. This would probably boost the 

sensitivity of the assay, as can be deduced from Table 2, which shows that 

analytical procedures using enrichment of the intact protein generally result in more 

sensitive methods with LLOQs in the low nmol/L range. 

 

 

Approach  Offers correction for: 

 Protein digestion peptide LC-MS/MS availability 

 extraction   extraction     

SIL-protein + + + + - 

Analogue protein – +/- +/- +/- + 

SIL-peptide – – + + + 

Cleavable SIL-peptide – +/- + + + 

Analogue peptide – – – – + 

Differential labeling +/- +/- + + + 
18

O-Exchange peptide – – + + + 

No internal standard – – – – n.a. 

Table 2. Comparison of different approaches for internal standardization with respect to 

quantitative, targeted protein analysis by LC-MS/MS pertaining to the correction they offer for 

the different steps in an analytical procedure and their availability. 

 

2.4.2 Structural analogue proteins as internal standards 

A structural analogue of the protein of interest can also function as internal standard. 

This approach has the advantage that one can choose from many commercially 

available proteins, often of high purity and for a reasonable price, eliminating the 

need to synthesize a specific protein especially for this purpose. The selection of an 

analogue protein internal standard that sufficiently corrects during all sample 

handling steps is key to the success of such a method. Internal standard candidates 

should exhibit a close resemblance to the protein of interest. Factors to consider 
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include molecular mass, isoelectric point, number of chargeable amino acids and the 

release of a suitable peptide upon digestion. With regards to the last issue, it is 

possible, using in silico digestion software, to screen peptides resulting from the 

digestion of the internal standard and evaluate the similarity to the signature peptide 

of the analyte.  

Unfortunately, such an internal standard will never correct completely for all of the 

sample preparation steps. The initial ratio of analyte to internal standard may be 

altered due to differences in e.g. extraction recovery, completeness of digestion, 

adsorption behavior and ion-suppression. When using an analogue protein as 

internal standard, protein extraction prior to digestion is rarely performed because 

the available options are rather limited. Immuno-affinity based extractions are highly 

specific and often fail to co-extract both analyte and the analogue internal standard.  

One exception to this rule is the approach used in an analytical method reported by 

Dubois et al. 
19

. In this method, a chimeric (containing both human and murine 

constituents) mAb drug candidate (erbitux) is quantified. As internal standard, a 

mouse mAb against the same antigen as the drug of interest is used. In this way, an 

immuno-affinity extraction using the immobilised antigen can be used to selectively 

extract the drug as well as the internal standard from human serum. After protein 

extraction, the samples are denatured and digested using trypsin and the resulting 

peptide mix is analyzed using reversed-phase chromatography and tandem mass 

spectrometry. The mouse mAb internal standard offered several tryptic peptides to 

select from (Figure 2). Due to its non-human origin, a number of these peptides are 

not found in human proteins, and one of these (Figure 2A) was selected because it 

showed similar chromatographic behavior as the signature peptide (Figure 2B). A 

three-day partial validation showed that assay variation was below 20%. The use of 

a suitable internal standard and optimization of the digestion step were instrumental 

in achieving this. The method has a LLOQ of 20 ng/mL, which is similar to the LBA 

for this mAb. To reduce sample complexity, some reports describe the use of less 

selective methods, such as albumin depletion or partial protein precipitation 

techniques to remove highly abundant proteins 
49

 
21

. These depletion techniques are 

losing popularity due to solubility issues, where analytes bound to albumin are at risk 

of being partially co-depleted. An alternative approach to reduce sample complexity 

is extraction of the signature peptides released from the analyte and its internal 

standard from a digest of the entire sample. 

  



25 

 

 

Figure 1. LC-MS/MS chromatograms of the signature peptide 

TGPFDDYWGQGTLVTVSSASTK (doubly charged at 1102 m/z) after digestion of an 

untreated serum sample containing the mAb, spiked at the LLOQ of 5 µg/mL (A), and its 

13C4-15N-threonine labeled protein internal standard (doubly charged at 1112 m/z) (B). 

Adapted with permission from 15, copyright 2011 American Chemical Society.  
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Peptides are, in contrast to proteins, compatible with most extraction techniques 

from the small-molecule bioanalysis field and notably with the many options offered 

by SPE, which means that there is a wide range of possibilities for sample clean-up. 

In the method by Yang et. al. 
16

, which uses this approach, bovine fetuin is used as 

internal standard in the quantification of a therapeutic mAb in human plasma. After 

addition of the internal standard, the complete sample was digested using trypsin 

and the resulting signature peptides of the analyte and the internal standard were 

extracted by two-dimensional SPE. A reversed-phase cartridge was used in the first, 

and a cation-exchange cartridge in the second dimension. The necessity for two-

dimensional extraction is illustrated in Figure 3. After pretreatment, the extracts were 

analyzed using LC-MS/MS. The signature tryptic peptides of the analyte and bovine 

fetuin eluted close to each other, but did not co-elute in the chosen chromatographic 

system.  

 

 

 

 
 

Figure 2. LC-MS/MS chromatograms of three signature peptide candidates 

ASQSIGTNIHWYQQR (A), VVSVLTVLHQDWLNGK (C) and 

GLEWLGVIWSGGNTDYNTPFTSR (D) of the humanized murine mAb erbitux spiked at 20 

ng/mL into serum, and one peptide of the analogue mAb internal standard (B). Adapted with 

permission from 19 copyright 2008 American Chemical Society. 
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Despite the differences between the two proteins and their resulting tryptic peptides, 

the internal standard corrected quite well for the analytical variation. Results of 

quality control samples demonstrate that the method has acceptable performance. 

While the selection process of the internal standard is not described, the authors 

comment on the broad applicability of bovine fetuin as internal standard in protein 

analysis. Due to its bovine origin, many tryptic peptides that are formed during 

digestion 

are not commonly formed from human proteins. From these peptides, it is often 

possible to select one that is similar to the signature peptide of a large range of 

proteins of interest. This is an advantageous feature, because when using an 

analogue protein internal standard and extracting peptides from the digested 

plasma, one needs to optimize the extractions to quantitatively extract the signature 

peptides of both the analyte and the internal standard. The availability of several 

candidate internal standard peptides increases the chance of reaching a suitable 

compromise. 

Furthermore, the publication offers a comparison between the performance of a SIL 

version of the signature peptide (see section 4.1), and the protein bovine fetuin used 

as an analogue internal standard. In this comparison, the correlation coefficients of a 

set of calibration samples measured using both approaches are compared and it is 

concluded that the analogue protein internal standard outperforms the SIL signature 

peptide. This finding underlines the importance of having an internal standard that 

corrects for as many sample handling steps as possible, and in this example, the 

SIL-peptide does not correct for the digestion. 
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Figure 3. LC-MS/MS chromatograms of the signature peptide (LFDNAMLR, doubly charged 

at 490.4 m/z) after digestion of a plasma sample containing the therapeutic mAb somatropin 

spiked at 1 µg/ml. Sample clean-up with only reversed-phase SPE (A) or with a combination 

of reversed-phase SPE and ion-exchange SPE (B). Adapted with permission from 
16

, 

copyright 2007 American Chemical Society. 
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2.5 Protein quantification using peptide internal 
standards 

2.5.1 Stable-isotope labeled peptides as internal standards 

When a SIL-protein is unavailable, a peptide added to the digestion mixture can be 

used as internal standard. The SIL version of the chosen signature peptide released 

from the protein can be created using solid phase peptide synthesis 
50

. Specialized 

synthetic labs offering the procedure as a service are becoming more common. For 

SIL-peptide internal standards, any one or a number of amino acids in the sequence 

can be replaced using the corresponding SIL amino acid. 

This internal standard will not correct for steps in the procedure preceding and 

including the actual release of the signature peptide from the protein during 

digestion. It will however correct for variations caused by the subsequent extraction 

steps and the final LC-MS/MS analysis. By optimizing all steps in the procedure that 

are not covered by the internal standard, acceptable results can be obtained, as is 

reported in several publications. Arsene et al. reported on the effects of digestion 

rate on the accuracy of an analytical method 
51

. Using purified recombinant growth 

hormone as a model analyte, it was demonstrated that careful optimization of the 

digestion is crucial, as any variation in the completeness of proteolytic digestion will 

negatively affect the obtained results. Figure 4 shows how the internal standard 

corrects for degradation of the tryptic peptides in the digestion mixture after release 

from the protein. In this case, the actual release of the tryptic peptides is relatively 

fast, and the reaction should be terminated after one hour. Longer digestion times 

resulted in decreased sensitivity due to degradation or adsorption of the signature 

peptide. The SIL-peptide internal standard corrected for degradation when added 

prior to the digestion step, because it is degraded at the same rate as the analyte, 

which will not typically be the case for analogue internal standards. 

Hagman et al. described an analytical method for a therapeutic mAb using a SIL-

signature peptide as internal standard 
11

. The SIL-peptide internal standard is added 

to serum at the start of the sample preparation procedure. The method consists of 

an albumin depletion step, reduction and alkylation, overnight digestion using trypsin 

and analysis of the digest using LC-MS/MS. Even though the internal standard does 

not correct for any of the steps in the procedure, except for the final LC-MS/MS step, 

the accuracy and precision experiments showed an acceptable variation below 20%, 

probably because of the effort that was invested in choosing and optimizing the 

albumin depletion method, which is not covered by the internal standard. 

When a SIL-peptide is used, it is preferable to use an approach that minimizes 

sample handling variability at steps for which the internal standard does not correct 

and to digest the entire sample matrix and perform extractions on the digest. A SIL-

peptide internal standard will correct for the peptide extractions, because it is 

chemically identical to the signature peptide of the analyte. This approach was 
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reported by Hoofnagle et al. 
17

 for thyroglobulin, a low abundance serum protein 

which is useful as a cancer biomarker. Quantification of thyroglobulin using LBAs is 

often problematic due to nonspecific binding and competing auto-antibodies. These 

issues are avoided when using the LC-MS/MS approach. After digestion of 

untreated serum, the SIL-peptide is added to the digest, an immuno-affinity 

extraction of the (SIL) peptide is performed, and the extract is analyzed using LC-

MS/MS. This approach is known as Stable Isotope Standards and Capture by Anti 

Peptide Antibodies (SISCAPA). As both the non-specifically binding proteins and 

competing auto-antibodies are co-digested, these proteins are no longer able to 

negatively impact the results. While this approach allows the detection of tryptic 

peptides from low abundance proteins, there still is the undesirable need for the 

time-consuming production and characterization of antibodies. 

 

 

 

Figure 4. Time profile of the abundance of the unstable peptide 

YSFLQNPQTSLCFSESIPTPSNR (filled diamonds, solid line) during trypsin digestion of 

purified recombinant growth hormone and of the SIL-peptide internal standard containing a 
13

C6-
15

N-leucine in position 11 (triangles, dashed line) added prior to digestion. Adapted with 

permission from 
51

, copyright 2007 American Chemical Society 

 

Several methods have been published, reporting the SIL-peptide internal standard 

approach, where the untreated sample is digested and analyzed without further 

pretreatment using LC-MS/MS, making this a relatively straightforward approach. 

Selectivity results from the chromatographic separation and the mass spectrometric 

detection. As the SIL-peptide internal standard corrects ideally for this part of the 

method, this approach is expected to perform well. However, due to the limited 

selectivity towards potential interferences that can cause ion-suppression and the 
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limited binding capacity of chromatography columns, which is primarily taken up by 

high-abundance peptides, sensitivity is often limited. An example of such an 

approach was reported by Bondar et. al. 
9
. The analyte is the abundant serum 

protein Zn-α-glycoprotein which is a potential prostate cancer biomarker. In the 

reported method, the untreated serum sample is subjected to trypsin digestion, after 

which the internal standard is added and finally the digest is analyzed using LC-

MS/MS. For this application, a LLOQ of 0.32 mg/mL is sufficient and, therefore, the 

method does not require incorporation of sophisticated extraction techniques. For 

low abundance proteins that need to be quantified at lower concentrations, this 

approach will usually not provide sufficient sensitivity. 

In a special type of SIL-peptide internal standard, the 
16

O atoms of carbonyl groups 

present on a peptide are exchanged with 
18

O from H2
18

O under acidic conditions. 

This reaction uses available chemicals in a straightforward procedure, and 

potentially offers a generic and relatively inexpensive platform to produce internal 

standards 
52

. The C-terminal carboxylic acid group as well as aspartic and glutamic 

acid residues are all locations for this type of acid catalyzed oxygen exchange. Each 

carboxylic acid group in the peptide will receive an additional mass of 4Da. Any 

peptide can be treated in this way and subsequently used as a SIL internal standard, 

provided that the mass difference between the treated and untreated peptide is large 

enough. Although this sounds promising, the procedure has some disadvantages. 

Firstly, back exchange with naturally abundant 
16

O in water can occur during sample 

processing or during storage in for example an autosampler, when pH and storage 

conditions are not optimal 
53

. Secondly, complete exchange of all susceptible 

oxygen atoms in a molecule is difficult often resulting in a mixture of several partially 

labeled molecules. Finally, addition of the 
18

O-SIL-peptide to the sample prior to 

digestion will result in enzyme-catalyzed back-exchange of the C-terminal oxygens, 

resulting in reduction of the mass difference. Therefore, the use of this type of 

internal standard in quantitative bioanalysis is rarely reported. 

Jiang et al.
26

 report the use of this approach for the absolute quantification of the 

cystic fibrosis transmembrane conductance regulator (CFTR) in cell lysate using 

both Lys-C and trypsin for digestion. A SIL-peptide containing four 
18

O atoms, 

created by acid catalyzed oxygen exchange, was added to the sample. To compare 

differences in performance of the method when adding the internal standard at 

different points in the procedure, it was added before, and after trypsin digestion. 

The 
18

O4 SIL-peptide added to the sample before digestion was converted to an 
18

O2 

SIL-peptide by enzyme catalyzed oxygen exchange. The 
18

O4 and the 
18

O2 SIL-

peptides were found to perform equally during quantification. In Figure 5, high 

resolution mass spectra of the peptide and its two internal standards are shown. 

Enzyme-catalyzed 
18

O incorporation into the C-terminal carboxylic acid group during 

trypsin digestion is used in quantitative proteomics, and has recently been applied to 

targeted protein quantification. Other carboxylic groups are unaffected and the mass 

difference is therefore smaller than in acid catalyzed exchange. 
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2.5.2 Stable- isotope labeled peptides containing a cleavable group 
as internal standards  

Recently, SIL-peptide internal standards containing a cleavable group have received 

increased attention. This approach for internal standardization offers partial 

correction for variation in trypsin digestion efficiency in addition to correcting for any 

subsequent sample handling and instrumental analysis steps. The internal standard 

molecule consists of a SIL version of the signature peptide to which a cleavable 

sequence tag has been attached. This tag is cleaved during trypsin digestion 

releasing the SIL-peptide. Different cleavable tags can be connected to the SIL-

peptide, so one might choose to use one that also improves the physicochemical 

properties of the internal standard. For example, using a polar group will improve 

solubility of the internal standard in an aqueous environment while using an 

extended amino acid chain might alter the digestion characteristics of the internal 

standard to better mimic those of the analyte protein. 

Depending on the location of the signature peptide in the protein it is released either 

in the early phase of digestion, which is the case when it is located on the surface of 

the protein, or not until the digestion is reaching completeness in case of less 

accessible internal peptides. As a rule, the cleavage site in this type of internal 

standard is rather accessible compared to the protein analyte, which means that it 

will provide the best correction when the corresponding signature peptide is located 

on the surface of the target protein. A comparison between a SIL-peptide internal 

standard with and without a cleavable tag was reported by Barnidge et al. 
54

 The 

model protein human serum albumin (HSA) was subjected to a number of digestion 

procedures in the presence of these two types of internal standards. In order to be 

able to distinguish between the two SIL internal standards after digestion, a different 

amount of labeling was used in each of them. The cleavable internal standard 

contained two separate cleavage sites. Release of the HSA-signature peptide was 

complete in 20 min, while the release of the labeled HSA-signature peptide from the 

cleavable internal standard was complete in 1 min. Linear regression using the 

signature peptide and the two different internal standards demonstrated no 

significant differences in performance between the two approaches of internal 

standardization. The different digestion kinetics between the protein and the 

cleavable signature peptide internal standard explains the lack of difference in 

performance between a cleavable and a regular signature peptide. It was concluded 

that in this case, a cleavable SIL-peptide, cannot ideally correct for the digestion, 

and thus offers little advantage over a regular SIL-peptide internal standard. 
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Figure 5. High-resolution mass spectra of the doubly charged signature peptide NSILTETLHR 

released by digestion from the protein CFTR; native form containing solely 
16

O (A), after acid-

catalyzed 
18

O-exchange of the digest, resulting in NSILTE(
18

O2)TLHR(
18

O2) (B) and after 

digestion of the 
18

O-containing peptide, resulting in NSILTE(
18

O2)TLHR because of partial 
16

O-back exchange (C). Adapted with permission from 
26

, copyright 2010 American Chemical 

Society. 

  



34 

An application of the approach is reported by Ocaña et al.
25

 who describe an 

analytical method to quantify matrix metalloprotease 9 (MMP-9) in mouse serum. 

MMP-9 was enriched from serum by immuno-affinity extraction. After desorption 

from the beads, the cleavable SIL-peptide was added and the sample digested 

using trypsin followed by multidimensional chromatography comprising three trap 

columns (reversed-phase, strong cation-exchange and reversed-phase), prior to 

nano-flow HPLC and tandem mass spectrometry. The release of SIL-signature 

peptide from the cleavable SIL internal standard was significantly faster than the 

release of the signature peptide from the protein. A plateau was reached for both 

digestions after about 4.5 hours indicating that both reactions had reached 

completeness resulting in a stable analyte/internal standard ratio, as is depicted in 

Figure 6. Excellent stability of the signature peptide was observed under digestion 

conditions. Therefore an overnight digestion time of 21 hours was used. 

 

 

 

 

Figure 6. Time profile showing the differences in speed of release of the (SIL) peptide 

GSPLQGPFLTAR from MMP-9 and the cleavable SIL-peptide internal standard KFLNHR-

GSPLQG[
13

C5-
15

N-P]F[
13

C6-
15

N-L]LTAR-TWPALP during trypsin digestion. Adapted with 

permission from 
25

, copyright 2010 American Chemical Society. 
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2.5.3 Structural analogue peptides as internal standards 

An analogue peptide may also be used as internal standard. Selection of a close 

analogue is required to sufficiently correct for the LC-MS/MS analysis as well as the 

preceding sample treatments. Of all possible internal standard approaches, this is 

the least attractive because it provides no correction for protein extraction and 

digestion and only limited correction for peptide extraction and instrumental analysis. 

Due to the increasing availability of SIL-peptide internal standards, this approach is 

now rarely used. The difference in performance of an analogue and a SIL-peptide 

internal standard was demonstrated by Stokvis et al. 
55

. In the quantitative 

determination of the synthetic cyclic depsipeptide kahalalide F (1464 Da), these two 

approaches of internal standardization were compared. For this analyte, a digestion 

is not necessary and both internal standards could be added to the sample at the 

start of the procedure. The difference in assay performance when using these two 

different internal standards can therefore be directly attributed to the correction that 

each offers. It was concluded that the SIL-peptide internal standard offered a 

significantly better assay performance compared to the analogue internal standard. 

This difference in performance is explained by a difference in physicochemical 

properties of the analogue internal standard and the analyte, which, for example, 

results in a difference in retention time between the analyte and the analogue 

internal standard peptide while no such difference is observed for the SIL-peptide 

(Figure 7). 

 

2.5.4 Protein quantification using differential derivatization of 
peptides 

Differential derivatization (labeling) of tryptic peptides is a common approach in the 

field of quantitative proteomics. Several methodologies have been developed and 

are commercially available 
56

. Due to the non-targeted nature of the analytical 

approach, a great advantage of differential labeling lies in the simultaneous creation 

of SIL-peptide internal standards for all tryptic peptides in a sample in one single 

step (global internal standard). The broad applicability of this approach has resulted 

in a number of new, innovative strategies. Because the field has been adequately 

reviewed 
57

 
58

, only the approaches applicable to targeted protein quantification are 

covered in this review. Due to the targeted nature of absolute biopharmaceutical 

quantification, creation of multiple SIL- peptide internal standards is not as 

advantageous as in proteomics, making the approach less popular in this field. 

Dimethyl labeling using formaldehyde was the first differential derivatization 

technique to be used in the field of quantification of biopharmaceuticals. In dimethyl 

labeling, the biological sample containing the protein of interest is digested and the 

resulting peptides, including the signature peptide, are derivatized using 

formaldehyde. 
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Figure 7. LC-MS/MS chromatograms of the doubly charged peptide kahalalide F (A), and two 

different types of internal standards: an analogue peptide (B) and a SIL form of the analyte 

(C). Adapted with permission from 55 copyright 2004 John Wiley and Sons, Ltd. 
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In parallel, a fixed amount of a standard solution of the protein is digested and the 

signature peptide derivatized with formaldehyde-d2, thus creating a SIL internal 

standard for the derivatized sample. The samples are mixed and subsequently 

analyzed using LC-MS/MS. The mass difference between the analyte and the 

internal standard peptides after derivatization depends on the number of free amines 

in the signature peptide. Free primary amines are present at the N-terminus and 

lysine side chains. After derivatization, each amine is methylated twice with labeled 

or unlabeled formaldehyde, resulting in a mass difference of 4 Da in this case. An 

advantageous characteristic of the approach is its broad applicability, as every 

tryptic peptide contains at least one free amine at the N-terminus. Furthermore, 

chemicals used in the procedure are inexpensive and readily available. During the 

sample handling steps preceding instrumental analysis, both the analyte and its 

internal standard undergo the same treatment. However, the internal standard and 

the analyte are derivatized in a different tube therefore any between-sample 

variability during this step will negatively impact the final results. Hence, it is advised 

to limit sample handling prior to the derivatization step. Once the labeled internal 

standard has been added to the sample, it is expected to correct for instrumental 

variability. 

Ji et al.
11

 reported on the applicability of this approach for the absolute targeted 

quantification of a therapeutic monoclonal antibody as a model compound. After 

digestion of the samples in a 96-well format, formaldehyde-d2 was added to a single 

well, which contained a high concentration of the digested protein of interest. To the 

rest of the wells, undeuterated formaldehyde was added. After completion of the 

reaction, the content of the well containing the SIL internal standard was diluted and 

an equal amount was added to all other wells. In this approach, a borane-pyridine 

complex was used as reductive agent. For this specific application, sensitivity and 

selectivity were sufficient, even though no extractions were performed. This is 

demonstrated in Figure 8, which shows representative chromatograms obtained 

using this method. A partial method validation in human plasma demonstrated 

acceptable method performance. 
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Figure 8. LC-MS/MS chromatograms 

showing the triply charged derivatized 

signature peptide (CH3)2ASQSVINYL-

AWYQQK(CH3)2PGQAPR, released 

from a therapeutic mAb spiked at the 

LLOQ of 1 µg/mL in monkey plasma, 

after dimethyl labeling with 

formaldehyde, at m/z 821.3 (A) and the 

corresponding internal standard, 

created by dimethyl labeling using 

formaldehyde-d2, resulting in triply 

charged (CH3)2ASQSVINYLAWYQQK-

(CH3)2PGQAPR at m/z 824.0 (B). 

Adapted with permission from 
11

, 

copyright 2009 American Chemical 

Society. 

 

 

 

2.5.5 Protein quantification without internal standards 

To the best of our knowledge, no targeted quantitative methods for proteins have 

been described which use LC-MS/MS without internal standards. The cause for this 

lies in the complexity of the required analytical procedure and the necessity of 

correcting for the inherent experimental variability caused by the detection system. 

For methods used in screening, however, this approach has been described. To 

discuss the performance of the technique in this review, we refer to an example from 

the area of doping control 
27

. LC-MS/MS is used to determine the presence of the 

performance enhancing drugs recombinant human erythropoietin (rhEPO) and 

darbepoetin (DPO) in equine plasma samples from the horse racing industry. The 

two proteins are simultaneously extracted from equine plasma using anti-EPO 

antibodies in a magnetic bead format. After elution from the antibodies, the samples 

are buffer exchanged using a centrifugal filtration device to a buffer suited for trypsin 

digestion. Following trypsin digestion the samples are stored at -70 
0
C before 

analysis by LC-MS/MS. One signature tryptic peptide present in both proteins was 

selected and quantified by LC-MS/MS using reversed phase gradient elution 

coupled to a linear ion trap mass spectrometer. 

The lack of internal standards and the complex sample treatment procedures affect 

the performance of the method but apparently no formal validation was required. For 
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this reason, the method can only be considered suitable for semiquantitative 

estimation of the concentrations of hrEPO and DPO. The range of the method is 0.1 

to 2.5 ng/mL and the limit of confirmation was set at 0.2 ng/mL. Any sample having 

rhEPO or DPO concentrations exceeding this value was considered positive for 

these controlled substances. Reanalysis of some samples previously analyzed using 

a LBA showed that both methods have comparable performance in terms of 

providing confirmatory evidence. 

 

2.6 Conclusion and perspectives 

The LC-MS/MS methods for quantitative determination of biopharmaceuticals, 

shown in Table 2, have been categorized according to three main workflows: (1) 

digestion of proteins in the untreated sample (e.g. plasma) with no further peptide 

extraction, (2) idem with subsequent peptide extraction and (3) digestion of the 

protein after its extraction from the matrix. To enable a relatively unbiased 

comparison, the reported LLOQs have all been converted to the same concentration 

unit, nmol/l. Some interesting conclusions can be drawn from this summary. 

In procedures where the protein is not extracted (approaches 1 and 2), digestion is 

performed on all proteins in the sample, resulting in a digest containing an extremely 

large number of peptides with a very high total concentration. The complexity of 

such a digest is significantly greater than that of the sample before digestion 

because the digestion step multiplies the number of (possibly interfering) 

compounds in the sample. Furthermore, proteins are cleaved at specific locations, 

making the resulting peptides chemically more similar than the original proteins 

rendering selective extraction of peptides from the digested sample more difficult. 

In approach (1) selectivity results entirely from the LC-MS/MS analysis, as no 

extractions are performed. As this approach often suffers from significant ionization 

suppression resulting from tryptic peptides that co-elute with the signature peptide, 

this approach typically results in relatively poor sensitivity. The application of this 

approach is, therefore, limited to more abundant proteins or high-dose 

biopharmaceuticals such as mAbs. On the other hand, the absence of extraction-

related variability when using this approach is expected to positively impact 

accuracy and precision. 

In approach (2), the signature peptide is extracted from the digested untreated 

sample. Several extraction techniques with different selectivity have been used. 

Even though SPE is considered to be quite selective, one or two-dimensional SPE 

applied to a digested sample did not result in a significant improvement of sensitivity 

compared to approaches where no post digestion extractions were performed (see 

Table 2). The selectivity of the applied extractions was apparently not sufficient to 

reduce matrix interferences. A poor recovery of the peptide from the digest, 

adsorption of the peptide to surfaces or reduced solubility in specific solvent 

combinations might have also lowered sensitivity. The optimization approaches 
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taken when using SPE for extracting a signature peptide from a digest should 

perhaps be different from the ones taken for extraction of a small molecule in a 

manner that provides a higher resolution for this specific class of analyte.  

The use of immuno-affinity extraction of the signature peptide from a digested 

sample has been reported. The sensitivity of this method exceeds that of any other 

method where the protein itself is not extracted before digestion and is comparable 

to that of the most sensitive methods using protein extractions before digestion. A 

SIL-peptide internal standard will correct for losses during immuno-affinity extraction 

resulting in acceptable accuracy and precision. 

The highest sensitivity is reported for methods that use approach (3), in which the 

protein of interest is extracted from the biological matrix before the sample is 

digested. Compared to the other approaches, it results in the cleanest extracts 

because, ideally, only the protein of interest and its internal standard are digested 

which results in a small number of tryptic peptides. Since a generic platform for 

protein extraction from plasma has not been described, immuno-affinity extractions 

are typically used for this purpose. The use of an internal standard that corrects for 

the variability caused by this step of the procedure is uncommon, since the SIL-

protein is difficult to obtain without access to the production cell line. The use of an 

immuno-affinity extraction introduces some problems typically associated with LBAs 

into the LC-MS/MS method. Firstly, there is a need to produce and characterize 

antibodies, which increases the time needed to set up the method. Secondly, 

without a SIL-protein internal standard, variability in protein extraction is not 

corrected for which negatively impacts accuracy and precision. At the moment, high-

sensitivity LC-MS/MS in extremely complex samples such as plasma requires the 

need for immuno-affinity enrichment either at the protein or the peptide level.  

There is currently no single approach for internal standardization in the field of the 

quantitative determination of biopharmaceuticals. Table 2 compares the different 

internal standard approaches with respect to their ability to correct for variability of 

the different analytical steps and their generic availability. While most of the 

discussed approaches do correct for LC-MS/MS analysis and peptide extraction, 

proper correction for protein extraction and digestion is more difficult to achieve. For 

reliable analytical results it is thus essential that any step which is not covered by the 

internal standard must be thoroughly optimized and well controlled during sample 

analysis. 
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3.1 Abstract 

Two important aspects of peptide and protein quantification by LC-MS/MS, the 

enzymatic digestion step and the internal standardization approach, were 

systematically investigated with a small protein, salmon calcitonin, which could be 

analyzed both without and with digestion. Quantification of undigested salmon 

calcitonin, after solid-phase extraction from plasma, resulted in a lower limit of 

quantification of 10 pg/mL, while introduction of a tryptic digestion step, followed by 

quantification of a signature peptide, increased this to 50 pg/mL. The sensitivity was 

reduced by interferences in the selected reaction monitoring (SRM) transition of the 

signature peptide due to the increase in sample complexity caused by the digestion 

and a less selective SRM transition of the signature peptide as compared to 

undigested salmon calcitonin. Eight internal standardization approaches were 

compared with respect to accuracy and precision in workflows with and without 

digestion. Analogue and stable-isotope-labeled (SIL) internal standards were 

evaluated including an in-house created (18)O-labeled peptide, a cleavable SIL 

peptide, and an internal standard created by differential derivatization of the 

signature peptide. We conclude that the best internal standard for the workflows 

both with and without digestion was the SIL form of the analyte, although the use of 

several SIL signature peptides and a differentially derivatized signature peptide also 

resulted in methods with performances which meet the FDA guidelines. 
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3.2 Introduction 

In recent years, liquid chromatography hyphenated to tandem mass spectrometric 

detection (LC-MS/MS) has gained popularity as an analytical platform for the 

targeted quantification of proteins, such as biomarkers and biopharmaceuticals, in 

complex biological samples, a field traditionally dominated by ligand binding assays 

(LBAs). This is driven by a number of analytical advantages over LBAs, including 

improved precision and accuracy, better robustness and inter-laboratory 

comparability of results and the potential for generic approaches without the need to 

raise antibodies against the target analyte. 

Because of its incompatibility with molecules larger than approximately 10 kDa, 

protein quantification by LC-MS/MS usually includes proteolytic digestion of the 

analyte with an enzyme such as trypsin, to cleave it into a set of smaller peptides, 

one of which, the signature peptide, is subsequently used for quantification as a 

surrogate for the protein. 

Much research has been devoted to the optimization of the enzymatic digestion 

step, particularly with regard to its speed, completeness and reproducibility and 

especially in the field of proteomics 
1–5

. Still, the impact of digestion on the 

performance of targeted protein quantification with regard to parameters such as 

selectivity and sensitivity has been relatively unexplored. 

For both proteomic and targeted analytics, the proteolytic digestion of a biological 

sample such as plasma increases its complexity significantly, as each of the 

thousands of proteins is cleaved into multiple peptides with relatively similar 

physicochemical properties. Therefore, even when highly selective mass 

spectrometric detection is used in selected reaction monitoring (SRM-) mode, other 

peptides may cause interfering peaks and elevate the background, both of which 

can reduce the obtainable sensitivity. In some cases, the presence of a signature 

peptide with favorable properties with regard to sensitivity and selectivity allows 

high-sensitivity quantification by digestion without further sample treatment 
4,6,7

, but 

in other situations a more complex work-flow may be required to reduce the number 

of interfering peptides and increase method sensitivity 
8–10

, because sensitivity 

differences between various peptides from the same target protein may be as large 

as a factor 1000 
11

.  

One of the most advantageous features of the LC-MS/MS platform is the possibility 

of quantifying multiple compounds simultaneously. This enables the use of internal 

standards, which enhance the accuracy and precision of the analytical method by 

offering correction for analytical variability due to the sample handling steps. 

Compared to the relatively straightforward situation for small molecules, for which 

either stable-isotope labeled (SIL) forms of the analyte or close structural analogues 

are used, internal standardization for proteins is more complex. A multitude of 

different internal standardization approaches have been described in the field of 

protein quantification with LC-MS/MS and they all have their theoretical advantages 
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and disadvantages 
12

. The most ideal situation would be the use of a SIL form of the 

intact protein 
13

 or of a structurally closely related protein 
14

 to correct for as much of 

the analytical workflow as possible. Another, more widely used approach is the use 

of a SIL form of the signature peptide 
15,16

, which will only cover the post-digestion 

part of the analysis. In order to correct for the digestion, at least partially, the use of 

a SIL peptide containing one or more cleavable groups has been described
17,18

. An 

interesting possibility is the preparation of an 
18

O-labeled form of the signature 

peptide by isotope exchange with 
18

O-labeled water, which can be performed in any 

laboratory without specialized equipment 
19

, as long as oxygen back exchange 

during sample processing or extract storage is avoided 
20

. Finally, preparation of a 

SIL internal standard by chemical derivatization with a SIL reagent during sample 

preparation by so-called differential labeling, is another option 
6
. 

Although the different internal standardization approaches for use in quantitative 

proteomics
 
and target analysis 

12,18,21
 have been reviewed in the literature and a few 

research papers have included a comparison of two 
22,23

 or three 
24

 internal 

standardization approaches for their specific application, a systematic experimental 

investigation into the relative merits of all different types of internal standards has 

not been performed. In this paper, we report the results of such an investigation 

using the small biopharmaceutical protein salmon calcitonin as model compound. 

Since salmon calcitonin can be quantified by LC-MS/MS both with and without 

digestion, the impact of eight different internal standardization methods as well as 

the effect of the enzymatic digestion step on method performance (sensitivity, 

selectivity, precision and accuracy) was investigated. 

 

Name  Sequence   

Salmon calcitonin [1-32] CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTP-NH2 

Human calcitonin [1-32] CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP-NH2 

SIL-salmon calcitonin [1-32] CSNLSTCVLGK*LSQELHKLQTYPRTNTGSGTP-NH2 

(*=
13

C6-
15

N2) 

Eel calcitonin [1-32] CSNLSTCV LGKLSQELHKLQTYPRTDVGAGTP-NH2 

Salmon calcitonin [1-11] CSNLSTCVLGK 

Human calcitonin [19-32] FHTFPQTAIGVGAP-NH2 

SIL-salmon calcitonin [1-11] 
a)
 CSNLSTCVLGK* (*=

13
C6-

15
N2) 

18
O-salmon calcitonin [1-11] CSNLSTCVLGK* (*=

18
O2) 

Derivatized salmon calcitonin [1-11] *CSNLSTCVLGK* (*=(CH3)2) 

Diff. derivatized salmon calcitonin [1-11] *CSNLSTCVLGK* (*=(CHD2)2)  

 

Table 1. The detected species for all work-flows, their amino acid sequence and, if applicable, 

the isotope label.  

a) added as is, or detected after proteolytic release from SIL-salmon calcitonine or the 

cleavable SIL-peptide 
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3.3 Experimental section 

3.3.1 Chemicals 

Ultrapure water was produced using an in-house purification system (Sartorius, 

Göttingen, Germany). Acetonitrile and methanol were purchased from Biosolve 

(Valkenswaard, the Netherlands). Ammonia, Tween-20, ammonium bicarbonate, 

trypsin (T0303), pyridine-borane complex, formaldehyde, hydrochloric acid (37%), 

soybean trypsin inhibitor and 
18

O-labeled water, all of analytical purity, were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Heptafluorobutyric acid (HFBA) 

and formic acid were purchased from Merck (Whitehouse Station, NJ, USA). 

Salmon, eel and human calcitonin were obtained from Bachem (Bubendorf, 

Switzerland). SIL-salmon calcitonin, SIL-salmon calcitonin signature peptide [1-11], 

and the cleavable SIL-salmon calcitonin peptide [1-11] were purchased from JPT-

peptides (Berlin, Germany). Human plasma was purchased from Seralabs (West 

Sussex, UK). The amino acid sequences of the peptides are presented in Table 1. 

 

 

3.3.2 Preparation of stock solutions, calibration standards and 
validation samples 

A stock solution of 1 mg/mL salmon calcitonin was prepared in a solution which 

contained 10% acetonitrile, 10mM ammonium formate and 0.001% Tween-20 in 

water. Standard solutions at 20.0 µg/mL, 500, 50.0 and 5.00 ng/mL were prepared 

in the same solvent. 

Calibration and quality control samples were prepared using a single source of 

human plasma whereas matrix variability samples were prepared using six 

independent sources of human plasma; in all cases, the anti-coagulant was 

K2EDTA. Three different calibration ranges were used: 10 to 1000 pg/mL (work-flow 

A), 50 to 5000 pg/mL (work-flow B) and 100 to 10000 pg/mL (work-flow C). The 

preparation details of calibrators, quality control samples and samples to test matrix 

variability are summarized in Table S1 of the supplementary information. After 

preparation, all samples were stored at -20
°
C. 

 

 

3.3.3 18O-labeling of the signature peptide 

First, 200 µL of salmon calcitonin stock solution was digested for 2 hours at 37°C 

after addition of 100 µL 100mM ammonium bicarbonate (pH 8.2) and 50 µL of a 1-

mg/mL trypsin solution in 1 mM hydrochloric acid, to release the signature peptide. 

The digestion was stopped by the addition of 25 µL of HFBA. To remove trypsin and 
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the digestion buffer from the digested sample, reversed-phase solid-phase 

extraction (SPE) was applied as follows. A Waters (Milford, MA, USA) Oasis HLB 

30-mg, 1-mL cartridge was conditioned with 1 mL of methanol followed by 1 mL of 

0.4% HFBA in water. The digested salmon calcitonin sample was diluted to 1 mL 

with 0.4% HFBA in water and loaded on the cartridge, which was subsequently 

washed with 1 mL of 30% methanol and 0.2% HFBA in water. Elution was 

performed with 1 mL of 90% methanol and 0.2% HFBA in water. The eluate was 

collected in a silanized glass tube and evaporated to dryness at 60°C under a gentle 

stream of nitrogen. The dried sample was reconstituted in 250 mg of 
18

O-labeled 

water, transferred to a 1.5 mL tube which, after addition of 2 µL of HFBA, was 

capped and placed at 50°C for 48 hours. The process of oxygen exchange was 

stopped by raising the pH to 6-7 by addition of 200 µL of 250 mM ammonium 

bicarbonate. The resulting sample was diluted to a volume of 1 mL with water, and 

stored at -20°C. Work-flow A comprises only an extraction (SPE) from plasma 

followed by analysis of the undigested analyte, whereas B incorporates a 

subsequent trypsin digestion step and analysis of a signature peptide and C has an 

additional derivatization step, clean-up by ion-exchange SPE and LC-MS/MS 

analysis of the derivatized signature peptide. In work-flow A, the following internal 

standards were added to the plasma sample prior to SPE: A. intact stable-isotope 

labeled calcitonin; eel calcitonin (a close analogue) and human calcitonin (a more 

distant analogue). 

 

 

3.3.4 Work-flows 

Three different analytical work-flows for peptide and protein quantification were 

investigated (Figure 1).  

In work-flow B, internal standards were added at three separate points in the flow-

scheme. At B1 intact human calcitonin and SIL-salmon calcitonin were added to the 

sample before the extraction; at B2, a cleavable SIL-signature peptide was added to 

the sample directly before digestion, while the SIL-signature peptide, the analogue 

peptide and the 
18

O-labeled signature peptide were added after completion of the 

digestion at B3. In work-flow C, the internal standard was created by derivatization of 

a digest of a standard solution of salmon calcitonin with d2-formaldehyde in parallel 

to the derivatization of the digests of plasma samples with unlabeled formaldehyde.  

Accuracy and precision data were obtained by performing a one-run validation for 

each internal standard, by analysis of a calibration curve, matrix variability samples 

at the lower limit of quantification (LLOQ) in six different lots of plasma, and 

validation samples at four concentration levels spread over the calibration range, 

each in six-fold. For efficiency reasons, the internal standards were combined in one 

validation run, where possible. Accuracy was expressed as the bias of a mean result 

from its corresponding nominal concentration and precision as the coefficient of 
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variation (CV) obtained for the six replicates. Acceptance criteria were as per 

international guidelines for regulated bioanalysis: bias and coefficient of variation 

had to be within 15% (20% at the LLOQ). 

 

 

Figure 1: A graphical representation of work-flows A-C and the different internal 

standardization approaches. The different steps of each of the three work-flows A (extraction), 

B (extraction and digestion) and C (extraction, digestion and derivatization) are indicated in 

bold. The different points at which the internal standards were added to these respective 

work-flows are shown in italic (letters A, B1-3 and C). 
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In work-flow B, internal standards were added at three separate points in the flow-

scheme. At B1 intact human calcitonin and SIL-salmon calcitonin were added to the 

sample before the extraction; at B2, a cleavable SIL-signature peptide was added to 

the sample directly before digestion, while the SIL-signature peptide, the analogue 

peptide and the 
18

O-labeled signature peptide were added after completion of the 

digestion at B3. In work-flow C, the internal standard was created by derivatization of 

a digest of a standard solution of salmon calcitonin with d2-formaldehyde in parallel 

to the derivatization of the digests of plasma samples with unlabeled formaldehyde.  

Accuracy and precision data were obtained by performing a one-run validation for 

each internal standard, by analysis of a calibration curve, matrix variability samples 

at the lower limit of quantification (LLOQ) in six different lots of plasma, and 

validation samples at four concentration levels spread over the calibration range, 

each in six-fold. For efficiency reasons, the internal standards were combined in one 

validation run, where possible. Accuracy was expressed as the bias of a mean result 

from its corresponding nominal concentration and precision as the coefficient of 

variation (CV) obtained for the six replicates. Acceptance criteria were as per 

international guidelines for regulated bioanalysis: bias and coefficient of variation 

had to be within 15% (20% at the LLOQ). 

 

 

3.3.5 Analyte extraction from plasma 

Solid-phase extraction, using Oasis HLB 30 mg 1 mL cartridges (Waters), was 

applied to extract the analyte. A cartridge was conditioned with 1 mL of methanol 

and 1 mL of 0.4% HFBA in water. Next, 500 µL of plasma, mixed with 500 µL 

aqueous 0.4% HFBA was loaded onto the cartridge. The cartridges were 

subsequently washed with 1 mL of 0.4% HFBA in water followed by 1 mL of a 

mixture of 30% methanol and 0.2% HFBA in water. Elution was performed with 1 mL 

of 90% methanol and 0.2% HFBA in water. The eluate was evaporated to dryness at 

60
0
C under nitrogen and reconstituted in 150 µL of a mixture of 10% of acetonitrile 

and 0.001% of Tween-20 in water .These extracts were either transferred to an 

injection-vial for direct analysis, in work-flow A, or to a 1,5- mL polypropylene tube 

for tryptic digestion in work-flows B and C. 

 

 

3.3.6 Total protein assay 

The total protein content of samples was determined with a total protein assay, 

based on bicinchoninic acid (BCA) used according to the manufacturer’s 

instructions, see supplementary information. 
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3.3.7 Tryptic digestion 

To 150 µL of plasma extract, 50 µL of 250 mM ammonium bicarbonate buffer (pH 

~8.2) and 50 µL of 1 mg/mL trypsin in 1 mM hydrochloric acid were added. The 

samples were placed at 37
o
C and shaken at 750 rpm for two hours. The digestion 

was stopped by the addition of 50 µL of 1% formic acid and 10% methanol in water, 

for direct analysis in work-flow B, or, in case of the 
18

O-labeled internal standard, by 

the addition of 50 µL of a 10 mg/mL solution of soybean trypsin inhibitor in water. To 

the samples which were to be derivatized in work-flow C, the digestion was stopped 

by the addition of the derivatization reagents. 

 

 

3.3.8 Differential derivatization 

Due to the toxic, volatile and pungent chemicals required for the derivatization 

reaction, the following procedures were carried out in a fume hood. To the digest of 

a standard solution of salmon calcitonin and to the digests of extracted plasma 

samples, 400 µL of a solution containing 10% of deuterated or unlabeled 

formaldehyde and 10% pyridine-borane complex in methanol was added, 

respectively. The samples were incubated at 37
o
C while shaken at 750 rpm for one 

hour. After derivatization with deuterated formaldehyde, the internal standard 

sample was diluted to 5.0 mL with methanol in water 50% (v/v), of which 50 µL was 

added to the derivatized plasma digests of the analytical batch. These samples were 

subsequently transferred to a silanized glass tube and evaporated to dryness at 

60
0
C under a gentle flow of nitrogen in approximately one hour. 

 

 

3.3.9 Clean-up of derivatized calcitonine signature peptide from the 
derivatization residue 

Waters Oasis MCX 30 mg , 1 mL cartridges were conditioned with 1 mL of methanol 

and 1 mL of 1% formic acid in water. Next, the derivatized sample, reconstituted in 1 

mL of 30% methanol and 1% formic acid in water, was loaded onto the cartridge, 

which was subsequently washed with 1 mL of 1% formic acid in water and 1 mL of 

acetonitrile and eluted with 1 mL of 60% methanol and 2% ammonia in water. The 

eluate was collected in a glass tube and evaporated to dryness at 60
0
C under 

nitrogen. The dried extract was reconstituted in 150 µL of 10% of acetonitrile and 

0.001% of Tween-20 in water.  
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3.3.10 Chromatographic separation and detection 

The chromatographic system consisted of an Acquity I-class UPLC system (Waters) 

and a 100x2.1 mm i.d., 1.7-µm particle diameter Acquity CSH-C18 analytical column 

(Waters) thermostatted at 45
o
C. The mobile phase, a mixture of 0.1% formic acid in 

water (A) and acetonitrile (B) was delivered at a flow-rate of 0.500 mL/min. Detection 

was performed with a TQ-S triple quadrupole mass spectrometer (Waters).  

The extracts resulting from each of the three different workflows required a separate 

set of optimal chromatographic and mass spectrometric conditions. The SRM 

transitions and MS/MS-settings used for detection for each of the (signature) 

peptides are summarized in Table S2 of the supplementary information. Injection 

volumes were 20 µL, 35 µL and 20 µL for work-flows A, B and C, respectively. A 

mobile phase gradient of 17.5% B to 27.5% B in 10 min was used for work-flow A, 

while isocratic elution was performed at 12% B for work-flows B (8 min) and C (5.5 

min). In all cases, a step gradient at 90% was applied afterwards for 1 min, followed 

by equilibration at initial conditions for 2 min. 

 

 

3.4 Results and discussion 

3.4.1 Selection of the test substance 

Selection of the 32-amino acid peptide salmon calcitonin, with an average molecular 

mass of 3431.9 Da, was based on several considerations. Firstly, it is amenable to 

proteolytic digestion with trypsin as its sequence contains three trypsin cleavage 

sites. 

This qualifies the molecule as a test substance for the comparison of work-flows and 

internal standardization approaches which are typical for protein quantification and 

include a tryptic digestion step. Secondly, the molecule is small enough to allow 

direct quantification of the intact molecule by LC-MS/MS, which enables the addition 

of a typical peptide quantification work-flow (i.e. without a digestion step). In this 

way, the effect of the digestion step on method performance can be assessed. 

Finally, the availability of internal standard candidates is relatively good because 

analogue molecules (calcitonins from other species such as eel and human) are 

commercially available and due to its relatively small size, a stable-isotope labeled 

(SIL) internal standard of the entire molecule can be readily obtained by chemical 

synthesis. 
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3.4.2 Extraction of the analyte from plasma 

As discussed in the next section, enrichment of the analyte and removal of 

interfering matrix compounds is important for high-sensitivity analysis. Reversed-

phase SPE was applied to extract intact salmon calcitonin as well as the different 

intact internal standards, SIL-salmon calcitonin, eel and human calcitonin from 

human plasma. During the extraction, an anionic ion-pairing reagent (HFBA) was 

added, which pairs with positively charged amines on the analyte and, due to its 

acidic nature, also protonates the carboxylic acid moieties present on the analyte. 

The charge-neutral complex thus formed showed increased retention compared to 

the otherwise zwitterionic peptide. HFBA is relatively volatile, which allowed its 

removal by the evaporation step that followed the SPE procedure. This is important, 

because the acidity of HFBA is incompatible with the subsequent digestion and its 

presence may also reduce ionization efficiency upon LC-MS/MS analysis.  

After trapping the peptides on the cartridge, washing with 30% methanol removed 

interfering substances without eluting any significant amount of the analyte or the 

internal standards. Furthermore, when using 90% methanol, elution was essentially 

complete. The extraction recovery of the analyte and the three corresponding intact 

internal standards was approximately 80%. A total protein assay showed that more 

than 99% of plasma proteins were removed by this SPE procedure. 

 

 

3.4.3 Digestion – impact on method selectivity and sensitivity 

Even though several proteolytic enzymes are available, trypsin appears to be most 

widely used to cleave analytes and internal standards into peptides 
12

, probably 

because of the favorable average length of the peptides it releases and their good 

ionization characteristics for electrospray LC-MS/MS, compared to peptides 

generated by other proteolytic enzymes 
25

. 

Tween-20, a polysorbate surfactant, was added to the digestion solvent to prevent 

adsorption of salmon calcitonin and its signature peptide to the surface of the 

reaction tube and the autosampler vial 
26

. The digestion was found to be complete 

after 1 hour, as is shown in Figure S1 in the supplementary information. However, to 

account for a possible variability between samples, a digestion time of 2 hours was 

used. 

The tryptic digestion step may impact the selectivity of an LC-MS/MS method for a 

protein analyte in a protein-containing matrix, because proteins present in the 

sample will be cleaved into a mixture of peptides, which are much more similar to 

each other in terms of size and physicochemical properties than the proteins in the 

original sample. 

The effect of the digestion step on the selectivity and sensitivity of this type of 

quantifications was assessed by mapping the effect of adding increasing amounts of 
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digested plasma to a digested aqueous solution of salmon calcitonin (Figure 2). LC-

MS/MS chromatograms are shown of a tryptic digest of an aqueous solution of 

salmon calcitonin at 2.00 ng/mL to which increasing amounts of a tryptic digest of 

untreated plasma (1% to 50%) were added. In the aqueous sample, only one peak 

is visible, which corresponds to the signature peptide [1-11] of calcitonin (A). After 

addition of 1% plasma digest, the presence of other peptides originating from 

digested matrix proteins increased the background visibly (B). At higher percentages 

of digested plasma, the background increased further and more interfering peaks 

appeared in the chromatograms (C, D, and E). 

Finally, at 50% of added digested plasma, the analyte peak can no longer be 

distinguished from plasma interferences (F). Despite the addition of increasing 

amounts of digested plasma, the height of the salmon calcitonin peak did not 

change. This indicates that the presence of a high concentration of peptides, part of 

which co-eluted with the peptide of interest did not cause ion-suppression. Instead, 

sensitivity was limited by an increase in the background signal, which reduced the 

signal to noise ratio and thus the sensitivity of the method. 

This shows that the high complexity of a plasma digest may result in selectivity 

limitations due to the presence of other tryptic peptides, even for a highly selective 

detection technique as LC-MS/MS in the SRM mode. In terms of sensitivity, we 

estimated that the lower limit of quantification, defined for this purpose as the 

analyte response corresponding to 10 times the background, increased from 0.2 

ng/mL for a clean aqueous solution to 20 ng/mL in the presence of 50% plasma 

digest, i.e. a loss of a factor 100 in method sensitivity. 
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Figure 2: LC-MS/MS chromatograms in the SRM mode for tryptic peptide [1-11] (retention 

time approximately 2.9 min). Increasing amounts (volume percentage) of trypsin-digested 

plasma were added to a digest of an aqueous solution of salmon calcitonin at 2.0 ng/mL: 0% 

(A), 1% (B), 5% (C), 10% (D), 20% (E) and 50% (F); all chromatograms were scaled to the 

height of the peptide peak. 
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3.4.4 Chromatography and detection – impact on method selectivity 
and sensitivity 

Because of the interference of co-digested matrix proteins, it is important to optimize 

the LC-MS/MS conditions in such a way that their impact is minimized. For all 

workflows, the chromatography was fine-tuned to obtain a maximum separation 

between the (non-endogenous) analyte peak and interfering peaks originating from 

endogenous matrix proteins within a reasonable run time (8.5-13 min). This was 

achieved by comparing the response for blank plasma at the retention time of the 

analyte to that of the analyte itself. The overall effect of digestion on selectivity and 

sensitivity is illustrated in Figure 3, which shows the LC-MS/MS chromatograms at 

the LLOQ for samples from work-flows A and B (see Figure 1). 

 

 

Figure 3: LC-MS/MS chromatograms of human plasma samples spiked with salmon 

calcitonin at the LLOQ level for each of the three work-flows. A: intact salmon calcitonin (4.65 

min.) after extraction from plasma (10 pg/mL); B: tryptic peptide [1-11] (2.87 min.) after 

extraction of salmon calcitonin (50 pg/mL) and digestion; C: derivatized tryptic peptide [1-11] 

(3.90 min) after extraction from plasma (100 pg/mL), digestion and derivatization (C). 
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In Figure 3A, the LC-MS/MS chromatogram of a plasma extract from work-flow A 

(intact salmon calcitonin) is shown, which allows an LLOQ of 10 pg/mL. Figure 3B 

shows the chromatogram of an identical plasma extract, analyzed after trypsin 

digestion (work-flow B), which resulted in a considerably higher LLOQ of 50 pg/mL. 

The sensitivity of work-flow B is limited by the presence of significant interferences, 

which are not present for work-flow A. This is explained by the increased complexity 

of the sample after digestion, combined with a less selective SRM-transition. Even 

though 99% of the protein content was removed from the samples before the 

digestion step, the remaining 1% (~650 µg/mL) of plasma proteins is still more than 

a factor of 10
6
 higher than the LLOQ. 

 

 

3.4.5 Differential derivatization – impact on method selectivity and 
sensitivity 

Derivatization of a tryptic digest with formaldehyde can improve the physicochemical 

properties of the signature peptide for LC-MS/MS analysis as it may result in 

increased chromatographic retention and enhanced ionization and fragmentation, 

resulting in an increase in sensitivity of the analytical method 
27

. 

For digested salmon calcitonin, however, derivatization of the signature peptide with 

formaldehyde (work-flow C in Figure 1) did not increase the sensitivity of the 

method. On the contrary, the LLOQ increased to 100 pg/mL, the least favorable for 

the three work-flows and two-fold higher than for work-flow B, which uses digestion 

without derivatization. Even though an additional SPE step was included to further 

purify the extract after derivatization and a high-resolution chromatographic method 

was applied, the sensitivity-limiting factor in this case was the presence of significant 

interferences resulting in a high background (see Figure 33C). A comparison of the 

selectivity of the available SRM transitions for the derivatized signature peptide can 

be found in Figure S2 of the supplementary information. 

 

3.4.6 Preparation of an 18O-labeled internal standard 

In-house preparation of an 
18

O-labeled form of a signature peptide is an interesting 

option to obtaining a SIL internal standard, as an alternative to purchasing it from 

commercial suppliers. In the most widely used approach, acid-catalyzed oxygen 

exchange 
19

, the peptide is heated in acidified H2
18

O to exchange all carboxyl 
16

O 

atoms from the C-terminus and the aspartic and glutamic acid moieties in the 

peptide with the 
18

O atoms of the water molecules. After heating a digest of salmon 

calcitonin in acidified H2
18

O at 50°C for 48 hours, the exchange was found to be 

complete since the unlabeled form of the signature peptide could no longer be 
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detected by LC-MS/MS. An undesirable side-reaction is the possible occurrence of 

deamidation of glutamine and asparagine under the reaction conditions, which 

lowers the yield of the reaction product and gives rise to deamidated side-products 

which may need to be chromatographically separated 
28

. Our signature peptide 

contains one asparagine residue and after completion of the oxygen-exchange 

reaction, the deamidated product of the labeled signature peptide was found to be 

present, but not to interfere because it had been chromatographically separated. 

When using internal standards created with this approach, back-exchange of the 
18

O 

atoms with 
16

O atoms of the water molecules in the sample may occur. This will 

happen when the 
18

O-labeled internal standard is exposed to low pH values or to 

active trypsin during sample processing or storage of the extracts in the 

autosampler. Several approaches to prevent back-exchange were compared (see 

Figure S3, supplementary information). In our work, back exchange was prevented 

by the addition of soybean trypsin inhibitor at twice the molarity of trypsin, which 

inhibited trypsin without acidification.  

 

3.4.7 Internal standard selection – impact on method precision and 
accuracy 

Tables S3-S6 (supplementary information) summarize all results obtained for the 

different internal standardization approaches, including those for the three work-

flows without an internal standard. The values for accuracy and precision for the QC 

samples with the different work-flows and internal standards are shown Figure 4. 

Results for work-flow A (quantification of the intact analyte) without an internal 

standard indicate that sample handling and extraction introduced too much 

variability at 100 pg/mL resulting in a bias outside the acceptance criterion of ±15%. 

When SIL salmon calcitonin was used as internal standard, a large improvement in 

both accuracy and precision was observed at both high and low concentrations. This 

finding is in line with the expectation that a SIL-internal standard of the analyte itself 

will offer optimal correction for experimental variability. Applying eel calcitonin, a 

close analogue of salmon calcitonin (90% sequence identity), as internal standard, 

did not improve overall assay performance. While precision and accuracy were 

acceptable at the higher analyte concentration, the internal standard introduced 

additional variability at the lower concentration, resulting in reduced precision. Using 

human calcitonin (50% sequence identity) as internal standard reduced method 

performance: both precision and accuracy were inferior to the situation without any 

internal standard, which illustrates that this compound did not correct for variability 

but rather introduced it into the assay. Here it should be noted that by the analysis of 

blank human plasma samples in each analytical run, it was shown that endogenous 

levels of human calcitonin in plasma were too low to be detected and thus did not 

interfere. 
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In work-flow B (quantification of the digested analyte), a distinction was made 

between internal standards added before and after digestion. These correspond to 

internal standards that are co-digested (B-before) and are expected to cover the 

digestion step, and to internal standards that are SIL- or structural analogue forms of 

the signature peptide and will only cover the post-digestion part of the analysis (B-

after). Because of its structural similarity, tryptic digestion of eel calcitonin results in 

the formation of a peptide which is identical to the signature peptide of salmon 

calcitonin, whence this compound is not suitable as an internal standard for a work-

flow including digestion. Just as for the quantification of the intact analyte, human 

calcitonin was a relatively poor performer both  

after its co-digestion to its signature peptide [19-32] (B-before) and when added 

post-digestion [1-32] (B-after). All other approaches tested in work-flow B, including 

the omission of an internal standard, generated acceptable results, which shows that 

in this work-flow all steps were well under control. Again, the best results in terms of 

precision and accuracy were obtained when a SIL-form of either the intact analyte, 

SIL salmon calcitonin [1-32], or the signature peptide, SIL-peptide [1-11], were 

added. As has been reported before 
18

, the use of a cleavable SIL-peptide internal 

standard did not improve method performance compared to the SIL-peptide [1-11] 

internal standard, which illustrates that, in this case, the digestion step did not 

negatively impact method performance. This conclusion is supported by the 

observation that there was no difference between the performance of a SIL-form of 

the intact analyte and that of a SIL-signature peptide for work-flow B. 

For protein quantification by LC-MS/MS, which includes a digestion step, this 

indicates that the use of a SIL-form of the intact protein, which is more difficult to 

obtain, does not have clear advantages over the use of the SIL-form of the signature 

peptide, as long as the digestion step is well optimized and controlled. Another 

important observation is that a commercially obtained SIL-peptide internal standard 

and the in-house prepared 
18

O-labeled form performed comparably. Therefore, 

when due precautions are taken to avoid isotope back-exchange, which in our work 

was achieved by adding soybean trypsin inhibitor to stop the digestion, the 

preparation of an 
18

O-labeled peptide can be a straightforward and economical 

alternative to a chemically synthesized SIL-peptide. 
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Figure 4. Precision (expressed as error bars) and accuracy for ten different internal 

standardization approaches according to work-flows A-C (see Figure 1) as compared to the 

same work-flow without internal standard. The results were obtained by six-fold analysis of 

the 100 and 1000 pg/mL samples. The dotted lines indicate the acceptable 15% accuracy 

limits as set by the FDA-guidance. In work-flow B, internal standards were either added 

before or after the digestion step. 

 

 

 

In work-flow C (quantification of digested and derivatized analyte), it was seen that 

using a differentially labeled internal standard slightly improved assay performance 

compared to the results without internal standard. Since the derivatized internal 

standard is added only after most sample handling steps (extraction, digestion, 

derivatization) have been performed, it corrects only for variability of the clean-up 

step and the LC-MS/MS analysis. Precision and accuracy of this internal 

standardization approach are comparable to the SIL-peptide and 
18

O-labeled 

peptide approaches for work-flow B, which do not include a derivatization and 

second SPE step. This implies that these approaches are equivalent in terms of 

method performance, albeit that work-flow C is more laborious and therefore will 

have a higher risk of experimental variability. 
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3.5 Conclusions 

From the presented results, several conclusions can be drawn that apply to both 

peptide and protein quantifications with LC-MS/MS, although it should be realized 

that the situation may vary from analyte to analyte. The technique is suitable for 

high-sensitivity analysis of complex biological samples, as demonstrated by the low 

pg/mL LLOQ for both intact and digested salmon calcitonin in human plasma. In the 

case of quantification of peptides, selectivity and as a result, sensitivity may be 

reduced when an enzymatic digestion step is introduced as part of the analytical 

approach. This is caused by the release of a multitude of peptides from matrix 

proteins, that have physicochemical properties similar to the analyte and interfere in 

the chromatograms. To obtain high sensitivity for proteins, which typically requires a 

digestion step, reducing the complexity of the digest by a rigorous clean-up of the 

biological matrix is important to remove interfering peptides from the final extract. 

Our experiments showed that the sensitivity of an analytical method was reduced by 

a factor of 100 by the presence of residual matrix proteins during digestion. Still, 

even when most of the matrix background is eliminated from the sample, a loss in 

sensitivity may be encountered. 

In the case of salmon calcitonin in plasma, over 99% of the plasma proteins were 

removed, but upon digestion sensitivity still decreased by a factor 5 compared to the 

digestion-free approach. 

Method performance in terms of accuracy and precision depends on the choice of 

the internal standard. When all steps of an analytical procedure, including digestion, 

extraction or derivatization, are well-controlled and optimized, the need for an 

internal standard that covers all steps may not be absolute. In the case of salmon 

calcitonin quantified after digestion, the most favorable results were obtained using a 

SIL-form of the intact analyte, but the performance of a SIL-form of the signature 

peptide was equally acceptable. For protein quantification, this indicates that protein-

based internal standards are not necessarily superior to the more easily accessible 

peptide-based ones. Although the use of an 
18

O-exchanged peptide internal 

standard imposes certain limitations on an analytical method, because of the need 

to prevent oxygen back-exchange, the straightforward and relatively quick procedure 

to create such a standard and its demonstrated good corrective abilities, make this 

an attractive and cost-effective approach. In our hands, the use of differential 

derivatization to create a SIL-internal standard was the least optimal, both in terms 

of obtained sensitivity and complexity of the work-flow. Therefore, although it is a 

generic and relatively cheap way to obtain an internal standard, this approach does 

not seem to have much added value compared to e.g. the creation of an 
18

O-labeled 

peptide. 
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3.7 Supplemental materials 

 

 

Total protein assay. 

The total protein content of samples was determined with a total protein assay, 

based on bicinchoninic acid (BCA) used according to the manufacturer’s 

instructions, Pierce ® BCA Protein Assay Kit , product number 23225 

 

 

 

 

Figure S1. Digestion time course 

The time course of the trypsin digestion of salmon calcitonin after solid phase extraction from 

plasma. After one hour, a plateau was reached, which indicates the digestion has reached 

completeness. however to account for experimental variability, a two hour digestion time 

period was used.  
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Figure S2 SRM transition selectivity. LC-MS/MS chromatograms of five different SRM 

transitions for the di-methylated signature peptide [1-11] of salmon calcitonin. Mass transitions 

(left hand side) as well as signal intensities (right hand side) are indicated in the 

chromatograms. More interferences appear in the chromatograms for smaller fragment ions, 

most probably because they contain less specific molecular information and can more easily 

be formed by fragmentation of other peptides. Despite the lower selectivity for smaller 

fragment ions, they were in general, more intense. 
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Figure S3. Back-exchange prevention approaches. Several approaches to prevent 
18

O back-

exchange were tested on digested plasma extracts: trypsin inhibition by the addition of 5% v/v 

of formic acid ( ), boiling at 100°C for 10 minutes ( ), or the addition of an 

equimolar ( ) or double amount ( ) of soybean trypsin inhibitor. These treatments 

were compared to the situation in which no trypsin deactivation was performed ( ), as 

well as to the situation where no trypsin had been added ( ). The 
18

O-labeled internal 

standard was added to the samples after these treatments, and the samples were 

subsequently stored in the autosampler and regularly injected during 21 hours. The results 

demonstrate that by boiling the samples or by the addition at least an equimolar amount of 

soybean trypsin inhibitor, the trypsin activity can be reduced in a way that stabilizes the 
18

O-

labeled internal standard in the autosampler for at least 21 hours. In the final work-flow, a 

double amount of soybean trypsin inhibitor was added to the digest.  
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level    analytical method    

       digestion and  

(pg/ml)  digestion  digestion  derivatization  

10  cal + QC + M  -  -  

20  cal + QC  -  -  

50  cal   cal + QC + M  -  

100  cal + QC  cal + QC  cal + QC + M  

200  cal   cal  cal + QC  

500  cal   cal   cal  

1000  cal + QC  cal + QC  cal + QC  

2000  -   cal  cal  

5000  -   cal + QC  cal  

10000  -   -  cal+ QC  

 

Table S1. Preparation of plasma sample. Plasma samples were prepared at different levels 

for each work-flow, allowing for the observed differences in sensitivity. The different workflows 

(no digestion, digestion and digestion and derivatization) are shown with their respective 

calibration (cal), quality-control (QC), and matrix variability (M) levels. The QC-samples 

prepared at 100 pg/mL and 1000 pg/mL were compared for each work-flow. 
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 M-var   QC-LLOQ  QC-low 

Level (pg/ml) 10.0   10.0   20.0   

 

IS Approach: Avg. CV Bias Avg. CV Bias Avg. CV Bias 

No internal standard 8.9 14.3 -10.7 8.8 18.7 -12.3 18.8 15.1 -5.9 

SIL-salmon calcitonin 9.7 9.0 -3.2 9.9 7.0 -0.7 17.9 12.6 -10.7 

Eel calcitonin 8.4 19.1 -15.7 12.2 41.2 21.5 17.9 11.3 -10.3 

Human calcitonin 7.7 43.1 -23.3 7.6 27.5 -23.7 18.8 30.7 -6.0 

 

 QC-medium  QC-high  

Level (pg/ml) 100   1000    

 

IS Approach: Avg. CV Bias Avg. CV Bias  

no internal standard 117.4 7.1 17.4 1096.3 9.4 9.6 

SIL-salmon calcitonin 103.7 3.5 3.7 989.8 1.8 -1.0 

eel calcitonin 120.4 31.1 20.4 1025.6 9.0 2.6 

human calcitonin 171.1 18.8 71.1 1588.6 19.7 58.9  

Table S3. Accuracy and precision results for work-flow A. For work-flow A, spiked plasma 

samples were analyzed in six-fold and their responses calculated for each internal 

standardization approach. The obtained average value (Avg.), the coefficient of variation (CV) 

and the deviation from the nominal value (Bias) are shown. 

 

 M-var   QC-LLOQ  QC-low 

Level (pg/ml) 50.0   50.0   100.0 

 

IS Approach: Avg. CV Bias Avg. CV Bias Avg. CV Bias 

no internal standard 51.0 2.2 1.9 48.9 8.4 -2.2 101 6.1 0.9 

SIL-salmon calc. [1-32] 49.3 3.6 -1.4 50.1 2.6 0.1 102 5.1 1.5 

Cleav. SIL peptide 53.0 2.4 5.9 53.6 2.9 7.1 110 6.2 10.2 

Human calc. [1-32] 43.0 9.1 -14.0 48.4 6.6 -3.1 79.8 8.3 20.2 

 

 QC-medium  QC-high  

Level (pg/ml) 1000   5000    

 

IS Approach: Avg. CV Bias Avg. CV Bias  

no internal standard 1072 3.6 7.2 5596 1.6 11.9 

SIL-salmon calc. [1-32] 1010 3.2 1.0 5105 3.0 2.1 

Cleav. SIL peptide 1044 2.9 4.4 5672 2.2 13.4 

Human calc. [1-32] 888.4 1.9 -11.2 4665 2.6 -6.7  

Table S4. Accuracy and precision results for work-flow B-before. For work-flow B-before, in 

which the internal standards were added to the samples before the digestion step, and 

subsequently co-digested, plasma samples were analyzed in six-fold and their responses 

calculated for each internal standardization approach. The obtained average value (Avg.), the 

coefficient of variation (CV) and the deviation from the nominal value (Bias) are shown. 
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 M-var   QC-LLOQ  QC-low 

Level (pg/ml) 50.0   50.0   100.0 

 

IS Approach: Avg. CV Bias Avg. CV Bias Avg. CV Bias 

SIL-peptide [1-11] 53.0 2.4 5.9 53.6 2.9 7.1 110 6.2 10.2 

Human calc. [1-32] 53.5 41.1 6.9 57.9 14.3 15.7 152 19.0 51.6 

18O-exchange [1-11] 47.5 4.0 -5.0 46.2 5.4 -7.6 93.7 2.6 -6.3 

 

 QC-medium  QC-high 

Level (pg/ml) 1000    5000    

 

IS Approach: Avg.  CV Bias Avg. CV Bias  

SIL-peptide [1-11] 1044 2.9 4.4 5535 2.1 10.7   

Human calc. [1-32] 959.1 17.0 -4.1 5555 53.6 11.1  

18O-exchange [1-11] 1003 4.1 0.3 5226 4.5 4.5   

 

Table S5. Accuracy and precision results for work-flow B-after. For work-flow B-after, in which 

the internal standards were added to the samples following the digestion step, plasma 

samples were analyzed in six-fold and their responses calculated for each internal 

standardization approach. The obtained average value (Avg.), the coefficient of variation (CV) 

and the deviation from the nominal value (Bias) are shown. 
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 M-var   QC-LLOQ  QC-low 

Level (pg/ml) 100   100   200   

 

IS Approach: Avg. CV Bias Avg. CV Bias Avg. CV Bias 

no IS 15.0 -1 1.8 101 7.0 0.7 228 3.2 14.2 

diff. deriv. 89.2 7.4 -10.8 94.1 9.3 -5.9 225 5.9 12.3 

 

 QC-medium  QC-high  

Level (pg/ml) 1000   10000    

 

IS Approach: Avg. CV Bias Avg. CV Bias  

no IS 829 3.0 -17.1 10707 3.8 7.1  

diff. deriv. 892 4.5 -10.8 10589 6.2 5.9  

Table S6. Accuracy and precision results from work-flow C. For work-flow C, in which the 

internal standards was created by differential derivatization, plasma samples were analyzed 

in six-fold and their responses calculated for each internal standardization approach. The 

obtained average value (Avg.), the coefficient of variation (CV) and the deviation from the 

nominal value (Bias) are shown. 
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Common Sense Is Nothing More Than a Deposit of Prejudices Laid Down in the 

Mind Before Age Eighteen 

 Albert Einstein 
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4.1 Abstract 

Background. A major challenge in protein quantification based on enzymatic 

digestion of complex biological samples and subsequent LC-MS/MS analysis of a 

signature peptide is dealing with the high complexity of the matrix after digestion, 

which can reduce sensitivity considerably. 

Results. Using single cartridge multi-dimensional SPE, sufficient selectivity was 

introduced to allow quantification in 50 µL of plasma down to 10.0 ng/mL (~0.3 nM). 

An in-house prepared 18O-labeled signature peptide was used as internal standard. 

The procedure was validated for human and rabbit plasma. 

Conclusions. The developed SPE procedure allowed the sensitive and selective LC-

MS/MS quantification of the Nanobody without the use of antibodies. When 

appropriate precautions are taken, the 18O-labeled peptide is a practical and 

economical alternative to custom synthesis. 
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4.2 Introduction 

Nanobodies are therapeutic proteins based on the smallest functional fragments of 

heavy chain antibodies, which show great promise for several therapeutic areas 

such as oncology, inflammation and hematology. The Nanobody technology was 

originally developed following the discovery that camelidae (camels and llamas) 

possess fully functional antibodies that lack light chains. The heavy-chain antibodies 

in these animals contain a single variable domain and two constant domains. 

Importantly, the cloned and isolated variable domain is a stable polypeptide 

harboring the full antigen-binding capacity of the original heavy-chain antibody. 

These proteins form the basis of a new generation of therapeutic antibodies, termed 

Nanobodies 
1
. 

Compared to monoclonal antibodies (mAbs), which constitute an established 

biopharmaceutical platform , Nanobodies have several advantages. Due to their 

reduced size, 14 kDa versus 150 kDa, and the absence of glycosylation, 

Nanobodies can be produced in expression systems such as in E. coli which is 

considerably more cost effective and straightforward than in cell cultures of more 

complex organisms. Furthermore, the same advantages apply to characterization of 

the finished product. Nanobodies consisting of two or more 14-kDa domains can be 

produced, which allows the combination of identical or different functional domains 

in one protein 
2
. This technique can, for example, be used to increase avidity 

3
 by 

combining two identical Nanobodies, or to extend the half-life of the protein by 

combining it with an albumin-binding Nanobody 
4
. 

In recent years, liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS) has received increasing interest as an alternative analytical platform for 

proteins in complex biological matrices 
5–7

. This development is being driven by the 

better analytical performance of the technology, the possibility to obtain structural 

information, the potential for excluding antibody-based reagents, which may be 

difficult and costly to obtain, and the possibility to avoid interferences from protein-

protein interactions such as anti-drug antibodies (ADAs) and the circulating target. 

Because intact proteins are relatively poor candidates for mass spectrometric 

quantification, due to their size and molecular weight, high-sensitivity quantitative 

methods with LC-MS/MS require a proteolytic digestion step which cleaves the 

protein into smaller peptides, one of which, the signature peptide, is selected and 

subsequently used for quantification. 

Despite its potential, the use of LC-MS/MS for protein quantification needs further 

development. Its main disadvantage compared to LBAs is its lower sensitivity, which 

is typically due to the limited selectivity of the technique for digests of protein-rich 

samples. Plasma and serum are very complex matrices which presumably contain 

several hundreds of thousands of proteins and protein isoforms 
8
. Upon digestion 

these are all cleaved into multiple peptides, from which just one or a few have to be 

quantified. If no further clean-up is performed, the introduction of this multitude of 
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peptides into the LC-MS/MS system will easily lead to interfering peaks in the 

chromatogram, ion-suppression and an elevated baseline as a result of the MS 

response of co-eluting peptides with very similar molecular properties, even with a 

relatively selective detection mode as selected reaction monitoring (SRM). 

For high-sensitivity LC-MS/MS applications, several groups have reported 

immunoaffinity extractions to reduce the sample complexity either at the protein level 
9,10

 or after digestion to extract the signature peptide from the digested sample 
11

. 

Although these approaches are capable of introducing the required selectivity, they 

do need the production and characterization of antibodies, which is a relatively time-

consuming step. Furthermore, when applying immunoaffinity enrichment at the 

protein level, protein-protein interactions such as binding to circulating target and/or 

ADAs, can significantly interfere with binding to the immobilized antibody or target 

used for the enrichment. This interference also constitutes an important 

disadvantage of the LBA analytical platform. 

As an alternative, more generic clean-up procedures can be applied, such as partial 

protein precipitation with which sensitivities down to 250 
12

 and 50.0 ng/mL 
13

 were 

reached, or immune-based removal of abundant proteins, which resulted in a 

sensitivity of 4.0 µg/mL 
14

. 

In our current work, we use proteolytic digestion of all proteins in the sample, which 

removes interferences from protein-protein interactions, as all proteins are cleaved 

into peptides. The selectivity required to achieve sufficient sensitivity from this highly 

complex mixture was reached by the subsequent application of three readily 

available orthogonal dimensions of separation: weak anion exchange and high-pH 

reversed phase interaction performed on a single mixed-mode SPE cartridge, plus 

high-resolution ultra-performance liquid chromatography (UPLC) on a reversed-

phase analytical column operated at low pH. Using this approach, a lower limit of 

quantification (LLOQ) of 10 ng/mL was obtained. Mixed mode 
15

 and two-

dimensional SPE 
16,17

 for clean-up of a digested sample have been described 

before, but with little to no discrimination between the different classes of peptides 

because of the conditions chosen for washing and eluting, leading to considerably 

higher LLOQ values (high ng/mL to µg/mL range). Furthermore, the single cartridge 

approach potentially reduces losses from repeated drying and redissolving required 

when multiple cartridges are used as well as time and cost reductions. 

To correct for the analytical variability resulting from this procedure, an in-house 

created stable-isotope labeled (SIL) internal standard was used, in which all six 

carboxyl-oxygen atoms of the signature peptide had been replaced by 18O-atoms 

by acid-catalyzed oxygen exchange 
18,19

. Application of this internal standardization 

approach required optimization of the conditions during sample pretreatment to 

prevent both chemical and enzymatic back-exchange, which is a well-documented 

problem of the technique 
20

. 

Using this approach, a high-throughput, antibody-free and sensitive analytical 

method was obtained allowing the reliable quantification of low-ng/mL 
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concentrations of a therapeutic protein in plasma and which was validated according 

to international guidelines for bioanalytical method validation
21

. The application of 

the method to support an early-phase pre-clinical trial in which the 

biopharmaceutical was administered intra-ocularly to rabbits is described, as well as 

the comparison of the LC-MS/MS results with those of a traditional LBA. 

 

4.3 Experimental section 

4.3.1 Chemicals and materials.  

The Nanobody, a 259 amino acid (AA), 28-kDa bivalent Nanobody was obtained 

from Ablynx (Ghent, Belgium) as a 26.6 mg/mL solution in phosphate buffered saline 

(PBS). Ultrapure water was produced using an in-house purification system 

(Sartorius, Göttingen, Germany). Acetonitrile and methanol were purchased from 

Biosolve (Valkenswaard, the Netherlands). Ammonia, ammonium acetate, sodium 

chloride, Tween-20, dimethylsulfoxide (DMSO), ammonium bicarbonate, trypsin 

(non-N-Tosyl-L-phenylalanine chloromethyl ketone treated), hydrochloric acid (HCl 

37%), and 
18

O-labeled water, were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Heptafluorobutyric acid (HFBA) and formic acid were purchased from Merck 

(Darmstadt, Germany). Human and rabbit (New Zealand white) plasma with sodium 

citrate as anti-coagulant was obtained from Sera Laboratories (Haywards Heath, 

UK). 

 

4.3.2 18O-labeling of the internal standard. 

 A 200-µL aliquot of a solution of the Nanobody (1 mg/mL in PBS) was pipetted into 

a 1.5-mL polypropylene cup and digested after addition of 50 µL of a 1-mg/mL 

trypsin solution in 1 mM HCl and 100 µL of 250 mM ammonium bicarbonate in water 

by placing it at 37°C and 900rpm for 16 hours.  

The signature peptide was extracted from the digest by application of solid-phase 

extraction (SPE) on an Oasis HLB, 30-mg 1-mL cartridge (Waters, Milford, MA, 

USA) using the following protocol. The cartridge was conditioned with 1 mL of 

methanol and 1 mL of 1% formic acid in water, after which the digest, diluted with 

500 µL of 2% formic acid in water, was loaded. The cartridge was subsequently 

washed with 1 mL of 2% formic acid in water and 1 mL of 1% formic acid in a 10:90 

(v/v) mixture of methanol and water. The signature peptide was eluted with 1 mL of 

1% formic acid in a 50:50 (v/v) mixture of acetonitrile and water. The eluate was 

collected in a 2 mL polypropylene cup, and evaporated to dryness at 50°C under a 

gentle flow of nitrogen. The dried extract was reconstituted in 250 mg of 
18

O-labeled 

water and, after adding 4 µL of HFBA, the cup was sealed and placed at 50°C for 47 

h. 
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After the exchange was complete, the reaction was stopped by the addition of 1 mL 

of a solution of 100 mM ammonium bicarbonate, 10% acetonitrile and 0.02% 

Tween-20 in water. The solution was stored at -20°C. An internal standard working 

solution was prepared by 40-fold dilution of this solution with 100 mM ammonium 

bicarbonate in water. 

 

 

4.3.3 Calibration and validation samples.  

A stock solution of 1 mg/mL of the Nanobody was made by diluting the reference 

solution with PBS. Eleven calibration standards were prepared in the range of 10.0 

to 10000 ng/mL by serial dilutions of this stock solution in blank human plasma. 

The validation samples were prepared at four concentrations (10.0, 30.0, 800 and 

8000 ng/mL) from a separate 1-mg/mL stock solution. The stock solutions and 

prepared plasma samples were aliquoted and stored in polypropylene tubes at -

80°C. 

 

4.3.4 Plasma sample digestion.  

Aliquots of 50 µL of plasma were pipetted into a polypropylene 96-roundwell plate 

(Axygen, Corning, Tewksbury, MA, USA), after which the proteins were precipitated 

with 200 µL of methanol, followed by 1 minute of high-speed vortex-mixing and 10 

minutes of centrifuging at 1500xg. The supernatant was removed by inverting the 

plate above a waste vessel, and placing it upside down on paper tissue for 5 

minutes. 

50 µL of the internal standard working solution was added to each well, followed by 

400 µL of a solution which contained the reagents required for the digestion: 50 mM 

ammonium bicarbonate buffer pH~8, 0.02% Tween-20 and 0.2 mg/mL trypsin in 

water, which was prepared directly before its addition to the sample. The plate was 

sealed and placed at 37°C while vortex-mixing at 1100 rpm for 2 hours. 

 

4.3.5 Multi-dimensional SPE: extraction of the signature peptide 
from digested plasma. 

The extraction was performed using Oasis weak anion exchange (WAX) 30-mg 

cartridges with a 1-mL barrel size (Waters) which were conditioned with 1 mL of 

methanol and 1 mL of 50 mM ammonium acetate buffer (pH 5). The plasma protein 

digest (~450 µL) was mixed with 400 µL of 300 mM ammonium acetate buffer (pH 5) 

and loaded onto the cartridge. The cartridge was first washed with 1 mL of a solution 
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which contained 300 mM sodium chloride and 50 mM ammonium acetate buffer (pH 

5) in water, followed by 1 mL of acetonitrile. Elution was performed using 1 mL of 

1% aqueous ammonia. The eluate was transferred to a polypropylene 96-well plate 

and evaporated to dryness under a gentle stream of nitrogen at 60°C in 

approximately 90 minutes. The dried extract was reconstituted in 150 µL of a 

solution of 10% acetonitrile, 0.001% Tween-20 and 20 mM of ammonium acetate 

buffer (pH 5) in water, after which the plate was sealed and vortex-mixed for 1 

minute at 1100 rpm. Finally, the plate was placed in the autosampler for LC-MS/MS 

analysis. 

 

4.3.6 LC-MS/MS Instrumentation. 

The LC system, an I-class Acquity (Waters) comprised a binary LC pump, a vacuum 

degasser, a column oven, set at 45°C, and an autosampler, set at 10°C, equipped 

with a 50-µL loop extension. The analytical column was an Acquity CSH-C18 (100 x 

2.1mm, 1.7µm) (Waters), which was operated at a flow-rate of 0.400 mL/min. 

Gradient elution was performed with mobile phases consisting of 0.1% of formic acid 

in water (A) and acetonitrile (B). The gradient program ran from an initial 5% mobile 

phase B to 10% B in 6 minutes after which the system was washed at 90% B for 1 

minute, followed by equilibrating for 2 minutes at initial conditions before the next 

injection. The injection volume used was 15 µL  

Detection of the signature peptide and internal standard was performed with a Xevo 

TQ-S triple-quadrupole mass spectrometer (Waters) operated in positive 

electrospray ionization mode. The signature peptide was monitored using the SRM-

transition m/z 752.0 > 773.3 while the transition m/z 756.0 > 781.3 was used for the 

SIL-internal standard. The following mass-spectrometric settings were used: 

capillary voltage: 3000V; desolvation temperature: 400ºC; cone voltage: 45V; 

collision voltage: 25V. 

 

4.3.7 Method validation. 

The LC-MS/MS method was validated according to international guidelines 
21–23

 for 

bioanalytical method validation. In short, the accuracy and precision of the method 

were determined at four levels in six-fold in three analytical batches, performed on 

three separate days; stability experiments were conducted for the intact protein as 

well as the for its signature peptide in all appropriate matrices and applicable 

experimental conditions; blank plasma samples with and without internal standard; a 

calibration curve and carry-over blanks were measured in each analytical run 

recovery was evaluated; finally, the influence of the matrix on the method was 

determined by the analysis of plasma samples prepared at the LLOQ of 10.0 ng/mL 
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in six independent plasma lots. A more detailed description of the performed 

validation experiments can be found in section S1 of the supporting information. 

 

4.3.8 Quantitative ELISA method. 

Costar EIA/RIA half well plates (Corning Inc., Tewksbury, MA, USA) were coated 

overnight with a monoclonal antibody (mAb), raised against the Nanobody. After 

removal of the coating solution, plates were blocked for 1 hour with 0.1% casein in 

PBS. Samples, calibrators and QC samples were transferred to the plate and 

incubated for 1 hour at room temperature, while shaking at 600 rpm. Plates were 

washed three times with 0.05% Tween-20 in PBS, using an automated washer. 

Detection was performed with an in house produced biotinylated anti-Nanobody 

Nanobody, for 30 minutes at room temperature. Streptavidin-labeled horse radish 

peroxidase was added and plates were incubated for 30 min, followed by a wash 

step. The coloring-reagent 3,3'5,5'-tetramethylbenzidine, was added and after 20 

minutes at room temperature, the coloring reaction was stopped by addition of 1N 

hydrochloric acid, after which the plates were read at 450nm with background 

subtraction at 620nm using an ELISA reader (Tecan Group Ltd., Mannedorf, 

Germany). 

4.3.9 Pre-clinical trial in rabbits and sampling. 

All animal tests were approved by the relevant ethical committee and the animal 

care and use committee at the contract research organization.  

A pre-clinical trial was conducted in New Zealand white rabbits in order to determine 

the viability of intra-ocular dosing as a method of drug delivery. For this purpose, 

rabbits were given a single 50 µL intra-ocular dose of a 25 mg/mL solution of the 

Nanobody after which, at 2; 4; 8; 24; 48 and 96 hours post dose, the aqueous humor 

and (citrate) blood samples were obtained. At each time-point, three individual 

animals were sampled. The resulting plasma sample was transferred to a 

polypropylene tube, which was stored at -80°C until analysis. 
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4.4 Results and discussion. 

 

4.4.1 Signature peptide selection.  

An in silico trypsin digestion of the Nanobody, a 28-kDa protein consisting of 259 

amino acids, predicted 16 different peptides, 13 of which could be released from 

both identical subunits, of which this protein consists. This is an advantageous 

feature, because the molarity of these 13 peptides after digestion is twice that of the 

protein prior to digestion, which facilitates detection. The on-line search algorithm 

Blast-P 
24

, version 2.2.28, was used to ascertain uniqueness of these peptides in 

both human and rabbit plasma. In rabbit plasma, all but one of the peptides were 

found to be unique, while in human plasma this was the case for only two of the 

peptides. The relatively high homology to proteins in human plasma displayed by 

this protein of camelid origin is explained by the fact it had been sequence optimized 

to reduce its immunogenic potential in humans. Peptides that proved not unique in 

human plasma were rejected because method development was mainly performed 

in human plasma due to the limited availability of rabbit plasma, and the potential to 

quantify the protein in human plasma in the future. Of the two remaining peptides, 

TFSYNPMGWFR (T3) and TGGSTYYPESVEGR (T7), the latter was selected as 

signature peptide based on its superior selectivity in SRM mode compared to the 

other peptide candidate as is shown in Figure 1. For both peptides, a considerable 

increase in background signal was found in the LC-MS/MS chromatograms for 

plasma, which is caused by the co-digestion of plasma proteins to numerous 

peptides that produce interfering peaks, even in the highly selective SRM-detection 

mode. For the T3 peptide, the effect is much larger than for the T7 peptide. 

The signature peptide was monitored using the SRM-transition m/z 752.0 > 773.3, 

which corresponds to the doubly charged peptide ion fragmenting to a singly 

charged y7 fragment. The internal standard, an in-house prepared SIL version of the 

signature peptide, in which four carboxyl 
16

O-atoms were exchanged for their 
18

O-

isotopes, was monitored at m/z 756.0 > 781.3, which corresponds to the doubly 

charged SIL peptide, fragmented to its labeled, singly charged y7 fragment, on 

which all isotopes were retained. 
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Figure 1. LC-MS/MS chromatograms (using non-optimized LC conditions) of a digested 

buffer solution (upper panes A and B) and a digested plasma sample (lower panes C and D) 

which both contained 500 ng/mL of the biopharmaceutical. The SRM transition of the T7 

peptide, which elutes at 6.4 minutes, is shown on the left (A and C) and the SRM transition of 

the T3 peptide, eluting at 18.5 minutes, on the right (B and D). For each peptide the 

chromatograms were scaled to the intensity found in the buffered digest. 

 

 

Tryptic digestion. Direct tryptic digestion of plasma is unfavorable in a quantitative 

method for a number of reasons. Endogenous protease inhibitors such as alpha-1-

antitrypsin or alpha-2-macroglobulin have an approximate plasma concentration of 

1-2 mg/mL. This may reduce trypsin activity in a sample-dependent manner and 

thus lead to variability in digestion efficiency, therefore, several common denaturing 

step such as the addition of guanidine hydrochloride, urea, deoxycholate or organic 

modifiers are currently in use 
25

. Furthermore, plasma phospholipids which remain 

present in a plasma digest are a known to cause ionization suppression in LC-

MS/MS and may reduce the sensitivity of the method in a sample-dependent 

manner. 
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Both these situations can be avoided by the incorporation of a protein precipitation 

step and removal of the resulting supernatant before the digestion 
26

. The denaturing 

effect of the precipitant will de-activate proteins, including protease inhibitors, while 

the phospholipids are mostly removed along with the supernatant, as is known from 

the field of small molecule analysis 
2728

. For this reason, we decided to precipitate 

plasma proteins with methanol prior to trypsin digestion. A time-course of the 

digestion was recorded (Figure. 2) based on which a digestion time of 2 hours was 

selected for further experiments. 

 

 

 

Figure 2. Time course of the digestion of the biopharmaceutical in plasma, expressed as the 

peak area of the signature peptide (counts x1000) and the ratio of the peak area to that of the 
18

O4-labeled internal standard. 
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4.4.2 Internal standardization. 

The use of a proper internal standard is essential for the quantification of proteins 

with LC-MS/MS. Several approaches exist, of which the use of a SIL form of the 

signature peptide combines good correction for experimental variability and ready 

availability for a reasonable price
29

. In particular, the preparation of an 
18

O-labeled 

form of the signature peptide is a relatively fast and cost-effective means of 

obtaining an internal standard
19

. 

To generate a SIL internal standard, we performed an acid-catalyzed 
18

O-exchange 

reaction. The peptide was dissolved in acidic H2
18

O, and stored at an elevated 

temperature, during which the 
16

O atoms of all carboxylic acid groups of the peptide 

were exchanged for the 
18

O atoms from the solvent. As shown in previous work 
19

, 

this is a generally applicable approach for small to medium-sized peptides, but the 

selected signature peptide is an especially good candidate for the creation of such 

an internal standard because it contains three carboxylic acids, the C-terminus and 

two glutamic acid residues with in total six oxygen atoms, which results in an 

additional mass of 12 Da and for the doubly charged ion monitored an m/z 

difference of 6. Furthermore, the signature peptide contains no amino acids with 

amide groups, which may undergo deamidation, a known side reaction occurring 

under the conditions required for the exchange reaction that can lower the yield of 

the SIL-internal standard. After acidic treatment of the signature peptide (m/z 752, 

MS spectrum in Fig. 3A) in 1.5% HFBA for 47 hours at 50°C, 
18

O-exchange was 

found to be complete, the internal standard formed having an m/z of 758 with no 

remaining unlabeled signature peptide at m/z 752 (Fig. 3B). 

Once incorporated into the carboxylic acid groups of a peptide, 
18

O atoms can be 

back-exchanged with 
16

O atoms when subjected to acidic conditions in an excess of 

normal water or, when they are present in the C-terminal carboxylic acid, if the 

peptide is exposed to active trypsin
30

. Since the sample will be exposed to normal 

water during sample preparation and LC-MS/MS analysis, acidic conditions and 

contact with active trypsin are to be avoided to maintain complete 
18

O-labeling of the 

internal standard. This would mean that the internal standard needs to be added 

after the tryptic digestion has been completed and, therefore, that no correction will 

be provided for the digestion step. To overcome these limitations we added the 
18

O6-

SIL internal standard to the sample before the digestion step, which allowed trypsin 

to completely remove the labeling from the C-terminal carboxylic acid, thus forming 

an 
18

O4-
16

O2 peptide, which was monitored as internal standard in the quantitative 

assay. Fig. 3C shows the MS spectrum of the doubly charged ion of this peptide (at 

m/z 756) and demonstrates that neither the original, unlabeled signature peptide 

(m/z 752) nor the fully 
18

O-labeled form (m/z 758) remained in the sample after this 

treatment. SRM analysis showed that the thus created 
18

O4-
16

O2 internal standard 

contains less than 0.1% of the native 
16

O6-signature peptide, which indicates an 

adequate level of isotopic purity (see section 5 of the supporting information). The 
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pH of the solvents chosen for the subsequent extraction of the (labeled) signature 

peptide from the digest, as well as the pH of the reconstitution / injection solvent was 

set to a value of 5 or higher, which prevented acid-catalyzed back-exchange during 

sample processing or storage of the extract in the autosampler. 

 

 

 

 

 

 

Figure 3. Q1 mass spectra for the doubly charged original 
16

O6-signature peptide at an m/z of 

752 (A), the 
18

O6-internal standard formed after acid-catalyzed oxygen exchange at m/z 758 

(B) and the 
18

O4-
16

O2-form of the internal standard monitored in the quantitative assay, after 

enzyme-catalyzed back-exchange of the C-terminal oxygen atoms at 756 m/z (C). 
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The presence of this internal standard during digestion offered correction for several 

sources of variability, such as chemical degradation or adsorption of the released 

signature peptide,. Fig. 2 shows that after approximately 100 minutes of digestion 

time, the peak area ratio remains constant while the peak area of the signature 

peptide shows a declining trend. This difference can be explained by the fact that 

both peptides, independent of their isotopic composition, will be equally subjected to 

any degradation or adsorption which might occur during the digestion. Even though 

the internal standard corrects for the decreasing peak area during the digestion 

process, a digestion time of 120 minutes was selected for the final method, to limit 

this decrease to a minimum. 

 

4.4.3 Two-dimensional solid-phase extraction.  

An important objective for any high-sensitivity LC-MS/MS method for protein 

quantification in a biological matrix such as plasma is reducing the complexity of the 

digest. Although this can be achieved by using immunoaffinity-based extraction of 

either the protein 
9,10

 or the signature peptide 
11,31

 we preferred a more generic 

approach to avoid the analytical limitations associated with the use of antibody-

based reagents 
32–34

. This was accomplished by the application of multi-dimensional 

SPE to selectively extract the signature peptide from the mixture of digested plasma 

proteins. The SPE material used contains a mixed-mode weak anion-exchange 

(WAX) phase, capable of reversed-phase and anion-exchange interactions, both of 

which were used for optimum selectivity. 

In the first separation dimension, the signature peptide was extracted from the 

digested plasma sample and retained by anion-exchange interaction. At pH 5, the 

three carboxylic acid groups of the signature peptide are negatively charged, while 

the tertiary amine group of the WAX-phase bears a positive charge and thus 

captures the signature peptide along with all other anions in the sample. Since all 

tryptic peptides in the sample will have at least one C-terminal carboxylic acid group, 

little to no selectivity is introduced in this loading step. Undigested proteins, including 

trypsin, will, however, break through the cartridge unretained due to size-exclusion 

effects. 

Selectivity is introduced by exposure to a high ionic strength (0.30 M NaCl buffered 

at pH 5 with 50mM acetate) during the first wash step. The high concentration of 

chloride ions causes the release and elution of peptides which are less strongly 

bound than the signature peptide, which contains three carboxylic acid groups. 

Although the non-protic solvent acetonitrile in the second wash step is not capable 

of breaking ionic interactions, it will elute plasma constituents retained in reversed-

phase mode, such as remaining (phospho)-lipids which were not completely 

removed during the protein precipitation step. 
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Further selectivity within the class of peptides was introduced by eluting with 1% 

ammonia (pH ~11), when the amine-groups on the stationary phase become 

deprotonated and the anion-exchange interactions are broken. Relatively non-polar 

peptides now remained bound to the cartridge by reversed-phase interactions, a 

retention mechanism which reportedly has a high orthogonality with the subsequent 

reversed-phase chromatographic separation at low pH 
35

. The three charged 

carboxylic acid groups on the signature peptide increase its polarity at high pH, 

which causes the peptide to elute from the cartridge without the addition of an 

organic modifier to the elution solvent, thus separating it from more non-polar 

peptides, which are retained on the cartridge. The presence of Tween-20 in the 

injection solvent did not result in a reduced sensitivity from ion-suppression because 

the peptide eluted before the bulk of the Tween-20 polymer peaks, while its 

solubilizing effect on the peptide reduced adsorption problems after the SPE. 

The effect of this extraction procedure on the LC-MS/MS chromatogram is shown in 

Figure 4. Direct injection of a digested plasma sample resulted in a chromatogram, 

in which a significant number of other peaks are present. After SPE, however, these 

peaks have largely been removed, which increases the sensitivity and reliability of 

the quantification of the signature peptide. 

 

Figure 4. LC-MS/MS chromatograms in the SRM mode of a digested plasma sample 

containing 10.0 ng/mL of the Nanobody before (upper pane) and after (lower pane) the 

described SPE procedure. In both cases, the signature peptide elutes at 4.59 minutes 
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4.4.4 Method validation in human plasma. 

The validation of the method was based on international guidelines for bioanalytical 

method validation and performed in citrated human plasma. The highest total bias 

and CV values obtained for each validation experiment are shown in Table 1, all of 

which are well within the acceptance limits of 15% (20% at the LLOQ) for small 

molecules 
21–23

. A detailed description of the performed experiments can be found in 

section S1 of the supporting information and the obtained individual results are given 

in section S2. 

The fact that the regular criteria for small-molecule validations were met indicates 

that the protein precipitation and trypsin digestion steps had been sufficiently 

optimized and did not introduce significant variability to the assay, even though the 

internal standard offered only partial correction for these steps. 

The calibration curve was linear over the range of 10.0-10000 ng/mL, and 

correlation coefficients (r
2
) of 0.998 or higher were obtained in each run. 

Furthermore, the average deviation of the concentrations of the calibrators from the 

theoretical values did not exceed 2%. Compared to the ligand binding assay, which 

uses a sigmoidal calibration curve, the linear calibration model has the advantage of 

a larger range, which reduces the amount of required dilutions of samples during 

bioanalysis. 

 

Validation item   Maximum bias Highest 

CV  

    (%) (%)   

Method characteristics 

 Accuracy and precision +3.2 5.4 

 Linearity  -1.1 5.4 

 Matrix variability +4.2 5.2 

 Carry-over (% of response of the LLOQ) +2.7 n.a. 

 Robustness  -1.6 5.6 

Stability of the Nanobody in plasma 

 Bench-top (25h and 50h) +2.8 5.9 

 Freeze-thaw -20 / -80°C (5 cycles) -14.6 5.5 

 Storage stability -20 / -80°C (14 days) -8.0 6.5 

Stability of the Nanobody in stock solution 

 Frozen storage -80°C (385 days) -0.9 2.4 

 Bench-top (20 h) +2.3 4.1 

Stability of the signature peptide in extracted plasma digest 

 Autosampler 10°C (7 days) -1.6 4.1   

Table 1. Maximal values for bias and CV observed for each of the performed validation 

experiments. 
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The absolute recovery covering all the steps of the analytical procedure could not be 

determined because the analyte cannot be quantified without the digestion step. 

However, there are no set criteria for this parameter except that it should be 

consistent over the validated concentration range. To demonstrate that this was the 

case, the correlation coefficient obtained in each separate validation run was 

calculated based on measured peak area and not the ratio, as the internal standard 

would correct for recovery inconsistencies during peptide extraction. The high 

calculated correlations indicated that there were no concentration dependent 

influences from precipitation, digestion or peptide extraction which would reduce the 

consistency of the recovery. 

The stability of the intact protein was demonstrated in both plasma and the stock 

solution. The stability of the signature peptide and the internal standard were 

demonstrated in the autosampler stability validation experiment. For the internal 

standard, this demonstrates that the measures taken to prevent back exchange 

were effective. By adding the internal standard before digestion, enzyme-catalyzed 

back-exchange during sample processing could no longer occur, as the 
18

O-label 

was already removed from the C-terminal carboxylic acid, while acid catalyzed back 

exchange of the other carboxylic acid groups was prevented by the use of an 

injection solvent with a pH of 5. 

 

4.4.5 Cross-validation to rabbit plasma.  

A limited, one-run, cross-validation to rabbit plasma was performed which consisted 

of accuracy and precision samples, prepared at four levels, and analyzed in six-fold 

and matrix variability samples spiked at the LLOQ in six independent rabbit plasma 

lots. For calibration, standards prepared in human plasma were used. The results of 

the cross-validation indicate that the method works equally well in human and rabbit 

plasma. A description of the cross-validation experiments can be found in section S1 

of the supporting information and the obtained results are given in section S2. 

 

4.4.6 LC-MS/MS analysis of rabbit plasma and aqueous humor 
samples. 

The plasma samples obtained after intra-ocular administration of the Nanobody to 

rabbits were analyzed using the described methodology. Due to their higher 

concentrations, the aqueous humor samples were diluted with citrated human 

plasma by a factor of 10 before analysis. Rabbit citrate plasma was used as a 

dilution matrix to allow quantification against a plasma calibration curve and avoid 

the need to re-develop a separate method for aqueous humor. Figure 5 shows the 

pharmacokinetic curves obtained for both matrices and confirms that the LLOQ of 



92 

10.0 ng/mL was sufficient to support this pre-clinical trial. Calibration samples were 

prepared in human citrate plasma, while quality control (QC) samples were prepared 

in citrated rabbit plasma at three levels, 30.0, 800 and 8000 ng/mL. The individual 

calibration and QC results can be found in section S3 of the supporting information.  

A comparison of the results obtained by the current LC-MS/MS method to those 

obtained by a standard ELISA is shown in Figure 5 and Figure S1 of the supporting 

information for both matrices. A good correlation between the ELISA and the LC-MS 

results was found throughout the sampling period. Although slightly lower 

concentrations were typically measured with the ELISA, these differences were 

smaller than the observed biological variability between the animals for each time-

point. A possible explanation for the lower concentrations in the plasma samples as 

determined by ELISA is the potential binding of the analyte to its circulating target 

(Von Willebrand factor) in the samples, which might reduce the analyte recognition 

of the assay or otherwise interfere with the ELISA.  

Figure 5. Concentration-time profiles of the Nanobody measured by LC-MS/MS (squares) 

and ELISA (circles) in both plasma (upper pane) and aqueous humor (lower pane) after intra-

ocular administration to rabbits (n=3 animals per time-point). The (biological) variation for 

each time-point is expressed in the error bars. 
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4.5 Conclusions 

 

In this work we show that by subsequent application of orthogonal dimensions of 

separation, sufficient selectivity can be introduced to allow high-sensitivity LC-

MS/MS quantification of a 28-kDa biopharmaceutical protein in complex biological 

samples without the use of immunocapture techniques. The developed procedure 

was successfully validated down to 10 ng/mL (0.3 nM) and applied to human and 

rabbit plasma. 

An 
18

O-labeled internal standard was readily prepared and offered full correction for 

all steps following the release of the signature peptide by trypsin during the 

digestion. The initial steps of the sample preparation procedure, protein precipitation 

and trypsin digestion, were therefore thoroughly optimized to reduce variability and 

maximize the response. This resulted in an analytical performance in accordance 

with international guidelines for validation and bioanalysis of small molecules. 

The results obtained with the LC-MS/MS method were found to be in good 

agreement with the results from an ELISA method, which indicates the usefulness of 

the current LC-MS/MS method as an antibody-free alternative for high-sensitivity 

protein quantification. 

 

 

4.6 Future perspective 

 

The use of LC-MS/MS for the absolute quantification of proteins is a relatively novel 

analytical platform for researchers in the bioanalytical field. It has clear analytical 

advantages compared to LBAs, including an extended linear range, typically better 

accuracy and precision through the use of SIL-peptide internal standards, 

significantly reduced interference from cross-reacting molecules and protein-protein 

interactions and independence from critical antibody-based reagents. Therefore, we 

expect that LC-MS/MS for protein quantification will continue to grow in importance 

in the next few years. In order to reach its full potential as an alternative bioanalytical 

platform, more research will be required to improve the concentration sensitivity of 

LC-MS/MS for protein quantification, which currently often still is inferior to that of 

LBAs. In this work, we show an example of the potential of a generic, antibody-free 

approach for high-sensitivity protein quantification by LC-MS/MS, which we hope will 

contribute to the advancement of the field 
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4.8 Supplemental materials 

 

Description of the (cross-)validation experiments 

 

Acceptance criteria. As per international guidelines, all Bias and CV acceptance 

criteria were set at 15%, (20% at the LLOQ), except for the stock-stability 

assessments, for which 10% limits were used. 

 

Linearity. Each validation run contained a calibration curve prepared in human 

plasma with the following levels: 10.0, 20.0, 50.0, 75.0, 100, 250, 750, 1000, 2500, 

7500 and 10000 ng/mL. The ratio of the measured peak area of the signature 

peptide over that of the internal standard was used in calculations. Weighted linear 

regression was applied with 1/xx as weighting factor. 

 

Accuracy and precision. The accuracy and precision of the method were 

determined by six-fold analysis in three separate runs analyzed on three different 

days. The validation samples were prepared in plasma at four concentration levels: 

10.0, 30.0, 800 and 8000 ng/mL. Statistical analysis was performed using analysis 

of variance (ANOVA). 
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Matrix variability. The influence of the matrix was assessed by preparing samples 

in six independent human citrate plasma lots at the LLOQ of 10.0 ng/mL. The 

samples were analyzed in one run. 

 

Bench-top stability. Human citrate plasma samples at 30.0 and 800 ng/mL were 

stored on the bench-top and exposed to normal daylight for 25 and 51 hours, after 

which the samples were analyzed in a run which contained a calibration curve which 

had not undergone this treatment. 

 

Freeze-thaw stability. Human citrate plasma samples at 30.0 and 800 ng/mL were 

stored at -20°C and -80°C and subjected to five freeze-thaw cycles, in which 

thawing was performed on the bench-top for a minimum of three hours, followed by 

frozen storage for at least 12 hours. The samples were analyzed against a freshly 

prepared calibration curve, which had not been frozen.  

 

Frozen stability. Human citrate plasma samples at 30.0 and 800 ng/mL were stored 

at -20°C and -80°C for 14 days. The samples were analyzed against a freshly 

prepared calibration curve, which had not been frozen.  

 

Extract stability in the autosampler. Human citrate plasma samples at 30.0 and 

800 ng/mL were extracted and analyzed in the first validation run as a part of the 

accuracy and precision assessment. The extracts were kept in the autosampler at 

+10°C in the dark for 7 days, after which they were re-analyzed against a freshly 

prepared calibration curve, which had not been frozen.  

 

Frozen stability of the stock solution. A 1.0-mg/mL stock solution of the 

Nanobody in PBS was prepared from the reference material, and stored at -80°C. 

385 days later a second stock solution was prepared freshly. Aliquots from both 

stock solutions were diluted with plasma to 8000 ng/mL. These samples were 

analyzed in six-fold using the validated LC-MS/MS methodology for plasma. Stability 

evaluation was performed on a comparison of the found concentrations of the 

samples. 

 

Bench-top stability of the stock solution. An aliquot of the 1.0-mg/mL stock 

solution of the Nanobody was stored on the bench-top, exposed to normal daylight, 

while another aliquot of the same stock solution was stored at -80°C. After 

approximately 24 hours aliquots from both stock solutions were diluted with plasma 

to 8000 ng/mL. These samples were analyzed in six-fold using the validated LC-

MS/MS methodology for plasma. Stability evaluation was performed on a 

comparison of the found concentrations of the samples. 
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Carry-over. For each of the three validation runs which contained accuracy and 

precision samples, the peak areas for the three blank plasma samples with internal 

standard which directly followed the highest calibrator of the calibration curve were 

compared to the peak areas of the six validation samples prepared at the LLOQ 

(10.0 ng/mL) from the same run. 

 

Method robustness. To demonstrate the ability of the method to run analytical 

batches larger than typically encountered during a validation, the amount of samples 

in one of the human citrate plasma validation was extended by re-injections of the 

blank plasma samples with internal standard. Robustness was evaluated by 

analyzing five sets of three validation samples at 800 ng/mL, which were 

interspersed between the other samples of the run, the first set directly following the 

carry-over blanks after the calibration curve and the last set at the end of the run. 

The number of samples between the first set and the last set was 96. 

 

Cross-validation accuracy and precision. The accuracy and precision of the 

method in rabbit citrate plasma were determined by six-fold analysis in one run of 

rabbit plasma samples spiked at four concentration levels: 10.0, 30.0, 800 and 8000 

ng/mL. 

 

Cross-validation matrix variability. The influence of the matrix was assessed by 

preparing samples in six independent rabbit citrate plasma lots at the LLOQ of 10.0 

ng/mL. The samples were analyzed in one run. 

 

Consistency of the recovery. The consistency of the recovery was determined by 

calculating the correlation coefficient of the peak areas and the corresponding 

concentrations from each run from the (cross-)validation and bioanalysis. 
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Set Concentration (ng/mL) Avg. Bias CV 

 Nominal 800    ng/mL (%) (%) 

1 790 820  819 810 1.2 2.1 

2 777 814  780 790 -1.2 2.6 

3 756 838  767 787 -1.6 5.6 

4 789 806  805 800 -0.1 1.2 

5 782 803  789 791 -1.1 1.3 

    Totals 796 0.6 2.8 

 

Table S7. Results of the robustness experiments conducted in the human plasma validation. 

The calculation of average (Avg.), bias and coefficient of variation (CV) values was performed 

before rounding the values. 

 

 

 

 

Concentration (ng/mL)   Avg. Bias CV 

 

Nominal concentration 10.0   ng/mL (%) (%) 

9.7 10.3 10.7 9.9 9.7 10.4 10.8 8.3 4.0 

 

Nominal concentration 30.0 

30.6 27.9 31 30.9 27.8 28.6 30.9 2.9 5.9 

 

Nominal concentration 800 

790 788 793 798 797 832 824 3.0 4.1 

 

Nominal concentration 8000  

7789 8491 8459 8135 7717 8255 8321 4.0 1.6 

 

 

Table S8. Results of the accuracy and precision experiments conducted in the cross-

validation to rabbit plasma. The calculation of average (Avg.), bias and coefficient of variation 

(CV) values was performed before rounding the values. 

 

 

 

 

 

Plasma Lot 1 2 3 4 5 6 Avg. Bias CV 

 Nominal concentration 10.0   ng/mL (%) (%) 

 9.1 9.5 8.9 8.4 8.5 9.2 8.93 -10.7 4.7 

Table S9. Results of the matrix variability experiments conducted in the cross-validation to 

rabbit plasma. The calculation of average (Avg.), bias and coefficient of variation (CV) values 

was performed before rounding the values. 
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Concentration (ng/mL)   Avg. Bias CV 

 

Nominal concentration 10.0   ng/mL (%) (%) 

9.7 10.3 10.7 9.9 9.7 10.4 10.8 8.3 4.0 

 

Nominal concentration 30.0 

30.6 27.9 31 30.9 27.8 28.6 30.9 2.9 5.9 

 

Nominal concentration 800 

790 788 793 798 797 832 824 3.0 4.1 

 

Nominal concentration 8000 

7789 8491 8459 8135 7717 8255 8321 4.0 1.6 

 

Table S10. Results of the accuracy and precision experiments conducted in the cross-

validation to rabbit plasma. The calculation of average (Avg.), bias and coefficient of variation 

(CV) values was performed before rounding the values. 

 

Quality control results from the LC-MS/MS bio-analysis. 

   

 

 

Concentration (ng/mL)   Avg. Bias CV 

 

Nominal concentration 30.0 

30.6 31.7     31.2 3.8 2.6 

 

Nominal concentration 800 

799 857     828 3.4 5.1 

 

Nominal concentration 8000 

8579 8792     8686 8.57 1.9 

 

Table S11. Results of the quality control samples which were interspersed between the 

bioanalytical samples in two sets, each of which contained the three validation levels in 

ascending concentration. The same rabbit citrate plasma samples were used as for the 

accuracy and precision determination in the cross-validation. The calculation of average 

(Avg.), bias and coefficient of variation (CV) values was performed before rounding the 

values. 
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Correlation between LC-MS/MS and ELISA results. 

 

Figure S1. A graphic representation of the correlation between the bioanalysis results 

obtained with the LC-MS/MS method (x-axis) and those with the ELISA method (y-axis) for 

plasma and aqueous humor, expressed as the percentage of the highest value. 
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Isotope purity of the internal standard 

 

 

 

 

Figure S2. LC-MS/MS chromatograms in SRM mode showing the isotopic purity of the 

internal standard at the three stages of oxygen exchange.  

.  
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Great minds discuss ideas. 

Average minds discuss events. 

Small minds discuss people. 

 Eleanor Roosevelt 
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5.1 Abstract. 

 

The administration of protein-based pharmaceuticals can cause the in vivo formation 

of anti-drug antibodies (ADAs) which may reduce the efficacy of the therapy by 

binding to the protein drug. An accurate determination of the total and ADA-bound 

concentrations of the drug gives information on the extent of this immune response 

and its consequences and may help develop improved therapeutic regimens. We 

present an absolute quantitative method to differentiate between total, free and 

ADA-bound drug for recombinant human alpha acid glucosidase (rhGAA) in plasma 

from patients suffering from Pompe’s disease. 

LC-MS/MS quantification of a signature peptide after trypsin digestion of plasma 

samples before and after an extraction of the total IgG content of plasma with 

Protein-G coated beads was used to determine the total and the ADA-bound 

fractions of rhGAA in samples from Pompe patients after enzyme infusion. The 

methods for total and ADA-bound rhGAA allow quantification of the drug in the 

range of 0.5 to 500 µg/mL using 20 µL of plasma and met the regular bioanalytical 

validation requirements, both in the absence and presence of high levels of anti-

rhGAA antibodies. This demonstrates that the ADA-bound rhGAA fraction can be 

accurately and precisely determined and is not influenced by sample dilution, 

repeated freezing and thawing or extended bench-top or frozen storage. 

In samples from a patient with a reduced response to therapy due to ADAs high 

ADA-bound concentrations of rhGAA were found, while in the samples from a 

patient lacking ADAs, no significant ADA-bound concentrations were found. 

Since Protein G captures the complete IgG content of plasma, including all anti-drug 

antibodies, the described extraction approach is universally applicable for the 

quantification of ADA-bound concentrations of all non-IgG-based 

biopharmaceuticals. 
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5.2 Introduction. 

 

Reliable analytical methods for the quantitative determination of biopharmaceutical 

proteins in biological samples are indispensable for drug development as well as 

therapeutic drug monitoring once on the market. 

Traditionally, large biopharmaceutical proteins are quantified with ligand binding 

assays (LBAs), but in recent years liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) has been gaining popularity in this area
1,2

, usually in 

combination with proteolytic digestion of the protein analyte into a series of peptides, 

one or more of which are quantified as a surrogate for the intact protein. One reason 

for the increased interest for LC-MS/MS is its generally better quantitative 

performance, caused by the absolute nature of the measurement and the possibility 

to correct for experimental variability by using stable-isotope labeled internal 

standards
3,4

. Furthermore, LBAs can be influenced by interactions between the 

analyte and other proteins in the sample
5,6

, whereas the proteolytic digestion 

typically used in LC-MS/MS workflows circumvents this problem since it cleaves all 

proteins in the sample and thereby also disrupts interactions with other proteins. 

One of the main classes of proteins that interfere in LBAs are anti-drug antibodies 

(ADAs)
7,8

, which are elicited by the patient’s immune system in an attempt to clear 

foreign and unknown substances, in this case the drug, from the body. In LBAs, 

ADAs can compete with both the capture and detection antibodies for binding sites 

on the drug. Therefore, the presence of ADAs in a sample typically results in an 

underestimation of the total amount of drug, when quantified using an LBA
7,9

. In 

contrast, LC-MS/MS allows an unbiased determination of the total drug 

concentration in ADA-positive samples. 

Next to the total concentration, it may be valuable to also determine the ADA-bound 

concentration of a drug, e.g. to correlate pharmacokinetic data to the 

pharmacological activity of the protein. To this end, free and ADA-bound drug have 

to be separated, after which digestion and LC-MS/MS analysis can be applied to the 

isolated fractions. 

One possibility to extract an ADA-bound biopharmaceutical from a sample is based 

on the interaction of the constant region of immunoglobulins with protein A, G or L. 

These proteins have different affinities towards the immunoglobulin subclasses. IgM, 

the first immunoglobulin to be released upon exposure to an antigen, is only 

significantly bound by protein L, which makes this the preferred reagent for isolation 

of ADA-bound drug in samples from clinical trials with previously drug-naïve healthy 

volunteers. In therapeutic drug monitoring of patients who are on prolonged therapy, 

the ADA-population will mainly consist of IgG subclasses to which both protein A or 

G display a high affinity. 

Protein G-based extraction has been combined with LC-MS/MS to assess the total 

ADA binding capacity in plasma by the addition of excess drug, isolation of the ADA-
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drug complex and quantification of a signature peptide of the protein drug as a 

measure for the presence of total ADA
10

. In addition, the combination of protein A/G-

based enrichment with LC/MS-MS has been investigated in an exploratory method 

for the ADA-bound fraction of a 4.5kDa therapeutic peptide in a comparison with 

ultrafiltration on a 100kDa molecular weight cutoff filter to separate free from ADA-

bound peptide
11

. In our work, we describe the combination of LC-MS/MS and 

protein-G for the absolute quantitative determination of the total as well as the ADA-

bound concentrations of a large biopharmaceutical protein and we describe several 

critical experiments required for the successful development of such a method. 

The method was developed for the 110-kDa biopharmaceutical drug recombinant 

human alpha acid glucosidase (rhGAA), which is used to treat patients suffering 

from glycogen storage deficiency type II, or Pompe’s disease, in which genetic 

defects prevent the expression of a (fully functional) acid alpha-glucosidase 

protein
12

. Absence of the enzyme results in storage of glycogen in several tissues, 

especially skeletal muscle and heart. This results in progressive muscle weakness, 

cardiac failure and reduced life expectancy of patients. Enzyme replacement therapy 

(ERT) with rhGAA has shown to reduce glycogen storage and improve life 

expectancy of patients
13–15

. Determination of the ADA-bound rhGAA fraction is 

relevant, as a large part of the patient population develops an immune response to 

the drug, which reduces the efficacy of ERT. 

In normal clinical practice, the circulating amount of rhGAA in dosed patients is 

quantified by measuring its activity
13

, a technique which is often complemented with 

a protein-A depletion to determine the free (non-ADA bound) activity. This approach 

generates results for the free and total activity in plasma, from which the ADA-bound 

fraction can be calculated. However it does not give insight in the actual 

concentrations of total and ADA-bound rhGAA as the data might be biased by to the 

presence of neutralizing ADAs which render the protein drug inactive and thus 

impact the measured total activity of the drug. This potentially leads to a 

misrepresentation of the extent of ADA-binding which can complicate the correct 

adjustment of the dosage regime to restore therapeutic efficacy. The use of LC-

MS/MS with a protein-G extraction described in this paper allows the correct 

determination of the total and ADA-bound rhGAA concentrations, regardless of the 

presence of neutralizing antibodies. To confirm the suitability of the approach we 

report the results of a validation of the methods for total and ADA-bound rhGAA and 

its application to plasma samples taken from different patients suffering from 

Pompe’s disease. 
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5.3 Materials and Methods. 

 

5.3.1 Chemicals. 

Methanol, acetonitrile, formic acid, Tween-20, ammonium bicarbonate, 

Tris(hydroxymethyl)aminomethane (Tris), non-N-Tosyl-L-phenylalanine chloromethyl 

ketone treated trypsin from porcine pancreas, ammonium acetate, disodium 

hydrogenphosphate, sodium dihydrogenphosphate, hydrochloric acid, glycine and 

sodium chloride were obtained from Sigma Aldrich (St. Louis, MO, USA). HPLC 

grade water was prepared using a water purification system from Merck-Millipore 

(Darmstadt, Germany). The stable-isotope labeled (SIL) internal standard, a peptide 

with amino acid sequence VTSEGAGLQLQK, in which the C-terminal lysine 

contained a 
13

C6
15

N2 isotope label, was obtained from JPT-peptides (Berlin, 

Germany). 

5.3.2 Biological materials. 

Recombinant human alpha acid glucosidase (rhGAA) (Myozyme®) was obtained 

from Genzyme corporation (Cambridge, MA, USA). Drug- and ADA-free human 

plasma on K2-EDTA from healthy volunteers (hereafter referred to as blank human 

plasma) was obtained from Seralabs (Haywards Heath, UK) Drug-free and ADA-

containing human plasma was obtained by pooling individual aliquots of (K2-EDTA) 

plasma collected from Pompe patients that had been on rhGAA for varying periods 

of time and had developed relatively high ADA titers, prior to drug administration and 

after complete washout of the previous dose. 

5.3.3 Preparation of samples. 

A rhGAA stock solution of 5.0 mg/mL was prepared by dissolving the contents of a 

vial of freeze-dried protein (label claim: 50 mg) in 10.3 mL of water according to the 

manufacturer’s instructions for use. The stock solution was divided into 0.400mL 

aliquots in polypropylene tubes and stored at -80 ºC. From this stock solution 

calibration samples were prepared in blank human plasma at 0.500, 1.00, 2.50, 

10.0, 25.0, 100, 250, 400 and 500 µg/mL. Similarly, validation and quality control 

(QC) samples were prepared at 0.500, 1.50, 40.0 and 400 µg/mL. In addition, two 

positive control (PC) samples were prepared by spiking drug-free, ADA-containing 

plasma with rhGAA. For PC-A (high drug, low ADA), rhGAA was spiked at 125 

µg/mL in patient plasma that had been diluted ten-fold with blank human plasma. 

Likewise, PC-B (low drug, high ADA) was prepared at 9.23 µg/mL rhGAA patient 

plasma 2.5-fold diluted with blank human plasma. All calibration, validation, QC and 

PC samples were stored in polypropylene tubes at -80 ºC. 
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5.3.4 Sample pretreatment. 

 

For the determination of the total rhGAA concentration in both ADA-free and ADA-

containing plasma, 20-µL aliquots of sample were pipetted into the 1-mL wells of a 

96-well plate and 400 µL of methanol was added. After vortex-mixing for 1 minute, 

the proteins were allowed to precipitate at room temperature for 10 minutes after 

which they were pelleted by centrifugation for 10 minutes at 1000g. The supernatant 

was discarded by inverting the plate above a waste receptacle and placing it upside 

down on a clean paper towel for 5 minutes. The protein pellet was reconstituted by 

vortex-mixing in 200 µL of a solution consisting of 50 mM ammonium bicarbonate at 

pH8.2, 0.05% Tween-20 and 200 µg/mL trypsin and which contained 75 ng/mL of 

the SIL-peptide internal standard. The sample was digested at 37°C and 900 rpm for 

3 hours, after which the digestion was stopped by the addition of 50 µL of a solution 

of 5% formic acid in water. Finally, the plate was sealed, vortex-mixed and placed in 

the autosampler at 10°C for analysis. 

For the determination of the ADA-bound rhGAA concentration, 0.2-mL Nab
tm

 

Protein-G spin columns (Thermo Scientific, Waltham, MA, USA) were used, from 

which the storage solvent was removed before use by centrifuging for 2 minutes at 

2000g. The beads were then reconstituted in 380 µL of load/wash solution (100 mM 

phosphate buffer at pH 7.2, 100 mM sodium chloride and 0.05% Tween-20), after 

which 20 µL of plasma was added. The complex of Protein-G and ADA-bound 

rhGAA was allowed to form for 30 minutes at room temperature on a rotation 

homogenizer, after which the supernatant containing unbound rhGAA was removed 

by centrifugation for 2 minutes at 2000g and discarded. The beads were 

reconstituted in 400 µL of load/wash solution and washed by overhead mixing on a 

rotation homogenizer for ten minutes, after which the washing solvent was removed 

by centrifugation for 2 minutes at 2000g and discarded. ADA-bound rhGAA was 

released from the protein-G beads during 10 minutes on a rotation homogenizer 

after the addition of 400 µL of 200 mM Glycine-HCl buffer at pH 2.0, which 

contained 100 mM sodium chloride and 0.05% Tween-20. After centrifugation for 2 

minutes at 2000g, the supernatant was collected in a 2-mL sealable tube, to which 

1600 µL of methanol, and 140 µL of 500 mM solution of Tris (pH 11) were added. 

After vortex- mixing for 1 minute, the proteins were allowed to precipitate at room 

temperature for 10 minutes after which they were pelleted by centrifuging for 10 

minutes at 10000g. The supernatant was discarded and the internal standardization 

and digestion of the pellets was performed in an identical manner as for the total 

rhGAA method. To prevent carry over, the protein-G columns were washed after 

each use with 400 µL of 200 mM Glycine-HCl buffer at pH 2.0, which contained 100 

mM sodium chloride and 0.05% Tween-20. After 10 minutes of washing, the solvent 

was removed by centrifugation for 2 minutes at 2000g. The beads were 
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reconstituted and stored before re-use in 100 mM phosphate buffer at pH 7.2, 100 

mM sodium chloride and 0.05% Tween-20. 

 

 

5.3.5 Instrumental analysis. 

The chromatographic separation was performed using an I-class UPLC system 

(Waters, Milford, MA, USA) equipped with a 150x2.1mm Acquity PST CSH130 C18 

column with 1.7-µm particles (Waters). The mobile phases where 0.1% formic acid 

in water (A) and acetonitrile (B). Gradient elution was performed at a flow-rate of 0.4 

mL/min by a linear increase of mobile phase B from 6% to 13.5% in 15 minutes 

followed by a 2-min washing step at 90%B to clean the column. For detection, a 

Xevo-TQS triple quadrupole mass spectrometer (Waters) was used with an 

ionization voltage of 3500 V and a gas temperature of 400 °C. Other settings as well 

as the monitored SRM transitions for the signature peptide and internal standard are 

shown in Table 1. 

 

 

Peptide sequence ion  fragmen  Cone

 Collision  

  (m/z)  (m/z)  (V) (V)    

 

rhGAA C-side VTSEGAGLQLQK [m+2]
2+

 / 615.8 y10 
1+

 / 1030.6 30 18 

Int. Std. VTSEGAGLQLQK
a
 [m+2]

2+
 / 619.8 y10 

1+
 / 1038.6 30 18 

Human IgG ALPAPIEK [m+2]
2+

 / 419.8 y5 
1+

 / 557.3 40 20 

HSA LVNEVTEFAK [m+2]
2+

 / 575.3 y8 
1+

 /  937.5 40 30 

rhGAA N-side YEVPLETPR [m+2]
2+

 / 552.3 y6 
1+

 /  712.4 40 20 

rhGAA N-side TTPTFFPK [m+2]
2+

 / 469.8 y6 
1+

 /  736.4 40 20   
a
 
13

C6
15

N2 labeled. 

Table 1. SRM transitions and mass spectrometric settings 
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5.3.6 Method validation. 

Total rhGAA concentrations in the validation and positive-control samples were 

determined by applying the method for total rhGAA and comparing the results to a 

calibration curve spiked with rhGAA in blank, ADA-free plasma, which was analyzed 

with the same method in the same run. The method for total rhGAA determination 

was validated according to international guidelines for chromatographic methods
16–18

 

by assessing precision, accuracy, selectivity and stability using calibrators and 

validation samples in ADA-free plasma. Besides the regulatory validation 

requirements, an additional selectivity assessment was performed to determine the 

performance of the total rhGAA method in ADA-containing positive control plasma 

samples. 

Quantification of ADA-bound rhGAA in the positive-control samples was performed 

by application of the method for bound rhGAA and comparing the results to a 

calibration curve spiked with rhGAA in ADA-free plasma, which was simultaneously 

analyzed using the method for total rhGAA. The ability of the method to correctly 

quantify rhGAA in the eluate of the protein-G material (which has a much reduced 

protein content) against a calibration curve in unextracted plasma was assessed. To 

this end, blank plasma was extracted using the protein G cartridges to create blank 

eluate, which was subsequently spiked with rhGAA at two concentrations (1.50 and 

400 µg/mL), processed according to the presented method and analyzed against a 

calibration curve in plasma that was directly digested.The method for ADA-bound 

rhGAA was validated by evaluating precision, accuracy, and stability. A detailed 

description of all validation experiments is included in the supplemental data. 

 

 

5.3.7 Clinical background of the patients. 

The patients in this study were receiving intravenous doses of 20 mg/kg rhGAA once 

per two weeks. A patient with a normal response to enzyme replacement therapy 

(ERT) and an ADA titer of 50, determined with Elisa, was dosed according to the 

regular regimen
19

 which consisted of an initial 5 mL/h for 30 minutes, followed by 20 

mL/h for the next 30 minutes, then 88 mL/h for another 30 minutes and 250 mL/h 

until the end of infusion. Due to infusion related reactions, another patient with a 

reduced response to ERT and an ADA titer of 3906250, also determined with Elisa, 

was dosed according to a slightly altered regimen, which consisted of an initial 5 

mL/h for 60 minutes, followed by 20 mL/h for the next 60 minutes, then 88 mL/h for 

another 60 minutes and 180 mL/h until the end of infusion, while the total dose 

remained the same. Blood samples were drawn and plasma was prepared at set 

time-points during and after dosing. The patients described in this report had given 

informed consent for all studies they participated in. 
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5.4 Results and Discussions. 

5.4.1 Signature peptide selection. 

The protein rhGAA contains 952 amino acids, has six glycosylation sites and a 

molecular mass of approximately 110 kDa. An in silico trypsin digestion, performed 

with mMass
20

, revealed the theoretical formation of 61 different peptides, 16 of 

which were deemed useable for quantification based on their size, the absence of 

glycosylation and unstable (methionine) and disulfide forming (cysteine) amino acids 

in their sequence. Eight of these were identified by LC-MS in a trypsin digest of the 

rhGAA stock solution. Comparison of their sequences to the non-redundant 

sequences of the known human proteome, using the basic local alignment search 

tool (BLAST) version 2.2.29
21

, showed that they were all unique for human alpha 

acid glucosidase.  

The three peptides with the highest sensitivity and selectivity in single reaction 

monitoring (SRM) mode were used for further method development: one from the C-

terminal region and two from the N-terminal region of rhGAA. The peptide from the 

C-terminal region (VTSEGAGLQLQK) demonstrated the best performance, and was 

selected to be used for the quantification of rhGAA, and a SIL analogue of this 

peptide was obtained for use as an internal standard. The other two peptides 

(YEVPLETPR and TTPTFFPK) were used for qualitative purposes to confirm the 

presence of rhGAA. To monitor the selectivity of the protein-G extraction towards 

IgG, two other peptides were also monitored in each sample: ALPAPIEK, from the 

constant region of the heavy chain as signature peptide for human IgG1
22

 and 

LVNEVTEFAK as signature peptide for human serum albumin (HSA)
23

. The SRM 

transitions of all monitored peptides are shown in Table 1. 
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Figure 1. Digestion-time course for all monitored peptides. showing the peak areas (for 

VTSEGAGLQLQK also ratio over internal standard) expressed as a percentage of the highest 

measured value for each peptide. 

 

5.4.2 Trypsin digestion.  

The time-course for the release of all monitored tryptic peptides during the digestion 

step is shown in Figure 1. Considerable differences in the speed of release between 

the peptides were observed. For the rhGAA peptide VTSEGAGLQLQK, the results 

indicate that the peptide was already completely released at the first time-point of 20 

minutes of digestion. In contrast, another rhGAA peptide (YEVPLETPR) needed 

over 6 hours to reach the plateau indicating its complete release. This difference 

may at least in part be attributed to the fact that for the peptide YEVPLETPR, the N-

terminal amino acid (Y) is connected to an RR sequence in the intact protein. These 

so called ragged ends are known for high rates of missed cleavages and poor 

digestion reproducibility, even after long digestion periods
24

. Furthermore, 

differences in the accessibility of the cleavage sites for trypsin might also cause this 

effect. Comparison of the results for VTSEGAGLQLQK obtained using peak area 

with those using area ratio over internal standard shows the normalizing effect of the 

internal standard. 

For the final method, we selected a digestion period of three hours even though a 

much shorter period would have sufficed to fully release the quantifying signature 
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peptide for rhGAA. This was done to allow a reasonable release (>80%) of the third 

peptide for rhGAA and for the IgG-1 specific peptide ALPAPIEK, as well as to 

prevent detrimental effects from the possible injection of partly digested proteins, 

which might cause fouling of the LC-MS/MS system. 

5.4.3 Chromatographic separation and detection.  

The chromatographic method proved sufficiently selective to separate all monitored 

peptides from the observed peaks in the LC-MS/MS chromatogram which result 

from the myriad of matrix peptides released by trypsin from the plasma proteome. 

To achieve this, a relatively shallow gradient of 0.5% per minute increase in modifier 

content in the mobile phase was combined with the 150-mm analytical column with 

1.7µm particle diameter. 

In Figure 2, all monitored SRM transitions are shown for a sample with an rhGAA 

concentration of 2.50 µg/mL; IgG and HSA were at endogenous plasma levels. The 

presented method was used to analyze almost 1000 injections using one analytical 

column, which did not show decreased performance or increased backpressure 

which indicates that (partly) undigested proteins or did not cause problems. 

 

 

Figure 2. LC-MS/MS chromatograms of all monitored peptides. In case of multiple peaks the 

retention times are only shown for the peptide of interest. Taken from a sample which 

contained 2.50 µg/mL rhGAA  
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5.4.4 Protein-G extraction. 

To obtain quantitative results for ADA-bound rhGAA, it is essential that the binding 

capacity of the protein-G material is high enough to bind the entire IgG content, 

which includes all rhGAA directed ADAs in the applied plasma volume, in a 

reproducible manner. For our method, the binding capacity (2.2-3mg human IgG per 

column according to the manufacturer) was evaluated by diluting different volumes 

of a plasma sample which contained 22.5 µg/mL rhGAA in tenfold diluted ADA 

plasma (in the range of 6.7 to 80 µL) to 400 µL, the recommended volume to 

suspend the beads, with load/wash solution and applying this to the protein-G spin 

columns. The capture efficiency for IgG-1 was determined by comparing the IgG 

response (signature peptide area) found in the eluate of the protein G beads to that 

found in directly digested plasma.  

 

Figure 3. The effect on the measured bound fraction of dilution with loading buffer (upper 

pane) and plasma (lower pane).  
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In the same experiment, the capture efficiency for ADA-bound rhGAA was assessed 

by comparing the bound and total rhGAA concentrations. The results from this 

experiment are shown in the upper pane of Figure 3. The extraction of IgG-1 was 

essentially complete for dilution factors of at least 10 (corresponding to a plasma 

volume of up to 40 µL). Application of a larger volume (80 µL) of plasma resulted in 

a decrease of 10% of captured IgG due to saturation of the protein G beads. For the 

ADA-rhGAA complex, a similar pattern was observed in which the bound fraction of 

42% was constant for dilution factors of 10 and higher (up to 40 µL of plasma). This 

was reduced to 25% by the application of 80µL of plasma, due to the saturation of 

the protein-G material. 

This indicates that in our method, which uses only 20 µL of plasma, the capture of 

IgG is complete and also that the equilibrium between rhGAA, its ADAs and the 

rhGAA-ADA complex is not influenced by the dilution step. 

 

 

 

Figure 4. LC-MS/MS chromatograms of the positive control samples for total (A and C) and 

ADA-bound (B and D) rhGAA. A and B represent the sample with a low ADA-bound fraction 

(PC-A), and C and D represent the sample with a high ADA-bound fraction (PC-B). 

 

 

In another experiment, it was confirmed that the binding equilibrium of rhGAA and its 

ADAs is not influenced by dilution of the sample with non-ADA containing plasma, 

which might be required in case patient samples have an rhGAA concentration 

above the range of the calibration curve. Total and bound fractions were determined 

in undiluted plasma with a high ADA-titer spiked with 400 µg/mL rhGAA as well as 

after up to-200-fold dilution of this sample with blank human plasma, the results are 

shown in the lower pane of Figure 3. 
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Although some variability was observed, no trend was seen in the results, which 

would have been the case if the applied dilutions had an effect on the binding 

equilibrium between rhGAA and its ADAs. Therefore, ADA-positive plasma can be 

diluted with blank plasma, e.g. in case of over-curve rhGAA concentrations, without 

the result for the bound fraction being affected. This also shows that the selected 

positive control samples (2.5- and 10-fold diluted) are representative for the in vivo 

situation which may span a wide range of ADA-titers. As an illustration, 

chromatograms of the positive control samples before and after treatment with 

protein-G are shown in Figure 4. 

For protein quantification methods with LC-MS/MS, a labeled SIL-protein internal 

standard is usually considered the best option, because it covers the entire 

procedure. However, for the determination of ADA-bound concentrations, addition of 

SIL-proteins will alter the ADA-drug equilibrium as the ADAs can also bind to the 

internal standard. Therefore, in this case, the use of a SIL-peptide internal standard, 

which does not interfere with the equilibrium, is a more appropriate internal 

standardization option. However, as the protein-G extraction procedure is not 

covered by an internal standard, it should be optimized to reduce the variability it 

introduces. Only then, can a method can be developed with a performance sufficient 

to be validated according to international guidelines, as was demonstrated in this 

work. Finally, it should be realized that, just like ELISA-based ADA-titer 

determinations, the presented approach depends on the presence of antibodies with 

sufficient affinity towards the drug, because low-affinity antibodies likely release 

rhGAA during the capture and washing steps of the protein-G extraction. This should 

not be too much of a concern because low-affinity antibodies are less relevant in 

vivo as they are less likely to impact the therapeutic response. 

 

 

5.4.5 Protein-G extraction recovery. 

Another important quantitative characteristic of the protein-G extraction is the 

recovery of rhGAA in all fractions collected from the protein-G material. This was 

determined in ADA-free plasma, in a sample with a low ADA-bound fraction (PC-A) 

and in a sample with a high ADA-bound fraction (PC-B). The amount of rhGAA was 

measured before extraction and in the following fractions: the supernatant, the 

washing solution from two subsequently performed washing steps, and the elution 

solution. The recovery in each fraction was calculated by comparing the measured 

peak ratios of the rhGAA peptide and its internal standard from all fractions to those 

obtained with the total rhGAA method for the same samples (see Figure 5). 

The ADA-free sample displays the highest rhGAA recovery (84%) in the 

supernatant, because all rhGAA is in the free form and no binding to protein G 

should take place. For this sample, a small part of the analyte (11.8%) is recovered 

in the first washing step, which must be due to non-specific interactions or 
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incomplete removal of solvent during the centrifugation step. Only a minor amount of 

rhGAA (0.1%) was recovered in the second washing step; therefore, the sum of 

rhGAA recovered in the supernatant and in the first washing step can be considered 

to represent the free fraction of the drug and only a single washing step was used in 

the final method for validation and patient sample analysis. As expected, a negligible 

amount of rhGAA (<2%) was recovered in the elution solvent for the ADA-free 

sample.  

 

 

 

Figure 5. Recovery of rhGAA in the different fractions of the protein-G extraction for ADA-free 

samples and samples with a low or a high ADA-bound fraction. For all fractions, recovery is 

expressed as percentage of the response found in the corresponding result from the total 

rhGAA analysis, the standard deviation is expressed in error bars. 

 

 

The results for the samples with a low and a high ADA bound content are also 

shown in Figure 5 and indicate the differences in ADA binding (11.0 and 83.5%, 

respectively). The amount of rhGAA recovered in the first washing step of the low 

ADA binding sample (~11%) was higher than that found in the high ADA bound 

sample (~3%); this might be explained by the considerably higher fraction of 

unbound rhGAA available for binding non-specifically in the sample with a low 

percentage of ADA-binding. Furthermore, the fact that essentially no analyte was 

recovered in the second washing step indicates that ADA-bound rhGAA was not 

released from the ADA-rhGAA complex during the washing procedure, even when a 
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relatively large amount of ADA-bound rhGAA was present on the beads, as was the 

case for the sample with a high percentage of ADA-binding. 

Importantly, for all samples, the observed total recovery is close to 100%, 

corresponding to the measured total rhGAA concentration for each sample. This 

indicates the completeness of elution and underlines the appropriateness of the 

protein-G extraction for use in a quantitative setting for ADA binding. 

 

 

5.4.6 Validation. 

All obtained results from the validation of the total as well as the ADA-bound rhGAA 

methods are included in the supplemental tables S1 through S11, a concise 

summary is shown in Table 2. All results meet the criteria set for small-molecule 

bioanalytical method validations according to international guidelines
16–18

 and thus 

show that total and ADA-bound concentrations of rhGAA can be determined with 

high accuracy and precision and that both rhGAA itself and its equilibrium with ADAs 

is sufficiently stable for a reliable estimation of the ADA binding in patient samples. 

In addition, sufficient selectivity was observed, because none of the analyzed ADA-

containing and ADA-free blank plasma lots showed interferences of more than 20% 

of the LLOQ response. The results, shown in Table S14, demonstrate that the 

method is able to accurately quantify rhGAA in protein G extracted plasma against a 

calibration curve in unextracted plasma, even though these matrices have a different 

composition. 

Next to the bound and total concentrations, another important parameter is the 

percentage of rhGAA bound to ADAs, which can be calculated from the measured 

total and ADA-bound concentrations. Since the analytical variability from both the 

total and the ADA-bound determinations contributes to the variability of the bound 

percentage, overall variability may be higher than for the separate concentration 

measurements. As shown in supplemental tables S8 through S11, the values for the 

percentage of ADA-bound rhGAA, calculated from the measured bound and total 

concentrations, were found to be in accordance with the criteria of the validation 

guidelines, which indicates the suitability of our methodology for the reliable 

determination of the ADA-bound percentage of rhGAA in human plasma. During the 

validation of the %-bound rhGAA, a bias of +14.9% was observed in the bench-top 

stability experiment after 187 hours of storage. Although this is within the acceptable 

range, it does indicate that the ADA-bound fraction may increase upon prolonged 

bench-top storage of plasma. To avoid this issue, it is advisable to restrict sample 

storage at room temperature before analysis.  

The efficiency of the protein-G extraction was monitored using the IgG and HSA 

signature peptides in all samples by comparing the peak area found before and after 

protein-G extraction, in plasma and eluate, respectively. The extraction recovery of 

IgG was consistently found to be over 99%, while the amount of HSA found in the 
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eluate was typically around 5% probably due to non-specific binding to the material 

(data not shown), which shows the completeness as well as the good selectivity of 

the IgG extraction. 

None of the screened ADA and non-ADA containing blanco plasma lots contained 

interferences of over 20% of the LLOQ. 

 

 

 

Validation item Maximum bias Highest CV  

  (%) (%) 

Method characteristics 

 Accuracy and precision (total rhGAA without ADAs) -6.8 8.4 

 Accuracy and precision (total rhGAA with ADAs) -3.7 4.9 

 Accuracy and precision (% ADA-bound) n.a. 11.0 

 Linearity -3.8 4.6 

 Matrix variability -1.6 5.3 

 Carry-over (% of response of the LLOQ) +5.9 n.a. 

 Matrix effect n.a. 12.8 

Stability of total rhGAA in plasma 

 Bench-top (187h) -5.2 5.4 

 Freeze-thaw -80°C (3 cycles) -3.0 5.9 

 Storage stability -80°C (21 days) -7.6 2.8 

Stability of the % ADA-bound rhGAA in plasma 

 Bench-top (187h) +14.9 4.2 

 Freeze-thaw -80°C (3 cycles) +4.5 8.5 

 Storage stability -80°C (46 days) +7.1 14.5 

Stability of rhGAA in stock solution 

 Frozen storage -80°C (546 days) +3.4 2.6 

 Bench-top (20 h) -6.3 8.6 

Stability of the signature peptide in extracted plasma digest 

 Autosampler 10°C (14 days) 3.3 4.9  

 

Table 2. Maximal values for bias and CV observed for each of the performed validation 

experiments 
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5.4.7 Patient sample analysis.  

The total and the ADA-bound rhGAA levels were determined in several patient 

samples. The results for two subjects are shown in Figure 6: one subject with a high 

ADA titer and not responding well to therapy and another subject of comparable age 

and type of mutation of the gene coding for GAA but without significant ADA titers. 

As mentioned, the dosing regimen of infusion rates differed slightly between the two 

subjects although both received the same dose. 

High levels of ADA-bound rhGAA were found in the subject with a reduced response 

to therapy (left pane), compared to the other subject in which almost no ADA-binding 

was observed (right pane). For all samples, three tryptic peptides of rhGAA were 

quantified which give information about different parts of the rhGAA molecule. 

Although the method was only validated for one peptide located near the C-terminal 

side of the rhGAA molecule (VTSEGAGLQLQK) and no internal standards were 

used for the other two peptides, the average difference in the measured 

concentrations between the C-terminal peptide and the peptides TTPTFFPK and 

YEVPLETPR located near the N-terminus was only -4.4%, and -0.8%, respectively. 

 

 

 
 

Figure 6. Pharmacokinetic profiles of total rhGAA (closed symbols) and ADA-bound rhGAA 

(open symbols) measured in samples from a subject with a reduced response to therapy due 

to high ADA titers (left pane) as well as in a subject without a significant ADA titer (right pane). 

 

This indicates that performance of the method for these peptides is adequate to 

support data interpretation, in the case of unexpected or aberrant results observed 

for the validated peptide. In the runs in which patient samples were analyzed, one 

quality control sample for total and one for bound rhGAA was included, the results of 

which are shown in supplemental table S13 indicating acceptable performance of 

the assays. 
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5.5 Conclusions. 

An accurate and precise method was developed for the determination of the total 

and ADA-bound fractions of rhGAA in plasma. The method was optimized to ensure 

complete trapping of ADA-bound rhGAA by protein-G coated extraction material and 

to allow dilution of the patient samples with blank plasma and extraction diluent 

without disturbing the ADA-rhGAA binding equilibrium. The method was validated 

according to international bioanalytical guidelines and applied to plasma samples 

from patients undergoing intravenous administration of rhGAA as enzyme 

replacement therapy. 

The good accuracy and precision results obtained for the total rhGAA 

determinations in samples which contained ADAs indicate that the applied 

denaturing and digestion protocols effectively removed interferences from ADAs on 

the measured value for total drug concentrations 

The specificity of Protein-G is not limited to human immunoglobulins, which 

potentially enables the procedure to be used for different species, a feature which 

for example can be helpful for the assessment of immunogenicity in the pre-clinical 

phases of biopharmaceutical drug development. The extraction methodology 

described here is of general value, as protein G is directed to the constant region of 

all antibodies of the IgG class and will extract all ADA-protein drug complexes from 

the sample. It can, therefore, be applied for the quantification of the ADA-bound 

fractions of many other biopharmaceutical drugs, with the exception of IgG-based 

pharmaceuticals, which bind to protein G in their free form as well. These principles 

can also be applied to essays where a higher sensitivity is required, which can be 

achieved by the incorporation of an (immune) extraction following the digestion. 
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5.7 Supplemental materials for chapter 5 

 

 

A description of the validation experiments for the total glucosidase method. 

 

Acceptance criteria. As per international guidelines, all Bias and CV acceptance 

criteria were set at 15%, (20% at the LLOQ), except for the stock-stability 

assessments, for which 10% limits were used. 

 

 

Linearity. Each validation run contained a calibration curve prepared in human 

plasma with the following levels: 0.500, 1.00, 2.50, 10.0, 25.0, 100, 250, 400, and 

500 µg/mL. The ratio of the measured peak area of the signature peptide over that 

of the internal standard was used in calculations. Weighted linear regression was 

applied with 1/xx as weighting factor. 

 

 

Accuracy and precision. The accuracy and precision of the method were 

determined by six-fold analysis in three separate runs analyzed on three different 

days. The validation samples were prepared in plasma at four concentration levels: 

0.500, 1.50, 40.0 and 400 µg/mL. Statistical analysis was performed using analysis 

of variance (ANOVA). 

 

 

Matrix variability. The influence of the matrix was assessed by preparing samples 

in eight independent human plasma lots at the LLOQ of 0.500 µg/mL. Additionally, 

to two of the plasma lots two volume percent of hemolyzed blood cells were added. 

These were prepared by freezing and thawing the cellular content of whole blood 

from which the plasma had been removed by centrifugation. The samples were 

analyzed in one run. 

 

 

Matrix effect. The effect of the matrix on the obtained responses was assessed by 

preparing samples in six independent matrix lots at 1.50 and 400 µg/mL. The same 

concentrations were also prepared in phosphate buffered saline. The plasma 

samples were analyzed in singlet and the sample in PBS in six-fold in a single run. 

From each plasma sample a matrix factor was calculated by dividing the peak ratio 

for plasma by the peak ratio obtained in one of the PBS samples of corresponding 

concentration. The average matrix effect per concentration level as well as the 

observed variability between the different matrix lots was used as a measure of the 

matrix effect at both levels. 
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As the FDA validation guidelines have been set up for methods which quantify small 

molecules, the design of the matrix effect experiment does not match protein 

quantification workflows, which include a digestion step. Spiking extracted and 

digested plasma with analyte (intact protein), and analyzing these directly is useless 

as no signature peptides will be present in the sample. Therefore, the effect of the 

matrix on the entire sample preparation procedure was determined instead. This 

experiment encompasses the recovery of the precipitation, the digestion efficiency 

as well as ionization suppression from matrix compounds. 

 

 

Bench-top stability. Human plasma samples at 1.50 and 400 µg/mL were stored 

on the bench-top and exposed to normal daylight for 18, 137 and 187 hours, after 

which the samples were analyzed in a run which contained a freshly spiked and 

prepared calibration curve. 

 

 

Freeze-thaw stability. Human plasma samples at 1.50 and 400 µg/mL were stored 

at -80°C and subjected to three freeze-thaw cycles, in which thawing was performed 

on the bench-top for a minimum of three hours, followed by frozen storage for at 

least 12 hours. The samples were analyzed against a freshly spiked and prepared 

calibration curve.  

 

 

Frozen stability. Human plasma samples at 1.500 and 400 µg/mL were stored 

at -80°C for 21 days. The samples were analyzed against a freshly spiked and 

prepared calibration curve.  

 

 

Extract stability in the autosampler. Human plasma samples at 1.50 and 400 

µg/mL were extracted and analyzed in the first validation run as a part of the 

accuracy and precision assessment. Subsequently, the extracts were kept in the 

autosampler at +10°C in the dark for 14 days, after which they were re-analyzed and 

the concentrations determined against the original calibration curve.  

 

 

Frozen stability of the stock solution. A 5.0-mg/mL stock solution of glucosidase 

was prepared from the reference material, and stored at -80°C. 546 days later a 

second stock solution was prepared freshly. Aliquots from both stock solutions were 

diluted with plasma to 200 µg/mL. These samples were analyzed in six-fold using 

the LC-MS/MS methodology for plasma. Stability evaluation was performed by 

comparing the concentrations found in the samples. 
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Bench-top stability of the stock solution. An aliquot of the 5.0-mg/mL stock 

solution of glucosidase was stored on the bench-top, exposed to normal daylight, 

while another aliquot of the same stock solution was stored at -80°C. After 

approximately 22 hours both stock solutions were diluted with plasma to 200 µg/mL. 

These samples were analyzed in six-fold using the LC-MS/MS methodology for 

plasma. Stability evaluation was performed by comparing the concentrations found 

in the samples. 

 

Carry-over. For each of the three validation runs which contained accuracy and 

precision samples, the peak ratios for the three blank plasma samples with internal 

standard which directly followed the highest calibrator of the calibration curve were 

compared to the peak ratios of the six validation samples prepared at the LLOQ 

(0.500 µg/mL) from the same run. 

 

Results of the validation experiments for the total glucosidase method. 

 

 

Run Phase Concentration (µg/mL)      Corr. slope intercept  

#  0.500 1.00 2.50 10.0 25.0 100 250 400 500 (R
2
)    

01 Val 0.499 1.01 2.45 9.87 24.9 98.2 251 417 499 0.9996 0.0098 0.0005 

02 Val 0.493 1.05 2.37 9.79 24.5 101 256 417 489 0.9986 0.0390 0.0017 

03 Val 0.495 1.01 2.61 9.41 26.0 97.3 255 398 495 0.9987 0.0347 -0.0010 

04 Val 0.485 1.04 2.63 9.28 26.9 93.5 262 398 475 0.9981 0.0297 0.0013 

05 Val 0.487 1.04 2.58 9.80 26.0 94.6 257 416 460 0.9987 0.0216 0.0024 

06 Val 0.502 0.998 2.46 10.1 26.1 92.7 272 403 467 0.9970 0.0249 0.0024 

07 Val 0.505 0.975 2.52 10.3 26.5 97.3 254 410 453 0.9988 0.0250 0.0024 

08 Val 0.505 0.975 2.52 10.3 26.5 97.3 254 410 453 0.9988 0.0250 0.0024 

09 Val 0.526 0.908 2.41 9.91 26.0 101 250 408 507 0.9989 0.0282 0.0002 

 

Average 0.499 1.00 2.50 9.81 25.9 96.9 257 408 481 0.9985 0.0266 0.0012 

Bias (%) -0.2 +0.4 +0.2 -1.9 +3.5 -3.1 +2.9 +2.1 -3.8 n.a. n.a. n.a. 

CV (%) 2.6 4.6 3.8 3.4 3.1 3.2 2.7 2.0 4.1 n.a. n.a. n.a.  

 

Table S1. Individual calibration curve results from the validation (Val). The calculation of 

average, bias and coefficient of variation (CV) values was performed before rounding. All 

values were taken from the data-processing software Masslynx 4.1. 
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Run Concentration (µg/mL)    Average Bias CV 

 Nominal concentration 0.500    µg/mL (%) (%)  

01  0.453 0.554 0.548 0.463 0.527 0.513 0.510 +1.9 8.4 

02  0.491 0.519 0.462 0.529 0.538 0.545 0.514 +2.8 6.2 

03  0.462 0.516 0.481 0.536 0.497 0.558 0.508 +1.7 7.0 

      Total 0.511 +2.1 6.3 

 

 Nominal concentration 1.50    ng/ mL (%) (%) 

01  1.59 1.60 1.61 1.59 1.59 1.50 1.58 +6.0 2.6 

02 1.54 1.62 1.55 1.62 1.53 1.58 1.58 +5.0 2.6 

03 1.49 1.57 1.50 1.33 1.49 1.56 1.49 -0.6 5.9 

      Total 1.55 +3.2 4.6 

 

 Nominal concentration 40.0    ng/ mL (%) (%) 

01  38.0 35.1 38.5 38.3 38.5 39.5 38.0 -5.0 3.9 

02 39.2 40.7 41.8 40.9 41.9 41.1 40.9 +2.3 2.4 

03 37.8 38.7 37.7 38.4 37.6 37.8 38.0 -5.0 1.2 

      Total 39.0 -2.6 4.4 

 

 Nominal concentration 400    ng/ mL (%) (%) 

01  379 379 386 391 399 393 388 -3.0 2.1 

02 395 402 408 405 409 397 402 +0.6 1.4 

03 364 375 369 378 372 379 373 -6.8 1.6 

      Total 388 -3.1 3.6  

 

Table S2. Individual accuracy and precision results from the total rhGAA plasma validation. 

The calculation of average, bias and coefficient of variation (CV) values was performed before 

rounding the values. 

 

 

Plasma Lot 

1* 2* 3 4 5 6 7 8 9 10 Average Bias CV  

Nominal concentration 10.0 (µg/mL)      µg/ mL (%) (%)  

0.472 0.460 0.507 0.492 0.499 0.546 0.467 0.473 0.514 0.491 0.492 -1.6 5.3  

*: 2% of hemolyzed blood cells added to the sample before spiking. 

 

Table S3. Matrix variability results from the total rhGAA plasma validation. The calculation of 

average, bias and coefficient of variation (CV) values was performed before rounding the 

values. 
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Description of the validation experiments for the ADA-bound glucosidase method. 

 

Accuracy and precision. The accuracy and precision of the method were 

determined by six-fold analysis in three separate runs analyzed on three different 

days of the PC-A and PC-B samples. Statistical analysis was performed using 

analysis of variance (ANOVA). 

The average results from these experiments were used as nominal values in the 

experiments to determine the stability of the complex. 

 

Bench-top stability. Aliquots of PC-A and PC-B were stored on the bench-top and 

exposed to normal daylight for 18, 137 and 187 hours, after which the samples were 

analyzed in a run which contained a freshly spiked and prepared calibration curve 

and QC samples. 

 

Freeze-thaw stability. Aliquots of PC-A and PC-B were stored at -80°C and 

subjected to three freeze-thaw cycles, in which thawing was performed on the 

bench-top for a minimum of three hours, followed by frozen storage for at least 12 

hours. The samples were analyzed the samples were analyzed in a run which a 

contained freshly spiked and prepared calibration curve and QC samples.  

 

Frozen stability. Aliquots of PC-A and PC-B were stored at -80°C for 46 days. The 

samples were analyzed the samples were analyzed in a run which a contained 

freshly spiked and prepared calibration curve and QC samples.  
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Run  Response   Average Bias CV 

 Total concentration (nominally 125 µg/mL) µg/mL (%) (%) 

01  122 119 119 120 120 122 120 -3.7 1.2 

02  119 124 130 130 128 128 126 +1.1 3.4 

03  119 122 126 121 128 129 124 -0.7 3.1 

      Total 124 -1.1 3.3 

 

 ADA-bound concentration    µg/mL   (%) 

01  14.0 13.7 12.2 14.3 13.4 12.8 13.4 - 6.0 

02 13.9 15.0 14.9 15.3 13.8 15.1 14.7 - 4.4 

03 14.5 12.8 14.0 13.6 12.8 14.7 13.7 - 6.1 

      Total 13.9 - 6.5 

 

 Calculated percentage ADA bound   %   (%) 

01  11.5 11.5 10.2 11.9 11.2 10.4 11.1 - 6.0 

02 11.7 12.1 11.5 11.8 10.8 11.8 11.6 - 3.9 

03 14.5 12.8 14.0 13.6 12.8 14.8 13.8 - 6.1 

      Total 12.2 - 11.0 

 

Table S8. Individual accuracy and precision results from the PC-A sample. The fraction ADA-

bound rhGAA was calculated by comparing the measured total and ADA-bound 

concentrations. The calculation of average, bias and coefficient of variation (CV) values was 

performed before rounding the values. 

 

Run  Response    Average Bias CV 

 Total concentration (nominally 9.23 µg/mL) µg/mL (%) (%) 

01  9.20 8.92 9.22 9.00 9.17 * 9.10 -1.6 1.5 

02  9.45 8.58 9.18 9.75 9.54 9.83 9.39 +1.5 4.9 

03  9.35 9.54 9.34 9.34 9.34 9.83 9.46 +2.2 2.1 

      Total 9.33 +0.9 3.5 

 

 ADA-bound concentration   µg/mL   (%) 

01  7.71 7.59 7.36 7.80 7.27 * 7.55 - 3.0 

02 7.41 7.46 7.44 7.92 8.04 7.10 7.56 - 4.7 

03 9.13 7.44 8.13 7.47 8.05 8.10 8.05 - 7.6 

      Total 7.73 - 6.2 

 

 Calculated percentage ADA bound  %   (%) 

01  83.8 85.1 79.9 86.7 79.3 * 82.9 - 3.9 

02 78.4 86.9 81.0 81.3 84.3 72.3 80.7 - 6.3 

03 97.6 78.0 87.0 79.9 86.2 82.3 85.2 - 8.2 

      Total 82.9 - 6.6 

* sample preparation error. 

Table S9. Individual accuracy and precision results from the PC-B sample. The fraction ADA-

bound rhGAA was calculated by comparing the measured total and ADA-bound 

concentrations. The calculation of average, bias and coefficient of variation (CV) values was 

performed before rounding the values. 
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Good manners will open doors that the best education cannot 

 Clarence Thomas 
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6.1 Abstract. 

 

Background. Deviations in circulating concentrations of IGF-1 have been used as a 

biomarker in several therapeutic areas. Traditionally, IGF-1 measurements are 

performed by (automated) ligand binding assays, which rely on the consistency of 

critical reagents often resulting in poor inter-laboratory comparability. 

Methods. An LC-MS/MS method was developed that discriminates between mature 

IGF-1 and total IGF-1, including all isotypes with extended amino acid sequences, in 

human plasma. The method is based on tryptic digestion of plasma and 

quantification of two IGF-1 specific signature peptides, one of which occurs only in 

mature IGF-1 while the other is present in all isotypes. Extraction was avoided prior 

to trypsin digestion to prevent any loss of isotypes by differences in extraction 

efficiency. After digestion, solid-phase extraction was applied to enrich both 

signature peptides. 

Results. The method is capable of measuring IGF-1 concentrations over the relevant 

range of endogenous IGF-1 concentrations (calibration range 10 to 1000 ng/mL). 

The method was validated according to regulatory guidelines. Observed differences 

in response between several commercial IGF-1 reference standards demonstrated 

inconsistencies in purity and absolute amount between several commercially 

available IGF-1 preparations. Normalization against the WHO standard for IGF-1 

resulted in a good correlation (<0.97) between the LC-MS/MS method and an 

existing ELISA method. 

Conclusions. LC-MS/MS is a reliable alternative to ligand binding assays (LBAs) for 

the quantitative determination of IGF-1 in plasma. Contrary to LBAs, it does not 

suffer from lot-to-lot variability of critical reagents, although the variable qualityof 

reference standards proved to be a problematic factor for the absolute quantification 

of IGF-1. LC-MS/MS showed that IGF-1 isotypes do not constitute a significant 

fraction of the total plasma IGF-1 content.  
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6.2 Introduction 

 

Insulin-like growth factor 1 (IGF-1) is considered an important biomarker for several 

conditions, such as the human growth hormone secretion disorders acromegaly and 

(Laron-type) dwarfism 
1
, as well as in oncology 

2,3
. Furthermore, IGF-1 is measured 

to assess the effects of calorie restriction as well as in other research in the areas 

related to (healthy-) ageing 
4–6

. It is further monitored as an indicator of growth 

hormone abuse in competitive sports and livestock 
7–9

. 

Quantification of IGF-1 in biological samples is traditionally performed with ligand-

binding assays (LBAs), which show a high variability due to their dependence on 

immunochemical reagents of varying quality 
10,11

. This results in poor inter-laboratory 

comparability and the need for different sets of reference values at different sites. It 

may even be necessary to adjust reference values when new lots of critical reagents 

are purchased. 

The use of liquid chromatography coupled to tandem mass spectrometric detection 

(LC-MS/MS) has gained popularity as an alternative platform for the absolute 

quantification of proteins in recent years 
12–14

. This technique combines an efficient 

chromatographic separation with the highly selective mass spectrometric detection 

of well-defined ions and is, as such, based on the physicochemical properties of a 

specific analyte. LC-MS/MS provides higher accuracy, better repeatability and is 

less prone to interferences from other proteins, which makes inter-laboratory 

comparisons typically more straightforward than for LBAs 
15

. 

Several LC-MS/MS based quantitative methods have been described for IGF-1 for 

clinical diagnostic purposes in plasma or serum. These methods typically employ an 

extraction of IGF-1 to reduce the complexity of the sample, followed by LC-MS/MS 

quantification of either the intact protein or a signature peptide released after trypsin 

digestion. Due to the relatively low molecular mass of IGF-1 (7.6 kDa), its 

physicochemical properties are rather peptide-like which allows it to be separated 

from the majority of large plasma proteins. The use of solid-phase extraction to 

extract IGF-1 from plasma, followed by trypsin digestion and LC-MS/MS analysis 
16

 

has been reported. This approach reached a lower limit of quantification (LLOQ) of 

254 ng/mL, which is insufficient to cover the entire range of reference values which 

spans from 15 to ~650 ng/mL depending on age and gender of the patient
17

. The 

method was therefore mainly used for the detection of acromegaly, as these patients 

typically have an increased circulating IGF-1 concentration up to 2000 ng/mL. 

Another approach to enrich IGF-1 relied on precipitating the majority of plasma 

proteins with acidic ethanol 
18

 while maintaining IGF-1 in the supernatant. After 

neutralization, an on-line extraction using a monolithic reversed phase cartridge was 

used to further clean up prior to LC-MS/MS analysis using a qTOF mass 

spectrometer with high-resolution fragment ion analysis. This method reached an 

LLOQ of 15 ng/mL, which is sufficient to quantify clinically relevant IGF-1 



144 

concentrations 
19

. The use of immunoaffinity extraction, described by Oran et al. 
20

, 

resulted in sufficiently clean extracts to allow the use of a MALDI-TOF mass 

spectrometer without any further HPLC separation. Although this workflow allowed 

the quantification of IGF-1 down to 5 ng/mL in plasma, batch to batch variability in 

the selectivity and affinity of the antibodies used in the approach are a potential 

source of variability. Furthermore, the measured result does not account for any of 

the IGF-1 isoforms. 

A range of IGF-1 isoforms have been identified and detected in the circulation 
121

, all 

of which have an elongated amino acid sequence, on either the C-terminal or the N-

terminal side of the molecule, or both. A list of the identified IGF-1 extensions found 

in humans is shown in Table 1. So far, the impact of the presence of these isoforms 

on the analytical results for IGF-1 has not been addressed. The various antibody-

based reagents of LBAs may respond to IGF-1 and its isoforms in different ways, 

and the concentration results obtained may thus vary. Likewise, the use of LC-

MS/MS with a chemical or immunocapture extraction as mentioned above might 

introduce a bias into the IGF-1 measurement, as the selectivity of the extraction 

towards the isoforms is unknown and may differ.  

In this paper, we present an LC-MS/MS based method for IGF-1 over the clinically 

relevant range of 10 to 1000 ng/mL in plasma, which distinguishes between mature 

IGF-1 and its various isoforms. Special attention was paid to the selection of 

appropriate reference standards for calibration, which is essential for the accurate 

quantification of endogenous IGF-1 
22,23

. 
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Mature IGF-1:      

GPETLCGAEL VDALQFVCGD RGFYFNKPTG YGSSSRRAPQ TGIVDECCFR SCDLRRLEMY 

CAPLKPAKSA 
N-terminal extensions: 

 Signal peptides 

MGKISSLPTQ LFKCCFCDFL K 

MGKISSLPTQ LFKCCFCDFL KVK 

MITPTVK 

SEAMGKISSL PTQLFKCCFC DFLK 

SEAMGKISSL PTQLFKCCFC DFLKVK 

Propeptide 

MHTMSSSHL FYLALCLLTF TSSATA 

C-terminal extensions: 

 E peptides 

RSVRAQRHTD MPKTQKEVHL KNASRGSAGN KNYRM 

RSVRAQRHTD MPKTQKYQPP STNKNTKSQR RKGSTFEERK 

RSVRAQRHTD MPKTQKYQPP STNKNTKSQR RKGWPKTHPG 

GEQKEGTEASLQIRGKKKEQ RREIGSRNAE CRGKKGK 

       

Table 1. Amino acid sequences of mature IGF-1 and the known naturally occurring N-terminal 

and C-terminal extensions. 

 

 

6.3 Materials and Methods 

6.3.1 Chemicals. 

Methanol, acetonitrile, formic acid, Tween-20, ammonium bicarbonate, ammonia 

(25% in water), non N-Tosyl-L-phenylalanine chloromethyl ketone treated trypsin 

from porcine pancreas, ammonium acetate, hydrochloric acid, sodium chloride, 

dithiotreitol (DTT), iodoacetamide (IAA), urea, ovalbumin (from chicken egg-white), 

phosphate buffered saline solution 1x (PBS), ammonium formate and hydrochloric 

acid (37%) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Unlabeled and fully 
15

N-labeled IGF-1 were obtained from Prospec (Ness-Ziona, 

Israel). An aliquot of the WHO international IGF-1 reference standard (nr. 02/254) 

was purchased from the National Institute for Biological Standards and Control 

(NIBSC) (South Mimms, UK). An IGF-1 reference sample for interlaboratory 

harmonization was obtained from the Dutch foundation for quality assurance in 

medical diagnostic laboratories (SKML). Aliquots of recombinant human IGF-1 were 

also obtained from R&D systems (Minneapolis, MN, USA) and Sigma Aldrich (St. 

Louis, MO, USA). 
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6.3.2 Preparation of samples. 

A 200 µg/mL stock solution of IGF-1 was prepared by dissolving a 100 µg aliquot as 

purchased (Prospec) in 0.5 mL of proxy matrix (2% ovalbumin in PBS). Two further 

dilutions to 20 and 2 µg/mL in proxy matrix were prepared and used to make 

calibrators with concentrations of 10; 20; 50; 100; 200; 500; 800 and 1000 ng/mL. 

The internal standard stock solution was created by dissolving a 50 µg aliquot as 

purchased (Prospec) in 0.5 mL proxy matrix to obtain a final concentration of 100 

µg/mL. Stocks, dilutions and calibration samples were stored in polypropylene tubes 

at -20°C.  

 

6.3.3 Sample pretreatment.  

Aliquots of 50 µL plasma were pipetted into a polypropylene 96-well plate with a well 

volume of 2.2 mL (Corning B.V. Life sciences, Amsterdam, The Netherlands). The 

proteins in the samples were denatured by the addition of 100 µL of an 8M aqueous 

urea solution which contained 200 ng/mL of the internal standard. After vortex-

mixing for 60 seconds, 100 µL of a 25 mg/mL DTT solution in 50mM ammonium 

carbonate buffer at pH~8 was added for chemical reduction of disulfide bonds; to 

this end the plate was incubated for 30 minutes at 60°C while vortex-mixing at 600 

rpm. By the addition of 100 µL of a 75 mg/mL solution of IAA in 50mM ammonium 

carbonate buffer at pH~8, followed by incubation at room temperature protected 

from light for 30 minutes, the reduced thiol groups were alkylated. Subsequently, 1 

mL of digestion solution containing 5 µg/mL of trypsin and 50 mM of ammonium 

bicarbonate buffer (pH~8) was added and tryptic digestion was performed for 3 

hours at 37°C while vortex-mixing at 750 rpm. The digestion was stopped by the 

addition of 100 µL of 2% formic acid, after which the sample was centrifuged for 5 

minutes at ~2500g. 

The digests were extracted using HLB reversed-phase solid-phase extraction (SPE) 

cartridges with 30 mg stationary phase and a barrel size of 1mL (Waters, Milford, 

MA, USA.). The cartridges were conditioned with 1 mL methanol followed by 1 mL 

2% formic acid in water, after which 1 mL of the digested sample was loaded. The 

cartridges were then washed with 1 mL of a 100 mM ammonium acetate buffer at 

pH 4 which contained 20% of methanol. The peptides were eluted with 1 mL of 0.5% 

ammonia in a 50:50 (v/v) mixture of water and methanol. After evaporating the 

extracts to dryness at 60°C under a gentle flow of nitrogen, they were redissolved in 

200 µL of the injection solvent which consisted of 1% formic acid in a mixture of 

acetonitrile and water (10:90, v/v). 
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6.3.4 LC-MS/MS analysis. 

25 µL of the pretreated sample were injected using an I-class UPLC system 

(Waters) equipped with a 150x2.1mm Acquity PST CSH130 C18 column (Waters) 

with a particle diameter of 1.7µm. The mobile phases where 0.1% formic acid in 

water (A) and 0.1% formic acid in acetonitrile (B). Linear gradient elution was 

performed from 10% to 13% mobile phase B in 6 minutes at a flow of 0.4 mL/min 

during which the first signature peptide (APQTGIVDECCFR ) eluted. The 

percentage modifier was increased to 25% B at 6.01 min after which a linear 

gradient to 28% B at 11 min followed, eluting the second signature peptide 

(GPETLCGAELVDALQFVCGDR). After a washing step at 90% B to clean the 

column for 3 minutes, the column was equilibrated at initial mobile phase conditions 

for another 3 minutes before the next injection, which made the total gradient time 

17 minutes. 

For mass spectrometric detection a Xevo-TQS triple quad (Waters) was used with 

an ionization voltage of 3500V; a desolvation temperature of 400°C and a cone 

voltage of 40V. The monitored SRM transitions and their respective collision 

energies for the two signature peptides and their internal standards are shown in 

Table 2. 
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Name Sequence ion / mass fragment / mass CE 

- -  - / m/z - / m/z v  

IGF-1 T-1 GPETLCGAELVDALQFVCGDR [M+3]
3+ 

/ 769.7 y6
1+

 / 753.3 24 

SIL T-1
a
 GPETLCGAELVDALQFVCGDR [M+3]

3+
 / 778.2 y6

1+
 / 762.3 24 

IGF-1 T-4 APQTGIVDECCFR [M+2]
2+

 / 776.8 y7
1+

 / 985.4 27 

SIL T-4
b
 APQTGIVDECCFR [M+2]

2+
 / 785.3 y7

1+
 / 995.3 27  

 a 
Fully 

15
N labelled. 

Table 2. Monitored SRM transitions and their collision energies (CE). 

 

 

6.3.5 Quantitative Ligand binding assay for IGF-1. 

The IGF-1 concentrations obtained by LC-MS/MS were compared to those obtained 

with an automated chemiluminescence sandwich immunoassay for IGF-1 (iSYS, 

IDS, Copenhagen, Denmark). Samples were first diluted and incubated for 30 

seconds with 0.15M HCl to dissociate IGF-I from the binding proteins. Aliquots of 50 

µL pre-diluted sample were neutralized with 100 µL of a tris buffer at pH 8.7 and 

incubated with 25 µL of acridinium-conjugated detection MAb (0.75 mg/L, diluted in 

PBS-BSA) and 25 µL of the biotinylated capture antibody (2 mg/L, diluted in PBS-

BSA). After incubation at 37 °C, 20 µL of streptavidin-coated magnetic particles 

were added. After a second incubation, a washing step was applied under a 

magnetic field to eliminate nonspecific binding, after which the chemiluminescence 

triggers (hydrogen peroxide and, sodium hydroxide) were added and the 

luminescence was recorded as a measure for the amount of IGF-I present in the 

sample. 

 

 

6.3.6 Method validation. 

Method validation for both signature peptides was based on the validation and 

implementation guidelines defined by the Dutch coordinating commission for quality 

management in medical laboratories (CCKL) and the ISO 15189 norm 
24

 addressing 

the following quality criteria: linearity, precision, accuracy, carry-over, interference by 

IFG-1 binding protein-3 (IGFBP-)3, stability of IGF-1 in plasma stored at room-

temperature, -20°C and after 3 freeze-thaw cycles, stability of the signature peptides 

in extracted digests stored in the autosampler, stability of IGF-1 in stock solution 

after storage at -20°C. The trueness of the method was evaluated by comparing the 

results of the LC-MS/MS method with those of a quantitative ligand binding assay for 

IGF-1 as described above and by analyzing the WHO IGF-1 reference sample. 

  



149 

6.4 Results and discussion 

6.4.1 Signature peptide selection.  

Mature IGF-1 consists of 70 amino acids, has three disulfide bonds and a molecular 

mass of approximately 7.6 kDa. An in silico trypsin digestion, performed with mMass 
25

, revealed the theoretical formation of eight different peptides, four of which were 

deemed useable for quantification based on their size and the absence of unstable 

(methionine) amino acids in their sequence. Three of these, T-1, T-2 and T-4 were 

identified by LC-MS in a trypsin digest of the IGF-1 stock solution. Comparison of 

the amino acid sequences of these peptides to the non-redundant sequences of the 

known human proteome, using the basic local alignment search tool (BLAST, 

version 2.2.29) 
26

, showed that they were all unique for IGF-1. During method 

development, it became apparent that the T-2 peptide had an unfavorable 

adsorption behavior. Although analytical methods for IGF-1 have previously been 

reported based on the quantification of the T-1 peptide, this peptide contains the N-

terminus of IGF-1, which is subject to proteolytic N-terminal clipping resulting in the 

presence of active IGF-1 isoforms, such as DES(1,3)-IGF-1 
27

 and potentially other 

isoforms which contribute to the overall IGF-1 activity. The T-4 peptide is released 

from all isoforms and therefore constitutes the best possible candidate for the 

quantification of the overall IGF-1 concentration. 

Peptide T-1 (GPETLCGAELVDALQFVCGDR) starts at the N-terminus of mature 

IGF-1and can therefore only be released from the mature form. Theoretically, it 

could also be released from isoforms which are not N-terminally modified or have an 

N-terminal extension ending with a lysine or arginine but these have not been 

described (see Table 1). Although analytical methods for IGF-1 have previously 

been reported based on the quantification of the T-1 peptide, the N-terminus of IGF-

1 is subject to proteolytic N-terminal clipping resulting in the presence of active IGF-

1 isoforms, such as DES(1,3)-IGF-1 
27

 and potentially other isoforms which 

contribute to the overall IGF-1 activity. The T-4 peptide (APQTGIVDECCFR) is 

located in the central region of the mature form of IGF-1 and will therefore be 

released from all known IGF-1 isoforms therefore it constitutes the best possible 

candidate for the quantification of the overall IGF-1 concentration. 

Measurement of T-1 and T-4 will thus give quantitative information about the 

occurrence of mature IGF-1 and total IGF-1, respectively, and any difference 

between the two can be attributed to the presence of N-terminally extended or 

shortened isoforms. 

With the current methodology the presence of C-terminally modified isoforms could 

not be detected, as the tryptic peptide which contains the C-terminus, the dipeptide 

SA, is not uniquely released from IGF-1. To assess the occurrence of these isoforms 

in plasma/serum samples further research will be required. 
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6.4.2 Reference material comparison. 

One of the drawbacks of LBAs for protein quantification is the variability in the 

quality of critical reagents such as capture antibodies, detection antibodies and 

analytical reference standards. As these are produced in genetically modified 

organisms or cells, which are sensitive to variations in growth circumstances, their 

molecular structure and binding specificity may vary. Many LBAs use polyclonal 

antibodies produced in animals, which are likely to have even more variability 

between production batches. For IGF-1, this effect is quite significant and has led to 

a rather large inter-assay and inter-laboratory variability and the need for 

international inter-laboratory harmonization and standardization of analytical 

methods. For antibody-free LC-MS/MS-based methods the situation is different, as 

only the reference material comes from such variable sources. To assess the 

magnitude of this problem for IGF-1, solutions of undigested (mature) IGF-1 from 

several vendors were prepared by dissolving the total amount of the reference 

standard obtained in the appropriate volume of PBS buffer and diluting it to 

5.0µg/mL with a volume of PBS calculated based on the absolute amount and purity 

as supplied with each material.  

 

Figure 1. The relative responses of IGF-1 found for five different reference materials. The 

height of the response is expressed relative to the WHO reference standard for IGF-1 for both 

peptides. The error bars indicate the relative standard deviation from the repeated 

measurements 
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These solutions were analyzed using the instrumental system described in the 

experimental section, with several changes to enable the detection of undigested 

IGF-1. The eight-fold positively charged IGF-1 molecule was monitored at an m/z 

value of 968.8. This m/z value was selected for both quadrupoles, as no 

fragmentation was observed for intact IGF-1. We obtained an unexpected result for 

the material from one supplier that claimed purity above 97% (see supplemental 

Figure S1). Instead of a single chromatographic peak representing IGF-1, two peaks 

were obtained with the same (pseudo)SRM transition, indicating the presence of 

IGF-1 isoforms. Reduction of disulfide bonds with DTT resulted in a single peak 

indicating that the two forms differ in their disulfide bond configuration, a common 

artefact when producing proteins in E. coli-based systems. Whether this 

conformational change affects the LBA remains to be determined. 

A range of reference materials from different sources were compared after 

dissolvation and dilution in proxy matrix to 450 ng/mL, based on the purity and 

absolute amount data that were supplied with each material. The samples were 

analyzed in six–fold for both tryptic peptides with the validated method. The internal-

standard-normalized results for all tested reference standards are shown in Figure 1 

and presented relative to the WHO international IGF-1 standard. Significant 

differences were observed. While precision of the analytical method was good for 

replicates of each standard and results for the T-1 and T-4 peptides were consistent, 

a bias of between 10% and 40% relative to the WHO standard was found. This 

indicates that the quality of commercially available IGF-1 standards in terms of purity 

and/or quantity is rather poor and that the large inter-assay variability of IGF-1 LBAs 

may be attributed not only to differences in the antibody-based reagents but at least 

in part also to inconsistencies of the reference standards. Although the use of LC-

MS/MS circumvents issues with regard to the variability of immunochemical 

reagents, accurate quantitative results can only be obtained when the varying quality 

of the reference standards is also addressed.  

For the described LC-MS/MS method, all three materials could essentially be used 

after correction for the observed deviation from the WHO IGF-1 standardized 

sample. 
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6.4.3 Proxy matrix selection.  

As IGF-1 is present in plasma, an alternative, representative and IGF-1 free matrix 

had to be used for the preparation of calibration and quality control standards. This 

is often done with a solution of a carrier protein, e.g. bovine serum albumin (BSA), in 

a solution which mimics physiological pH and ionic strength, such as PBS 
22-23

. 

However, we found a considerable amount of IGF-1 in our initially chosen proxy 

matrix (2% BSA in PBS), corresponding to approximately 2-5 times the LLOQ of 

10.0 ng/mL for both the T-1 and the T-4 peptides (Figure 2). This could be traced 

back to the BSA, which apparently contained bovine IGF-1 as a minor 

contamination. Most probably, this is a result of the incomplete purification of BSA 

from bovine plasma, which is known to contain the exact same form of IGF-1 as 

human plasma, since the structure of the protein is conserved across several 

mammalian species, including bovine.  

 

Figure 2 LC-MS/MS chromatograms of the IGF-1 peptides T-4 (eluting at 5.0 min) and T-1 

(9.8 min) recorded for a 10 ng/mL calibration standard in proxy matrix with ovalbumin (upper 

pane), a blank proxy matrix with ovalbumin (middle pane) and a blank proxy matrix with BSA 

(lower pane). For each peptide, the three chromatograms are scaled to the same intensity. 
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As an alternative, we found that ovalbumin from chicken eggs did not contain 

significant interferences, and was equally capable of preventing adsorption issues. 

The IGF-1 sequence of this species differs from most mammals by one amino acid 

located in the T-4 peptide and therefore no interference for this peptide was 

expected. The absence of interferences for the T-1 peptide indicates that a proxy 

matrix based on ovalbumin was sufficiently IGF-1 free to be used in a quantitative 

setting. For reliable quantification, the response of the analyte from the proxy matrix 

has to correspond to that found in the actual sample matrix, in this case human 

plasma. This was demonstrated by fortifying a plasma lot, containing endogenous 

IGF-1 at approximately 200 ng/mL, with an additional 100, 200, 300 and 600 ng/mL 

of IGF-1. These samples were analyzed and their concentrations calculated using a 

calibration curve prepared in the proxy matrix. The calculated values for each of the 

fortified plasma pools corresponded to the expected total concentration of IGF-1 

(endogenous + added IGF-1) with an average deviation of 3.7% for T-1 and 7.1% for 

T-4. This indicates that the IGF-1 responses obtained from the proxy matrix and the 

fortified plasma samples were equal and that the selected proxy matrix was indeed 

suitable for use in our method. 

 

Validation item Maximum bias Highest CV 

  (%) (%)  

 

Method characteristics 

 Accuracy and precision (10 runs in 3-fold) -14.7 13.3 

 Accuracy and precision (1 run in 10-fold) -5.7 10.4 

 Linearity -2.1 7.3 

 Interference of IGFBP-3 -13.8 9.4 

 Carry-over (% of response of the LLOQ) +5.9 n.a. 

Stability of total IGF-1 in plasma 

 Bench-top (96h) -14.0 14.9 

 Freeze-thaw -20°C (3 cycles) -6.5 9.7 

 Storage stability -20°C (21 days) -7.6 2.8 

Stability of IGF-1 in stock solution 

 Frozen storage -20°C (195 days) +3.4 2.6 

Stability of the signature peptide in extracted plasma digest 

 Autosampler 10°C (72h) 3.3 4.9  

 

Table 3. The maximum observed total bias and CV values for each validation experiment, as 

obtained for peptide T-1 and T-4. 
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6.4.4 Method validation. 

All individual validation results have been included in the supplemental Tables S1-

S13. A concise summary including the highest total bias and CV values per 

experiment is shown in Table 3. The results show that the method is sufficiently 

accurate and precise (bias and CV below 15%) and that it is not influenced by the 

presence of a 10-fold molar excess of IGF-1 binding protein 3 (IGFBP-3), the most 

common naturally occurring IGF-1 binding protein. In addition, the analyte is 

sufficiently stable during normal sample storage and analysis conditions, allowing 

reliable quantification without special precautions. 

As part of the validation, a comparison of analysis results from the LBA method and 

the results generated with LC-MS/MS was performed. For this purpose, plasma 

samples from 40 patients of both genders with ages ranging from 2 to 87 years were 

used. The results obtained with the LBA and the LC-MS/MS method for both the T-1 

and the T-4 peptides were compared using Bland-Altman plots 
28

 (Figure 3). The 

results of both methods correspond very well with just two of the 40 samples having 

a bias exceeding the 95% agreement interval. The absence of a proportional bias 

indicates that the methods correlate through the entire calibration range. 
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Figure 3. Bland-Altman plots showing the comparison of the results from the LBA method and 

the LC-MS/MS method for both the T-4 peptide (upper pane) and the T-1 peptide (lower 

pane). The 95% confidence intervals are indicated in the dotted lines. 
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6.5 Conclusions. 

We describe a method capable of accurately determining and distinguishing the 

concentrations of total IGF-1 (including all extended IGF-1 isoforms) and mature 

IGF-1 in plasma by digesting untreated plasma, which includes all potential isoforms 

of IGF-1, and avoiding any pre-digestion extraction steps bearing the risk that larger 

isoforms are lost. Following proteolytic digestion, two signature peptides, one 

representing mature IGF-1 and the other representing all isoforms, were released 

and further purified by solid-phase extraction. 

With only 50 µL of plasma, the method is sufficiently sensitive to cover the entire 

range of endogenous IGF-1 concentrations. The method was validated according to 

the standards used in Dutch clinical laboratories and correlated well with a traditional 

LBA. 

By comparing the concentrations found for the two peptides we were able to 

conclude that N-terminal modifications do not constitute a significant portion of the 

plasma IGF-1 content. A comparable finding was previously made 
16

, but the 

analytical strategy did not account for potential losses of larger isoforms from the 

use of an extraction strategy. 

This implies that both peptides are suitable for quantifying mature IGF-1 and that, for 

routine analysis, monitoring only one of them might be sufficient which would 

increase sample throughput. To prevent issues from N-terminal clipping by e.g. 

proteolytic degradation, the T-4 peptide is the preferred peptide for bioanalysis, 

which is contrary to previous methods, which used the T-1 peptide for quantification 

of IGF-1
9,16

. 

By not introducing selectivity at the protein level with (immune based) extractions, 

the measured signal for the T-4 peptide represents all IGF-1 isoforms, including 

those potentially lost during such extraction procedures. The excellent correlation 

between the results obtained with LC-MS/MS and LBA indicates that the presence 

of other IGF-1 isoforms does not constitute a significant portion of the IGF-1 content 

in the measured samples. 

Using the developed method, the IGF-1 content of reference standards obtained 

from several commercial sources were compared and found to have differences up 

to 40%. While the use of absolute LC-MS/MS methods for protein biomarkers, such 

as the one described here for IGF-1, does not suffer from the variability in critical 

antibody-based reagents of LBAs, it still does rely on the quality of commercially 

available reference standards and, at least for IGF-1, these need to be more 

comprehensively characterized. This includes purity and product content 

assessments with analytical techniques which are suitable for absolute 

determinations such as quantitative amino acid analysis. 
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6.7 Supplemental materials for chapter 6 

 

 

Acceptance criteria. As per international guidelines, all Bias and CV acceptance 

criteria were set at 15%, (20% at the LLOQ), except for the stock-stability 

assessments, for which 10% limits were used. 

 

Linearity. Each validation run contained a calibration curve prepared in proxy matrix 

at the following levels: 10.0, 20.0 50.0 100, 200, 500 800 and 1000 ng/mL. The ratio 

of the measured peak area of the signature peptide over that of the internal standard 

was used in calculations. Weighted linear regression was used with 1/xx as 

weighting factor. The obtained correlation coefficient (r
2
) has to be greater than 0.99. 

 

Precision and Accuracy. The within and between run precision and accuracy of 

the method were determined at three concentration levels of IGF-1. The 

endogenous level of IGF-1 in a plasma sample was used as the medium 

concentration level. In this matrix lot, the average value for the measured 

concentrations during the precision and accuracy experiment was used as a nominal 

value during data processing. The low concentration sample was prepared by 

diluting the same matrix lot with proxy matrix by a factor of four and the high 

concentration IGF-1 level was prepared by fortifying the plasma sample with an 

additional 700 ng/mL of IGF-1. 

To assess the within run precision and accuracy, the samples mentioned above 

were analyzed in tenfold in one run, and the between run precision and accuracy by 

analyzing the samples in threefold in ten separately prepared runs, prepared on 

different days. 

 

External Accuracy. The external accuracy of the method was determined in three 

ways. Firstly, using aliquots of the interlaboratory IGF-1 standardization sample 

obtained from The National Institute for Biological Standards and Control (NIBSC). 

Secondly by analyzing aliquots of an interlaboratory harmonization sample obtained 

from the Dutch foundation for quality assurance in medical diagnostic laboratories 

(SKML). And finally by comparing the measured values of a representative amount 

of patient samples analyzed by both the LC-MS/MS method and a LBA. 

 

Interference test. The effect of IGF-1 binding protein 3 (IGFBP-3) on the response 

of the method was assessed using a tenfold molar excess of the binding protein in 

samples prepared in both plasma and proxy-matrix samples, analysed with and 

without IGFBP-3 challenge. 
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Bench-top stability. The high and low validation samples in plasma and equivalent 

samples prepared in proxy matrix were stored on the bench-top exposed to normal 

daylight for 96 hours, after which the samples were analyzed in a run which 

contained a freshly prepared calibration curve. 

 

Freeze-thaw stability. The high and low validation samples in plasma and 

equivalent samples prepared in proxy matrix were stored at -80°C and subjected to 

3 freeze-thaw cycles, in which thawing was performed on the bench-top for a 

minimum of three hours, followed by frozen storage for at least 12 hours. The 

samples were analyzed in a run which contained a freshly prepared calibration 

curve. 

Frozen stability. The high and low validation samples in plasma and equivalent 

samples prepared in proxy matrix were stored at -20°C for XXX days. The samples 

were analyzed in a run which contained freshly prepared calibration curve.  

 

Extract stability in the autosampler. The high and low validation samples in 

plasma and equivalent samples prepared in proxy matrix. The calibration curve was 

directly analyzed, and the extracts were kept in the autosampler at +4°C in the dark 

for 72 hours, after which they were analyzed and calculated against the original 

calibration curve. 

 

Frozen stability of the stock solution. A 0.200 mg/mL stock solution of IGF-1 was 

prepared from the reference material and stored at -20°C. After 195 days of storage 

a second stock solution was prepared freshly. Aliquots from both stock solutions 

were diluted and analyzed in six-fold. Stability evaluation was performed by 

comparing the found concentrations in the samples. 

 

 

Robustness. The robustness of the method was evaluated by evaluating the effect 

of deliberate deviations in critical steps of the sample preparation protocol. 

The time allowed for chemical reduction with dithiotreitol and the subsequent 

alkylation with iodocetamide as well as the duration of the trypsin digestion were 

assessed. 

 

Extraction recovery. By comparing the response measured in a digested sample of 

high concentration before and after the solid phase extraction step, the recovery of 

the extraction was calculated after correcting for differences in dilution.
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Results of the validation experiments for the IGF-1 method. 

Run Concentration (ng/mL)      Corr. slope intercept  

# 10.0 20.0 50.0 100 200 500 800 1000  (R
2
)    

VAL 1 10.7 20.1 47.3 97.5 196 512 791 1005  0.9994 0.0020 0.0006 

VAL 2 10.1 19.9 47.0 102 209 484 806 1013  0.9986 0.0017 0.0039 

VAL 3 9.63 22.2 47.4 93.5 193 505 840 1022  0.9953 0.0020 0.0086 

VAL 4 9.88 20.2 51.2 102 204 478 784 999  0.9992 0.0019 0.0020 

VAL 5 10.1 19.6 48.4 109 202 469 824 976  0.9977 0.0020 0.0067 

VAL 6 9.80 20.4 52.4 100 208 482 770 987  0.9985 0.0019 -0.0036 

VAL 7 10.3 19.0 48.9 102 206 492 799 1012  0.9989 0.0019 -0.0022 

VAL 8 10.5 18.1 47.7 102 200 495 827 1038  0.9968 0.0019 0.0067 

VAL 9 10.4 18.2 50.8 106 203 489 789 999  0.9974 0.0020 0.0018 

VAL 10 10.3 19.0 49.6 99.1 207 475 817 1038  0.9983 0.0020 0.0010 

 

Average 10.2 19.6 48.9 102 203 490 803 1010  0.9980 0.0019 0.0024 

Bias +1.8 -2.1 -2.1 +1.6 +1.4 -2.1 +0.4 +1.0 -- -- -- 

CV 3.2 6.0 3.7 4.1 2.4 2.8 2.6 2.0 -- -- --   

 

Table S1. Individual calibration curve results for the T-1 peptide. The calculation of average, 

bias and coefficient of variation (CV) values was performed before rounding. All values were 

taken from the data-processing software Masslynx 4.1. 

 

 

 

Run Concentration (ng/mL)      Corr. slope intercept  

# 10.0 20.0 50.0 100 200 500 800 1000  (R2)     

VAL 1 10.2 18.1 53.7 100 201 495 802 999  0.9998 0.0028 0.0001 

VAL 2 10.2 15.1* 44.5 99.3 203 492 848 1036  0.9966 0.0035 0.0031 

VAL 3 10.1 19.6 48.2 111 202 467 820 972  0.9964 0.0030 0.0028 

VAL 4 10.0 20.0 49.7 96.8 206 522 767 1000  0.9989 0.0033 0.0025 

VAL 5 9.95 20.7 48.5 93.2 193 507 845 1029  0.9972 0.0029 -0.0026 

VAL 6 10.2 19.2 50.8 95.6 206 498 809 1011  0.9990 0.0029 0.0010 

VAL 7 10.1 19.1 51.3 107 199 468 805 1001  0.9977 0.0030 -0.0049 

VAL 8 10.1 19.5 49.8 104 193 496 808 1007  0.9992 0.0030 -0.0044 

VAL 9 9.39 22.9 48.0 95.1 202 515 804 960  0.9939 0.0030 0.0024 

VAL 10 9.68 21.9 47.2 92.9 212 462 846 1022  0.9940 0.0034 -0.0081 

 

Average 10.0 20.0 49.5 100 201 494 812 1006  0.9974 0.0031 -0.0009 

Bias(%) +0.1 +0.1 -1.0 -0.3 +0.4 -1.3 +1.5 +0.6  -- -- -- 

CV(%) 2.5 7.3 5.2 5.8 3.1 4.1 3.2 2.3  -- -- --   

* value out of limits 

Table S2. Individual calibration curve results for the T-4 peptide. The calculation of average, 

bias and coefficient of variation (CV) values was performed before rounding. All values were 

taken from the data-processing software Masslynx 4.1. 
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Sample results      average bias CV 

 conc. (ng/mL)      (%) (%) 

T-1 peptide 

Fresh 0.398 0.401 0.401 0.404 0.400 0.405 0.402 ref. 0.6 

stored 0.413 0.387 0.394 0.387 0.385 0.396 0.394 -2.0 2.6 

 

T-4 peptide 

Fresh 0.419 0.417 0.423 0.419 0.424 0.430 0.422 ref. 1.1 

stored 0.408 0.397 0.406 0.399 0.398 0.393 0.400 -5.4 1.4 

Table S12. Peak area over internal standard ratio shown for both peptides of the experiment 

to determine the stability of the stock solution during 196 days of storage at -20°C. The 

calculation of average, bias and coefficient of variation (CV) values was performed before 

rounding the values. 

 

 

 

 

 
 

Figure S1. Extraction recovery determined for both peptides in both proxy matrix and plasma 

in all fractions collected from the extraction procedure. The observed signal enhancement in 

some situations might signify a reduction in ion-suppressing interferences. 
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Reduction Alkylation  T1 peak area T4 peak area 

 (min)  (min)  (counts)  (counts)  

 20  30  896,7  339,1 

 40  30  1062,9  329,7 

 60  30  1002,8  329,0 

 60  20  1012,3  347,2 

 60  10  1059,9  368,0  

 

Table S13. Robustness of the reduction and alkylation time. In the validated method both the 

reduction and alkylation were performed in 30 minutes.  

 

 

 

 

 

 

Figure S2. Digestion time course.Iin the validated method a digestion time of 3 hours was 

used. 
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Figure S3. LC-MS/MS chromatograms of undigested IGF-1 from the WHO standard (pane A) 

which has only one single peak while the material from supplier 3 (Pane C) has two. After 

chemical reduction with dithiotreitol, both the WHO standard and the material from supplier 3 

have only one peak. The two separated IGF-1 isoforms present in the material from supplier 3 

differ only in disulfide configuration. 

  

A 

B 
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    7  
 

Summary and future perspectives 
 

 

 

 

The absolute quantification of proteins in biological samples is an interesting but 

challenging scientific field. The highly complex proteome consists of hundreds of 

thousands of different individual proteins and protein forms with concentrations 

spanning several orders of magnitude. The detection and quantification of specific 

proteins amongst this excess of other proteins remains a challenging task 

independent of the analytical platform. 

For over 50 years, ligand binding assays (LBAs), based on the high specificity of 

antibody – antigen interactions, have been the method of choice in the field because 

of their high sensitivity, their relative technical straightforwardness and their ability to 

detect intact proteins. The term ligand binding assays encompasses a range of 

analytical techniques, based on reagents which display affinity for a specific target. 

Although the application of LBAs has greatly contributed to the development of most 

if not all currently marketed biopharmaceutical proteins, it is increasingly recognized 

that the technique suffers from some inherent shortcomings, such as its sometimes 

poor accuracy and precision, limited selectivity and indirect readout, which makes it 

impossible to verify whether the obtained signal is due to target molecule binding. 

Recently, the situation has been changing as technical improvements in analytical 

instrumentation have made highly efficient liquid chromatography systems and mass 

spectrometers with higher sensitivity available. This has caused an increasing 

interest in the use of LC-MS/MS for protein quantification, as an alternative for LBAs. 

LC-MS/MS requires digestion of the protein analyte into a series of smaller peptides 

as part of the workflow to allow sensitive quantification by tandem mass 

spectrometry. Next to a number of analytical advantages, e.g. better accuracy and 

precision, a larger linear dynamic range and the possibility of multiplexed analysis, 

the technique also offers the potential benefit of quantification without the use of 

antibody-based reagents. 
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The research described in this thesis details several aspects of protein quantification 

with LC-MS/MS and as such aims at increasing the applicability and perhaps the 

acceptance of the technique. The application of LC-MS/MS for the quantification of 

proteins is not limited to biopharmaceuticals. The technique has an equally large 

potential in clinical chemistry for the determination of panels of protein biomarkers. 

Furthermore, it can be applied for therapeutic drug monitoring and personalized 

medicine of biopharmaceutical proteins to aid in the determination of appropriate 

dosing regimens for patients. 

 

A distinct advantage of LC-MS/MS over LBAs is the possibility of using internal 

standards to correct for variability which might arise from sample handling, 

extraction or digestion conditions. 

In chapter 2, we reviewed the available literature and identified three commonly 

used protein quantification work-flows with LC-MS/MS, in which a total of nine 

separate internal standardization approaches were reported. Although the stable 

isotope labeled (SIL-) protein internal standard seems to be the ideal candidate as it 

covers the entire procedure, its availability is typically poor as these compounds 

cannot be synthesized by chemical means. A good alternative is a SIL analog of the 

signature peptide, which is more readily available through chemical synthesis. 

However, this approach does require extensive optimization of the procedures prior 

to addition of the internal standard, because the SIL-peptide internal standard does 

not correct for that part of the workflow. 

 

In chapter 3, all the internal standardization options found in chapter 2 were 

compared using a model compound, salmon calcitonin. The results corroborate the 

conclusion from chapter 2 that the SIL-protein internal standard, which corrected for 

the entire procedure, did not outperform the SIL-peptide internal standard, which did 

not correct for the extraction and digestion steps. 

Furthermore, by comparing the results of the different workflows, we found that the 

digestion step, which is required for the release of the signature peptide, greatly 

increases sample complexity. The potentially detrimental effect of the increased 

complexity on the sensitivity of a LC-MS/MS method was demonstrated in this 

chapter. 

An upcoming approach is the use of high resolution mass analyzers in quantitative 

applications for proteins. The sensitivity of these instruments has been increasing 

and they offer the advantage of a larger mass range, which potentially reduces the 

need for proteolytic digestion as smaller proteins can be detected directly. For larger 

proteins, a digestion step which results in a smaller amount of individual peptides 

could suffice which would reduce the resulting sample complexity as compared to a 

full trypsin digestion. However, the technique is not without challenges as larger 

peptide or proteins exhibit more individual charge states, which reduces the 

sensitivity of targeted analytical approaches. Furthermore, the fragmentation of 
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these larger ions is also more challenging compared to peptides from a full tryptic 

digestion. 

 

In chapter 4, we showed that by subsequent application of orthogonal dimensions 

of separation, sufficient selectivity can be introduced to allow high-sensitivity LC-

MS/MS quantification of a 28-kDa biopharmaceutical protein in complex biological 

samples without the use of immunocapture techniques. The developed procedure 

was successfully validated down to 10 ng/mL (0.3 nM) and applied to human and 

rabbit plasma. An 
18

O-labeled internal standard was readily prepared and offered full 

correction for all steps following the release of the signature peptide by trypsin 

during the digestion. The initial steps of the sample preparation procedure, protein 

precipitation and trypsin digestion, were therefore thoroughly optimized to reduce 

variability and maximize the response. This resulted in an analytical performance in 

accordance with international guidelines for validation and bioanalysis of small 

molecules. 

The results obtained with the LC-MS/MS method were found to be in good 

agreement with the results from an ELISA method, which indicates the usefulness of 

the current LC-MS/MS method as an antibody-free alternative for high-sensitivity 

protein quantification. Compared to modern HPLC/UPLC systems, solid phase 

extraction separations can only achieve separations of limited resolution. In case 

this is not sufficient, higher selectivity may be obtained using on-line targeted 

multidimensional chromatographic systems in which a heart-cut setup transfers the 

analyte of interest between two orthogonal separation modes. 

 

In chapter 5, a method capable of quantifying both the free and the ADA-bound 

drug is described. The method was applied to the drug human recombinant acid α-

glucosidase (rhGAA), dosed to patients suffering from Pompe’s disease. The results 

show how the approach can be used to determine the amount of ADA-binding in 

biological samples. The obtained information can be used to aid in the adjustment of 

the dosing regimen to restore the efficacy of the therapy. 

Currently, the determination of rhGAA concentrations is based on measuring the 

catalytic activity exerted on a synthetic substrate. Developed anti-drug antibodies 

may impair this activity by binding to the catalytic site thus preventing substrate 

conversion. The LC-MS/MS method provides the total rh-α-gluc concentration and 

the percentage of ADA-bound rhGAA in the sample. The activity assessment gives 

the total and ADA-bound activity. The combination of these results allows a 

distinction between antibody-mediated deactivation of the drug from combinations of 

other deactivating factors such as unfolding, inhibition or coagulation. This 

potentially enables the development of assays which determine the susceptibility of 

a certain biopharmaceutical drug products to in-vivo deactivation, which will be 

helpful for the development of better drugs. 
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The endogenous protein IGF-1 has been indicated as a relevant biomarker in 

several afflictions. However, its quantification, traditionally performed with automated 

LBAs, is known to suffer from issues related to the poor reproducibility of the 

required antibody-based reagents. This has increased interest in LC-MS/MS 

analysis, as the technique does not require antibodies. 

In chapter 6 the development, validation and application of a highly sensitive 

analytical method for IGF-1 is described. The described method sets itself apart 

from previously reported analytical approaches for the quantification of IGF-1 with 

LC-MS/MS in complex biological samples by obtaining the required high sensitivity 

without the use of antibodies. 

Furthermore, the method applies multiplexing by quantifying two separate signature 

peptides from different regions of the IGF-1 amino acid sequence. One of these can 

be released from all IGF-1 isoforms that contain mature IGF-1, while the other 

quantifies only fully processed mature IGF-1. Discrepancies between the 

concentrations of these peptides provide information on the N-terminal processing of 

IGF-1. As multiplexing can also be used to monitor peptides from different proteins, 

the technique can be used to determine panels of biomarkers indicative for 

biological processes in a single analysis, where previously multiple LBA’s would be 

used. 

Due to the chemical nature of the approach, LC-MS/MS based analytical methods 

typically perform better in inter-lab comparisons than LBAs, which is an important 

characteristic when determining clinical biomarkers. With the addition of quantitative 

analytical methods for proteins, the potential of LC-MS/MS for use in clinical 

diagnostic laboratories seems larger than ever before. A challenge still lies in the 

automation of analytical methods, a step already made for the ligand binding assays 

commonly used in the field. 
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Nederlandse samenvatting en toekomstbeeld 
 

 

 

De absolute kwantificering van eiwitten in biologische monsters is een interessant 

maar ingewikkeld wetenschappelijk veld. Het proteoom bestaat uit 

honderdduizenden verschillende individuele eiwitten met concentraties verspreid 

over verschillende ordes van grootte. De detectie en kwantificering van specifieke 

eiwitten in deze enorme overmaat aan andere eiwitten is een grote uitdaging 

onafhankelijk van het toegepaste analytische platform. 

Al meer dan 50 jaar is bindingsanalyse, gebaseerd op interacties tussen specifieke 

antilichamen en hun antigeen, de eerste keus voor de analyse van eiwitten vanwege 

de hoge gevoeligheid, de relatief eenvoudige technische uitvoering gecombineerd 

met het vermogen om intacte eiwitten te detecteren. 

De term bindingsanalyse omvat een heel spectrum aan analytische technieken, die 

gebaseerd zijn op reagentia die affiniteit hebben voor een specifiek doel. De 

toepassing van bindingsanalyses sterk heeft bijgedragen tot de ontwikkeling van de 

meeste zo niet alle thans op de markt zijnde biofarmaceutische eiwitten. 

Desondanks wordt in toenemende mate onderkend dat de methodiek enkele 

tekortkomingen heeft zoals een relatief beperkte juistheid en precisie, geringe 

selectiviteit en de afhankelijkheid van specifieke antilichamen,  die vaak lastig te 

verkrijgen zijn en erg in kwaliteit kunnen variëren. 

Recentelijk is deze situatie aan het veranderen door technische verbeteringen op 

het gebied van analytische instrumentatie voor vloeistofchromatografie en 

massaspectrometrie. Hierdoor is het nu mogelijk om analytische methoden te 

onwikkelen voor de kwantificaring van eiwitten met LC-MS/MS welke qua 

gevoeligheid de bindingsnalyses evenaren en soms zelfs voorbijstreven. 

Hierbij wordt middels enzymatische digestie van het eiwit een serie kleinere 

peptides losgemaakt die vervolgens gekwantificeerd kunnen worden met LC-

MS/MS. Buiten een aantal analytische voordelen zoals een hogere juistheid en 

precisie, een groter lineair bereik en de mogelijkheid van multiplexen, biedt de 

techniek tevens de mogelijkheid om zonder antilichamen te werken. 

Het in dit proefschrift beschreven onderzoek omvat verschillende aspecten van eiwit 

kwantificering met LC-MS/MS en is bedoeld om de toepasbaarheid en misschien 

wel de aanvaarding van de techniek te vergroten. De toepassing van LC-MS/MS 

voor de kwantificering van eiwitten is niet beperkt tot biofarmaceutica, de techniek 

heeft een even groot potentieel binnen de klinische chemie voor de bepaling van 

eiwit-clusters als bio-markers. Bovendien kan het worden toegepast voor 

therapeutische drug monitoring en gepersonaliseerde geneeskunde van 
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biofarmaceutische eiwitten voor het monitoren en eventueel aanpassen van 

doseringsschema’s voor patiënten. 

 

Een duidelijk voordeel van LC-MS/MS over bindingsanalyses is de mogelijkheid om 

interne standaarden te gebruiken, welke corrigeren voor variatie die kan ontstaan bij 

het pipetteren, extraheren of de proteolytische digestie. 

 

In hoofdstuk 2 hebben we de beschikbare literatuur onderzocht en daarin drie 

veelgebruikte werkwijzen voor eiwitkwantificering met LC-MS/MS geïdentificeerd, 

waarbij een totaal van negen aparte methodieken voor interne standaardisatie 

werden gebruikt. Hoewel een stabiel-isotoop gelabeld eiwit als interne standaard de 

ideale kandidaat lijkt, is de beschikbaarheid van dit soort materialen over het 

algemeen slecht aangezien deze verbindingen niet kunnen worden gesynthetiseerd 

middels organisch chemische technieken. Een goed alternatief is een stabiel-isotoop 

gelabelde analoog van het signatuur peptide, hetgeen gemakkelijker verkrijgbaar is 

via chemische peptide synthese. Deze benadering vereist echter wel een 

uitgebreide optimalisatie van de werkwijze vóór de toevoeging van de interne 

standaard, omdat het stabiel-isotoop gelabelde peptide niet corrigeert voor dit deel 

van de procedure. 

 

In hoofdstuk 3 zijn alle in hoofdstuk 2 gevonden interne standaardisatie opties 

vergeleken met behulp van een modelverbinding, zalm calcitonine. De resultaten 

bevestigen de conclusie uit hoofdstuk 2 dat een stabiel-isotoop gelabeld eiwit als 

interne standaard, ondanks dat deze corrigeert voor de gehele procedure, niet beter 

hoeft te presteren dan een stabiel-isotoop gelabeld peptide. 

Verder, door de resultaten van de verschillende work-flows te vergelijken, vonden 

we dat de digestie stap, welke de signatuur peptide vrijmaakt, de complexiteit van 

het monster sterk vergroot. De negatieve impact van deze toegenomen complexiteit 

op de gevoeligheid van een LC-MS/MS methode werd in dit hoofdstuk duidelijk 

aangetoond. 

Een sterk in opkomst zijnde techniek voor kwantitatieve analyse voor eiwitten is 

hoge resolutie massaspectrometrie. Deze instrumenten bieden het voordeel van een 

groter massabereik, waardoor kleinere eiwitten zonder een digestiestap kunnen 

worden gedetecteerd. Voor grotere eiwitten zou een digestiestap waarbij een 

kleinere hoeveelheid afzonderlijke peptiden van een groter formaat wellicht kunnen 

volstaan, dit zou de complexiteit van het verkregen digest verminderen in 

vergelijking met een digestie met trypsine zoals momenteel veel wordt toegepast. 

Het grootste voordeel van deze techniek is dat telkens het volledige spectrum wordt 

gemeten waardoor middels een retrospectieve data analyse voorheen onbekende 

analieten gekwantificeerd kunnen worden zonder dat een heranalyse van het 

monster nodig is.  
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In hoofdstuk 4 hebben we aangetoond dat door toepassing van orthogonale 

scheidings-dimensies voldoende selectiviteit kan worden geïntroduceerd om LC-

MS/MS kwantificering van een 28-kDa biofarmaceutisch eiwit in complexe 

biologische monsters mogelijk is. Hierbij werd zonder het gebruik van 

immunocapture-technieken een erg lage detectiegrens behaald. De ontwikkelde 

methode werd met succes gevalideerd tot 10 ng/ml (0.3 nM) en toegepast op zowel 

menselijk en konijnenplasma. Een 
18

O-gelabelde interne standaard kon eenvoudig 

bereid worden en bood volledige correctie voor alle stappen na het vrijmaken van 

het signature peptide. De eerste stappen van de monstervoorbereiding, 

eiwitprecipitatie en trypsine digestie, werden daarom grondig geoptimaliseerd om 

variabiliteit te verminderen en de respons te maximaliseren. Dit resulteerde in een 

analytische methode die presteerde in overeenstemming met internationale 

richtlijnen voor de validatie en bioanalyse van kleine moleculen. 

De analyseresultaten van biologische monsters verkregen met de LC-MS/MS 

methode bleken in goede overeenstemming met die van een bindingsanalyse, wat 

de bruikbaarheid van de huidige LC-MS/MS methode aantoont als een antilichaam-

vrij alternatief voor eiwitkwantificeringen waarbij een hoge gevoeligheid nodig is. 

Vergeleken met moderne HPLC kolommen hebben solid phase extracties slechts 

een beperkt scheidend vermogen. Indien dit niet volstaat kan een hogere 

selectiviteit behaald worden middels on-line multidimensionale chromatografische 

systemen, die het signature peptide achtereenvolgens met verschillende 

scheidingsprincipes scheidt van potentieel interfererende matrixcomponenten. Voor 

dit type antilichaamvrije procedures heeft capillaire electrophorese ook een groot 

potentieel, gezien de zeer hoge resolutie die voor peptides behaald kan worden. 

 

In hoofdstuk 5, wordt een methode beschreven die in staat is om zowel vrij als 

ADA-gebonden geneesmiddel te kwantificeren. Deze methode werd toegepast op 

het geneesmiddel humaan recombinant α-glucosidase (rhGAA) dat wordt gedoseerd 

aan patiënten die de ziekte van Pompe hebben. De resultaten geven aan dat de 

ontwikkelde methode in staat is om de hoeveelheid ADA-binding in biologische 

monsters te bepalen. Deze informatie kan worden gebruikt om te helpen bij de 

aanpassing van het doseringsschema om de effectiviteit van de behandeling te 

herstellen. De huidige methode om de concentratie van rhGAA te bepalen is 

gebaseerd op het meten van de katalytische activiteit, die wordt uitgeoefend op een 

synthetisch substraat. In patiënten kunnen eventueel ontwikkelde anti-rhGAA 

antilichamen deze activiteit verlagen door te binden aan het actieve centrum van het 

eiwit waardoor de omzetting van het substraat wordt belemmerd. 

De ontwikkelde LC-MS/MS methode bepaalt, de totale rhGAA  concentratie en het 

percentage ADA-gebonden rhGAA in het monster. Het activiteits-onderzoek bepaalt 

de totale en de ADA gebonden activiteit. Door deze resultaten te combineren is het 

mogelijk om te differentiëren tussen door antilichamen-veroorzaakte deactivatie van 

het geneesmiddel en combinaties van andere deactiverende factoren zoals 
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denaturatie, inhibitie of coagulatie. De beschreven aanpak opent de weg naar de 

ontwikkeling van methodieken die de in vivo deactivatie van biofarmaceutische 

produkten kunnen bepalen, waardoor in de toekomst wellicht betere 

geneesmiddelen ontwikkeld kunnen worden. 

 

Het endogene eiwit IGF-1 is een interessante biomarker voor verschillende 

aandoeningen. De kwantificatie, traditioneel uitgevoerd met geautomatiseerde 

bindingsassays, staat bekend om problemen die verband houden met de beperkte 

reproduceerbaarheid van de vereiste antilichamen. Hierdoor is veel belangstelling 

voor analyse met LC-MS/MS, omdat deze techniek geen antilichamen vereist. 

In hoofdstuk 6 wordt de ontwikkeling, validatie en toepassing van een zeer 

gevoelige analysemethode voor IGF-1 met LC-MS/MS beschreven. De beschreven 

werkwijze onderscheidt zich van eerder gerapporteerde LC-MS/MS methoden voor 

de kwantificering van IGF-1 in complexe biologische monsters door het verkrijgen 

van de hoge gevoeligheid zonder daarvoor antilichamen toe te passen. 

Bovendien gebruikt de methode multiplexing, waarbij meerdere signature peptiden 

uit verschillende gebieden van de IGF-1 aminozuursequentie worden gemeten. Een 

van deze kan worden vrijgemaakt uit al de isovormen die matuur IGF-1 bevatten, de 

andere alleen uit volledig vrijgemaakt IGF-1. Discrepanties tussen de concentraties 

die voor deze peptiden worden gevonden geven informatie over het biologische 

proces waarmee matuur IGF-1 wordt vrijgemaakt.  

Middels multiplexing kunnen ook peptiden uit verschillende eiwitten worden 

gemeten. Zodoende zouden meerdere biomarkers die indicatief zijn voor bepaalde  

biologische processen in een enkele analyse gemeten kunnen worden, waar 

voorheen meerdere bindingsanalyses nodig zouden zijn. 

Vanwege de chemische aard van de techniek, presteren op LC-MS/MS gebaseerde 

analytische methoden doorgaans beter in inter-laboratorium vergelijkingen, wat een 

belangrijk aspect is bij het meten van klinische biomarkers. 

Met de toevoeging van kwantitatieve methodes voor eiwitten lijkt de potentie voor 

LC-MS/MS in klinisch diagnostische laboratoria groter dan ooit. Een grote uitdaging 

ligt nog in de automatisering van analytische methoden, een stap die voor 

bindingsanalyses reeds gemaakt is.  
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