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CHAPTER I

General introduction and scope of this thesis
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In the past two decades, there has been a considerable increase in the development, 

marketing and use of protein-based drugs, or biopharmaceuticals, for the treatment of 

a variety of diseases, such as different types of cancer, auto-immune diseases, growth 

hormone deficiency, diabetes and cardiovascular disorders. These biopharmaceuticals 

vary in molecular weight from approximately 5000 dalton (Da) up to several hundred kDa 

and range from relatively simple linear peptides to structurally complicated, multi-unit 

proteins, such as enzymes, hormones and antibodies.

To support drug development, patient care and clinical research with 

biopharmaceuticals, the availability of reliable analytical methods for the quantification of 

their concentrations in biological samples is essential. While chromatographic methods, and 

notably liquid chromatography coupled to mass spectrometry (LC-MS), are typically being 

used for quantification of traditional small-molecule drugs and metabolites, historically 

ligand binding assays (LBAs) are the gold standard for the analysis of biopharmaceuticals. 

LBAs are based on the selective recognition of a protein analyte by one or more binding 

reagents, such as endogenous receptors or (recombinant) antibodies raised against the 

analyte, and the reason for their popularity is the fact that LBAs are highly sensitive and 

specific, often fast and easy to use without the need for expensive equipment. There are, 

however, also several down-sides to the use of LBAs, which are becoming more and more 

evident. Next to having analytical disadvantages, such as difficulties with multiplexing, 

limited linear dynamic ranges and less favorable precision and accuracy, LBAs rely 

on critical binding reagents which may be difficult to obtain or vary in batch-to-batch 

quality. From a scientific perspective, LBA is essentially a black-box technology and more 

often than not it is unknown to which part of a protein analyte the reagents exactly bind. 

Therefore, it is generally difficult to control the consistency of the analytical response of 

an LBA and to predict or even assess the effect of variations in the composition of critical 

reagent solutions and sample-to-sample differences with regard to e.g. protein binding or 

structural modification of the biopharmaceutical protein of interest.

To overcome some of these limitations, over the past ten years much effort has 

been put into developing LC-MS as a complementary technique for the quantification of 

biopharmaceuticals in biological matrices. So far, most attention has been devoted to 

the technical aspects of the analysis of biopharmaceuticals using LC-MS, and mainly to 

sample preparation, to address the most important limitation of the technique, its relatively 

unfavorable detection sensitivity. In the vast majority of cases, the LC-MS quantification 

of biopharmaceuticals is achieved by enzymatically digesting the protein into a series of 
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peptides and determining the concentration of one or more of these, the so-called signature 

or surrogate peptides, as a measure for the original, intact protein. By optimization of the 

sample processing procedure, such as the digestion and extraction steps, the selection of 

unique surrogate peptides with favorable LC-MS properties, and the use of appropriate 

internal standards for response normalization, it is now generally possible to accurately 

quantify biopharmaceuticals in complex biological samples down to low ng/mL levels or 

below [1-11]. Still, there are some aspects of biopharmaceutical analysis by LC-MS, that 

have been somewhat neglected over the years and that deserve more attention for further 

advancement of the field. This thesis focuses on a few of these aspects.

First, now that LC-MS is becoming an established technology for protein quantification, 

it is increasingly evident that its fundamentally different analytical principle compared 

to LBAs often leads to different concentration results when both techniques are used 

to analyze the same samples. Since LC-MS is capable of obtaining detailed structural 

information, it is ideally suited to investigate the underlying root cause for these differences 

and to shed more light on the actual meaning of a concentration result for a protein 

analyte. Chapters II – IV, in the first part of the thesis, focus on the in vivo effects that a 

biopharmaceutical may undergo and on the consequences this has for the concentration 

result, as determined by LBA and LC-MS. Unlike the situation for small-molecule drugs, 

where metabolism is extensively studied, protein quantification by LC-MS and LBA has 

disregarded biotransformation to a large extent and at the start of the research described 

in this thesis there were hardly any papers to be found about in-vivo biotransformation 

of biopharmaceuticals. The response of both LBA and LC-MS methods, by nature of the 

technique, is based on specific parts of the protein and does not represent the entire 

molecule. With LBA analysis, a single read-out is obtained, the magnitude of which depends 

on the accessibility and intactness of the binding epitope of the analyte of interest. LC-MS 

uses an enzyme, to cleave the protein into a series of peptides and quantifies just one or a 

few of these, which may represent only a few percent of the original intact molecule. It is, 

therefore, not surprising that the concentrations obtained by LC-MS and LBA may differ 

considerably, depending on the part(s) of the protein to which the methods are directed 

and on whether or not any structural modifications occur in these parts of the molecule. 

From the field of biopharmaceutical development, it is well-known that proteins undergo 

chemical reactions in vitro (such as deamidation, isomerization and oxidation) that may 

very well also occur in vivo, thereby changing the molecular structure and possibly also 

the concentration result.
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Chapter II gives an overview of the scientific literature on the differences between 

LBA and LC-MS for protein quantification. It describes the fundamental analytical 

principles of both technologies and reviews the sources of protein heterogeneity and the 

different biotransformation reactions that can take place in vivo and in vitro. By evaluating 

published examples, the possible effects are discussed that protein heterogeneity and 

biotransformation can have on the analytical outcome of a quantitative LBA or LC-MS 

analysis. Where possible, the discrepancies are explained between LBA and LC-MS results 

for the same samples, but also between the results obtained with two different LBA or two 

different LC-MS methods.

This sets the stage for the next two chapters, III and IV, in which one specific but 

important biotransformation reaction was studied in more detail: the in vitro and in vivo 

deamidation of an asparagine (Asn) in the heavy chain of two therapeutic monoclonal 

antibodies: Asn55 in trastuzumab and Asn54 in pertuzumab. This is relevant because 

these amino acids are in the center of a complementarity determining region (CDR), 

which is involved in receptor binding, and their deamidation may therefore influence the 

pharmacological activity of the proteins. Chapter III focuses on trastuzumab and reports the 

development and validation of an LC-MS method that is capable of assessing the degree of 

deamidation of Asn55 to the corresponding aspartate (Asp55) and isoaspartate (isoAsp55) 

and the reaction intermediate: a succinimide (Asu55). It is shown that substantial in vivo 

deamidation of Asn55 occurs after dosing this biopharmaceutical to breast cancer patients 

and that all three biotransformation products are present in their plasma samples. Analysis 

of these samples by an LBA (an anti-idiotypic ELISA) reveals that deamidation of Asn55 in 

trastuzumab leads to a complete loss of recognition by the assay reagents and, therefore, to 

a reduced response compared to the responses found by LC-MS. A second, more extensive 

investigation is described in chapter IV. Since (HER2 positive) breast cancer is increasingly 

treated by a combination of trastuzumab and pertuzumab, the quantification of these 

two biopharmaceuticals is reported and a comparison of three analytical platforms is 

provided: a multiplexed LC-MS method and two LBAs: a receptor-binding assay and an 

anti-idiotypic ELISA. In vitro and in vivo deamidation of both biopharmaceutical proteins 

is demonstrated and, again, a loss of LBA response for the deamidated protein forms. In 

addition, the results of a cell-based activity assay show that along with the deamidation, the 

biopharmaceuticals lose their ability to inhibit breast cancer cell growth. In both chapters, 

full validation of the LC-MS methods according to international bioanalytical guidelines is 
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reported, showing the feasibility and usefulness of LC-MS as a quantification method for 

biopharmaceuticals in patient samples.

The second part of the thesis focuses on the instrumental aspects of biopharmaceutical 

analysis. So far, most protein LC-MS methods are being performed using triple-quadrupole 

mass spectrometry after sample digestion and further sample processing. This type of mass 

spectrometry has unit-mass resolution and its use for protein quantification essentially is 

an extension of the typical approach for small-molecule analysis, which has been routinely 

applied in laboratories around the globe for the past 25 years. Very little is known about 

the quantitative possibilities of other, high-resolution mass spectrometry (HRMS) 

approaches for biopharmaceuticals. HRMS is widely used for qualitative purposes, such 

as the structural elucidation or confirmation of both small and large molecules, because 

of its high mass accuracy, but it also offers the option for quantitative analysis. It can thus 

be used as an alternative detection technique for digested protein analysis with improved 

selectivity compared to unit-mass resolution MS, and it also is capable of quantifying intact 

proteins, which is virtually impossible on triple-quadrupole instrumentation. In chapter 

V, a second review paper is presented which explores the (theoretical) options for intact 

protein quantification by HRMS. This field is still clearly in its infancy and although the 

first reports have started to appear, many aspects need to be further developed, from 

sample preparation to the separation of protein species and the use and interpretation of 

the highly complex mass spectra.

The final two chapters of this thesis report the results of quantitative LC-MS methods 

using one particular type of HRMS, a quadrupole-time of flight (Q-TOF) instrument. Chapter 

VI focuses on the quantification of somatropin (recombinant human growth hormone, 

rhGH, 22 kDa) in rat plasma after digestion, and focusses especially on the selectivity 

and sensitivity gains. Reducing the width of the mass-extraction window during data-

processing from about 0.7 Da down to 0.01 Da for HRMS considerably decreases the 

interference of tryptic peptides generated from endogenous matrix proteins. As a result 

of the better selectivity, four-fold enhanced sensitivity (a lower limit of quantification of 

25 ng/mL as compared to 100 ng/mL) was obtained, as well as improved accuracy and 

precision. The LC-HRMS methodology was validated and used to support a preclinical trial 

in which somatropin was dosed to rats. In general, it can be concluded that the use of HRMS 

may lead to a reduced length and complexity of extraction procedures, which are normally 

needed to remove interfering peptides and/or endogenous compounds from sample digests, 

and thus to faster sample preparation and results generation.
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By using HRMS, somatropin can also be quantified in its intact form in complex biological 

samples, which is the topic of chapter VII. Intact protein analysis is more challenging 

for a number of reasons. Traditional sample processing procedures, such as solid phase 

extraction, are less suitable for intact proteins and the analysis often requires antibody-

based capture to selectively isolate the protein of interest. Chromatographic separation 

and also data processing are more complicated compared with peptide analysis, but it is 

shown that by optimizing these aspects, intact somatropin can be reliably quantified down 

to 10 ng/mL in rat plasma. By dedicated software HR mass spectra can be deconvoluted 

into the corresponding theoretical neutral spectrum, which can also be used as the basis 

for quantification with equally acceptable method performance. The final method, based 

on immunocapture of intact somatropin and subsequent LC-HRMS analysis, was validated 

and applied to the analysis of plasma samples from a pre-clinical study.
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ABSTRACT

The quantification of proteins (biopharmaceuticals or biomarkers) in complex biological 

samples such as blood plasma requires exquisite sensitivity and selectivity, as all biological 

matrices contain myriads of proteins that are all made of the same 20 proteinogenic amino 

acids, notwithstanding post-translational modifications. In this review we describe 

and compare the two main approaches notably ligand binding assays (LBAs) and liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) in the selected 

reaction monitoring (SRM) mode. While LBAs remain the most widely used approach, 

SRM assays are gaining interest up due to their generally better analytical performance 

(precision & accuracy) and their capacity for multiplex analyses. In this article we focus on 

the possible reasons for discrepancies between results obtained by LBAs and SRM assays.
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2.1	 INTRODUCTION

Protein bioanalysis plays an important role in the development of novel biopharmaceuticals, 

the measurement of clinically relevant biomarkers and many other areas where precise 

and accurate protein quantification is needed [1-65]. There is, however, a major difference 

between proteins and low-molecular-weight pharmaceuticals or biomarkers, because 

proteins are not homogenous single molecules but comprise families of molecules that 

are grouped under a single denominator. This means that measuring a ‘’protein’’ is in 

itself not a meaningful description unless one defines the method it is measured with 

and the molecular property this method responds too. Recent work in proteomics has 

shown that proteins occur as ‘’species’’ or ‘’proteoforms’’ depending on the nomenclature 

and definition used [66-73]. This is in itself not new, since work on protein separation by 

two-dimensional gel electrophoresis (2D-GE) showed that there is hardly any protein in 

nature that occurs as a single form [66,74-92]. How then to deal with protein heterogeneity 

when it comes to protein bioanalysis, where regulatory authorities and clinicians expect 

single defined values for approval of biopharmaceuticals or decision-making based on 

biomarkers? This conundrum is well-known to proteomics researchers, who experience 

regularly that LC-MS/MS analyses in the data-dependent, so-called ‘’shotgun proteomics’’ 

mode, result in different values for individual peptides regrouped as belonging to a ‘’single 

protein’’ according to the database that has been searched. While some proteomics studies 

resolve this dilemma by defining that the three most intense peptides are representative 

for the corresponding protein [93-96], this is not always based on sound scientific evidence 

and rather an ‘’easy way out’’ to avoid having to deal with protein heterogeneity. Such an 

approach is not tolerated in regulated bioanalysis of proteins.

2.2	 The basis of protein heterogeneity

There are many reasons why proteins are not single-species, homogenous molecules. First 

of all, there are more than 350 post-translational modifications (PTMs) that have been 

described, which may affect the physical and chemical properties of proteins [97-99]. Many 

of these PTMs have an effect on biological activity and function and are thus not only 

complicating protein bioanalysis but more importantly may have a bearing on the biological 

function of biopharmaceuticals and biomarkers alike. Next to biologically-induced PTMs, 

there is also ample opportunity for chemically-induced modifications, since most amino 

acids contain potentially reactive side chains. Notable examples are the deamidation of 
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Asn and Gln [100-127], the oxidation of the sulfur-containing amino acids Cys and Met 

[116,128-145], oxidative modifications of Tyr, Trp or His [130,133,134,146-155] or Tyr and 

Trp nitration [134,150,151,156-184]. Taken together it is thus not at all surprising that 

proteins occur as families of molecules rather than single species. In the following we will 

highlight a few examples to exemplify the versatile chemistry and biochemistry of proteins 

in view of their analysis. For a more complete overview over PTMs we refer the reader to 

the excellent book of Walsh [97].

2.2.1	 Glycosylation

Protein glycosylation has been widely studied, notably in the context of biopharmaceuticals 

[88,115,116,136,185-212] and biomarkers for cancer [213-245]. Detailed studies have 

shown that protein glycosylation may have a significant effect on in vivo half-life, the 

effector function of monoclonal antibodies or the biological activity of hormones such as 

erythropoetin (EPO) or follicle-stimulating hormone (FSH). Most bioanalytical methods 

try to avoid targeting regions containing glycosylation sites (e.g. signature peptides for 

LC-MS/MS or epitopes for antibody recognition) but they must be considered in cases where 

pharmacodynamic data are required from proteins that depend on proper glycosylation 

for activity.

While there is a considerable body of literature concerning protein glycosylation when 

it comes to the detailed characterization of biopharmaceuticals, there is very little about 

the change in glycosylation and thus in activity or function once a biopharmaceutical 

protein has been administered. This so-called ‘’protein metabolism’’ has only recently 

caught the attention of researchers and regulators alike [246]. Protein metabolism may 

also influence the results of bioanalytical assays. Changes in glycosylation due to in vivo 

metabolism may, for example, affect the binding of the first and/or second antibody in an 

ELISA leading to a changed response independent of the absolute protein concentration 

On the other hand, an LC-MS/MS assay in the Selected Reaction Monitoring (SRM) mode 

may not suffer from this change, since the protein is first proteolytically digested and a 

signature peptide measured that has no glycosylation site. However, LC-MS/MS assays 

may also be affected, since proteolytic digestion may be affected by whether the protein is 

glycosylated or not. It is thus not uncommon to find different results for a given ‘’protein’’ 

when using an LBA or an SRM assay on the exact same sample. In fact each assay measures 

part of the family of protein species and these parts may not be congruent as schematically 

shown in Figure 1. Examples will be discussed in the section on Ligand Binding Assays.
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Figure 1: Schematic representation of the hypothetical results of three different assays to quantify a 
‘’protein’’ in a complex biological sample. Blue (Ligand Binding Assay, LBA); Yellow (LC-MS/MS assay, SRM); 
Red (functional assay, for example a bioassay). The scheme shows that each assay measures a different 
fraction of the entire group of protein species with more or less overlap between them. This results in 
different results for different assays for the same sample. There is thus no single value that ‘’quantifies’’ 
this protein unless one is sure that an assay covers all protein species.

2.2.2	 Deamidation

Deamidation is the conversion of Asn or Gln into Asp or Glu (see Figure 2).

Figure 2: Chemical reaction converting Asn to Asp (deamidation). This conversion introduces an addi-
tional negative charge and increases the molecular mass by 1 amu.

Deamidations may occur at basic and at acidic pH values and are facilitated by a sequence 

context where the amino acid C-terminal to Asn or Gln is small and or hydrophilic (e.g. 

Gly or Ser). Most proteins contain sites that are prone to deamidation either in vivo or in 

vitro. In vivo deamidations, which may be considered part of protein metabolism, have 

been studied in long-lived proteins such as eye lens crystallines [112,119,120]. There is, 

however, rather little literature on in vivo deamidation, which is likely much more frequent 
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than reported due to the limited number of studies on in vivo protein metabolism. In vitro 

deamidation, on the contrary, has been the subject of many reports including some reviews 

[100-111,113,114,117,118,121-127]. One of the main reasons is that deamidation forms 

an ‘’Achilles heel’’ for many biopharmaceutical proteins with respect to stability during 

production and storage. The deamidation reaction proceeds via a cyclic imide intermediate 

and may lead to formation of Asp or iso-Asp (see Figure 3). Notably the formation of iso-

Asp has been shown to be detrimental to biological activity as reported for the anti-cancer 

agent Trastuzumab (Herceptin®) [123,136]. We recently showed that this may occur in 

vivo after Trastuzumab administration [247].

Figure 3: Reaction scheme of the deamidation of a protein or peptide (… - Val-Tyr-Pro-Asn-Ala- …) to the 
corresponding Asp- or iso-Asp-containing product. Deamidation proceeds via a cyclic imide intermedi-
ate that can open its ring to form Asp or the non-natural iso-Asp. Notably formation of iso-Asp is often 
detrimental to protein activity and function (reprinted from [127] with permission of the publisher).

2.2.3	 Oxidation

There are a number of oxidation-sensitive amino acid residues in proteins [98]. The most 

notable ones are the sulfur-containing amino acids Cys and Met. Numerous in vivo PTMs have 

been described for Cys including 1- and 2-electron oxidations and alkylations (Figure 4).
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Figure 4: The chemistry of the thiol group of cysteine. Two electron oxidations of a protein thiol (Pr-
SH), yield sulfenic acid (Pr-SOH), which is a transient intermediate. With glutathione (GSH) it forms a 
mixed disulfide (Pr–SS–G), with other cysteines intramolecular or intermolecular disulfides and with 
adjacent amides it yields a sulfenylamide by condensation. Hypohalous acids, which can be produced in 
vivo by peroxidase-catalyzed reactions of halide ions with H2O2, first give rise to sulfenyl halides, which 
hydrolyze to the sulfenic acid. One electron oxidants, such as radicals or transition metal ions, form the 
thiyl radical (Pr–S∙). The most preferred reaction of this radical under aerobic conditions with a thiolate 
anion (GSH or protein-SH) yields the disulfide anion radical, which perpetuates the reaction with oxygen 
forming superoxide. The thiyl radical can also transmit radical reactions or be quenched by scavengers 
(reproduced from [98] with permission of the publisher).

Tyr and Trp are also sensitive to oxidative conditions that may lead to protein-protein 

crosslinks and colored amino acid derivatives. A recent report described that the coloring 

of monoclonal antibodies upon storage may be due to Trp modifications [146]. Oxidations 

may occur in vivo as part of protein metabolism or in vitro during production, down-stream 

processing and storage. The oxidation of Met may occur in vivo or in vitro and its level is 

hard to control. That is why Met-containing peptides are generally avoided as signature 

peptides for LC-MS/MS assays. Deliberate oxidation of Met to its sulfoxide with H2O2 may, 

however, overcome this limitation [55].
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2.2.4	 Proteolysis

Proteolysis is a common problem during sample preparation of complex protein mixtures 

and may be avoided by rapid denaturation of all proteases in the sample by heat treatment 

in the presence of a strong denaturant or by adding a so-called ‘’cocktail’’ of protease 

inhibitors. In vivo proteolysis is often part of the activation or inactivation of hormones 

(e.g. the conversion of pro-insulin to insulin) as well as the degradation of proteins back to 

amino acids. Indeed it is conceivable that most biopharmaceuticals will be metabolized by 

in vivo proteolysis some time after administration but this has not been studied in detail.

Proteolysis often commences from the N- or C-termini of proteins by the action of 

exopeptidases and may occur during protein production in cell culture or microorganisms 

[185,190,195,205,248]. Figure 5 shows a trace of the anti-thrombotic agent recombinant 

hirudin produced in Saccharomyces cerevisiae. The earlier and later eluting peaks 

correspond to C-terminal degradation products missing amino acids 65 and 65 + 64, 

respectively. There is no indication that these C-terminally truncated products have lower 

anti-thrombin activity. A notable example of proteolysis is the C-terminal clipping of Lys 

in the case of monoclonal antibodies [249].

Figure 5: Reversed-phase analysis of recombinant hirudin secreted from Saccharomyces cerevisiae. The 
peaks at 8.5 and12 min correspond to C-terminal degradation products (reproduced from [248] with 
permission of the publisher).

2.3	 Ligand Binding Assays

Protein bioanalysis in regulated environments is most widely performed by Ligand Binding 

Assays (LBAs). The fundamental principle of all types of LBAs is similar. The protein of 
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interest is bound by a capturing agent, often an analyte-directed antibody, which has a 

high specificity towards a particular part of the analyte structure, called the epitope. 

The other, non-bound components of the sample are removed by washing steps and the 

presence of the capturing agent-analyte complex is subsequently detected as a measure for 

the original analyte concentration in the sample. Detection takes place either via a modified 

and easily detectable form of the protein analyte, which competes with the analyte for 

the binding sites on the capturing reagent (single-site or competitive LBA) or by a further 

complex formation with a detection reagent (two-site or sandwich LBA). In the latter case, 

the detection reagent typically is a protein that binds with high specificity to the analyte 

and that is labeled with a detectable tag or with an enzyme, which converts a substrate 

into a detectable product. Over the years, a variety of LBA formats have been developed, 

that differ in analytical design, the nature of the capturing and detection reagents and the 

detection principle. The concentration results for a protein in a biological sample may vary 

considerably between assays, as they are strongly dependent on the actual LBA format and 

the reagents that are used for quantitation as well as on the composition of the sample in 

which the analyte is present.

The capturing and detection reagents in an LBA appear to have the largest effect on 

the obtained concentrations. Although the detection principle can have a considerable 

impact on the dynamic range and the sensitivity of an assay as well as on the operational 

costs, it does not seem to have a large influence on the actual concentration result. In a 

comparison of two LBA platforms for PEGylated human insulin, for example, essentially 

similar plasma concentrations were found in a pharmacokinetic study in rats, for an 

enzyme-linked immunosorbent assay (ELISA) using colorimetric detection and an 

electrochemiluminescent assay (ECLA) [11]. In both cases, an anti-PEG monoclonal 

antibody was used as a capturing reagent and a biotinylated anti-insulin antibody as a 

detection reagent, which was further bound to streptavidin-horseradish peroxidase 

(ELISA) or streptavidin-SulfoTag (ECLA). Similarly, four LBA platforms were compared 

for human IgG1 in mouse plasma, using monoclonal antibodies against the constant region 

of human IgG as both capturing and detection reagents [250]. Colorimetric detection via 

horseradish peroxidase (ELISA), electrochemiluminescence detection via a ruthenium 

label (ECLA), fluorescence detection via a fluorophore label and luminescence detection 

via laser-excitable donor beads all gave the same results for spiked samples.

Sandwich assays are generally considered more specific than competitive assays, 

because they use two analyte epitopes for binding rather than one. This was clearly 
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demonstrated for the 28-amino acid peptide ghrelin and its deacylated form in human 

plasma, for which two competitive and two sandwich assays were compared [251]. The 

sandwich ELISAs for ghrelin and des-acyl ghrelin yielded concentration values that were 

up to two-fold lower than those obtained by the corresponding competitive assays, which 

used comparable capturing reagents. It was suggested that degraded forms of ghrelin 

and des-acyl ghrelin might be responsible for the difference. These would be bound by 

the capturing reagents of both assay formats and thus contribute to the response in the 

competitive assay, but would not be recognized by the detection reagent and thus remain 

undetected by the sandwich assay. This was confirmed by a forced degradation study, in 

which full-length ghrelin and des-acyl ghrelin were converted to degradation products 

by plasma proteases and were undetectable by sandwich assay, but still gave quantifiable 

results by the competitive LBAs.

The nature of the capturing reagent can also have a considerable effect on protein 

quantitation, as was shown for a number of therapeutic monoclonal antibodies using LBAs 

in sandwich format [252]. For ocrelizumab, an assay using a monoclonal antibody for 

capturing (MAC) and one using a polyclonal antibody for capturing (PAC) were compared 

and found to give considerably different results, with concentrations being typically 

two-fold higher for the PAC assay (Figure 6). This was attributed to the presence of the 

pharmacological target CD20 in patient serum, which binds to the exact same epitope of 

the protein analyte as the capturing monoclonal antibody and thus reduces its detectable 

concentration. With this assay format the unbound fraction of the drug is therefore 

detected. The polyclonal capturing antibodies, however, have multiple binding epitopes 

and will form an immune complex with the analyte not only when it is free but also when 

it is bound to its target, resulting in the determination of the total drug concentration. A 

decrease of more than 60% in the observed ocrelizumab concentration was found when 

recombinant CD20 was added to plasma in a 1000-fold excess and the samples were 

analyzed using the MAC format. The decrease was negligible when the same samples were 

analyzed using the PAC assay. Interestingly, no differences were found between the two 

assay formats for another therapeutic antibody of the same class, v114, suggesting that 

CD20 and the monoclonal antibody raised against this drug bind to different epitopes on 

the drug molecule. This example clearly shows that the nature of the capturing reagent 

and the exact epitope to which it binds determine the concentration result that is obtained 

by an LBA.
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Figure 6: Concentration-time profiles of ocrelizumab (A) and v114 (B) in a clinical study with non-Hodgkin 
lymphoma patients, obtained by monoclonal (MAC) or polyclonal (PAC) antibody capturing reagents. 
Capturing ocrelizumab with a MAC suffers from interference due to competition with the pharmaco-
logical target CD20 while capturing with a PAC does not suffer from this limitation. Reproduced with 
permission from [252].

A similar situation was encountered for the therapeutic monoclonal antibody rituximab 

[270]. Two sandwich ELISAs were performed, the first using the pharmacological target 

(also CD20) as the capturing reagent and the second an analyte-specific monoclonal 

antibody. In both cases, the detection reagent was the same: an enzyme-linked monoclonal 

antibody directed against the constant part (Fc) of human IgG. Diverging results were 

obtained when pharmacokinetic samples were analyzed, with concentrations generated by 

the antibody-based method being systematically higher than those obtained by the CD20-

based method. Again, circulating CD20, which is elevated in patients, was held responsible 

2

C
h

ap
te

r 
II



26

| CHAPTER II

for the discrepancy. By forming a complex with rituximab, it reduces the fraction that is 

recognized by the capturing reagents. Although this effect plays a role for both ELISAs, the 

interaction between the capturing monoclonal antibody and rituximab is much stronger 

than that between CD20 and rituximab and it was speculated that the antibody reagent 

is able to capture rituximab, even if it is already bound to CD20, probably by displacing 

CD20. In contrast, the target reagent-based method cannot displace circulating CD20 from 

rituximab and was concluded to detect only the free fraction of the drug. The presence of 

CD20 in patient samples may not be the only reason for the higher concentrations obtained 

with the antibody-based ELISA. Also when rituximab was dosed to healthy mice, whose 

serum is free from human CD20, about two-fold higher drug levels were obtained than 

with the CD20-based assay. This was attributed to a possible formation of drug aggregates, 

which would not be able to bind to the CD20-based capturing reagent. The high affinity of 

the capturing antibody towards rituximab, on the other hand, might partly or completely 

overcome this effect. Although it was concluded that the antibody-based method may 

determine the total concentration of rituximab, it remains unclear whether circulating 

CD20-bound or aggregated rituximab is really completely captured by this ELISA.

That the detection reagents can also influence the concentration results for a protein 

was reported for the quantitation of human parathyroid hormone (PTH) in human plasma 

[253]. Three commercial sandwich assays were compared which used different detection 

reagents. Two of these employed 125I-labeled anti-PTH antibodies for radioactivity detection 

and the third an acridinium labeled anti-PTH antibody for luminescence detection. All 

three assays used the same capturing reagent, polyclonal antibodies against the C-terminal 

region of PTH, but the detection antibodies had different specificities, as they were raised 

against different N-terminal parts of the analyte: amino acids 1-34 (method A), 1-6 (method 

B) and 1-12 (method C), respectively. It was found that the PTH fragments (3-84) and 

(7-84), which are truncated at the molecule’s N-terminus and can be present in plasma 

at higher concentrations than full-length PTH itself, showed different degrees of cross-

reactivity. Both fragments are bound by the capturing reagent and, additionally, recognized 

by the detection antibody of method A, causing an overestimation of PTH concentrations 

of about 100% when equal concentrations of PTH and the fragments were present in the 

sample. Likewise, method C overestimated PTH concentrations by approximately 60% in 

the presence of an equal concentration of fragment 3-84, but fragment 7-84 only affected 

PTH concentrations when substantially higher amounts were added. Method B showed no 
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interference by either of the fragments up to a 50-fold excess and was thus concluded to 

be the most specific for PTH quantitation.

The selected examples discussed above show that the results obtained by LBAs, which 

are based on molecular interactions between analyte and reagent(s), may be significantly 

biased in case a relatively large fraction of the analyte molecules is bound to one or more 

sample constituents and/or when other molecules, for example proteolytic degradation 

products, are present in the sample that are also recognized by the capturing or detection 

reagents. Therefore, proper attention has to be paid to the reagents that are used, in 

order to guarantee that the obtained concentration results accurately reflect the actual 

concentrations in the biological samples.

2.4	 LC-MS/MS in the SRM mode

The use of LC-MS-based techniques for protein quantification has sharply increased over 

the past few years. With the development of increasingly sensitive mass spectrometers, 

LC-MS has become a useful alternative to LBAs for many bioanalytical applications [64,65]. 

This is mainly driven by its generally better accuracy and precision and the fact that it 

does not necessarily require immunochemical reagents, which, as illustrated above, may 

vary in quality and specificity and may thus be the cause of limited comparability of 

results between or even within LBA platforms [26]. The highest concentration sensitivity 

is currently still obtained by using triple quadrupole (MS/MS) mass spectrometry, the 

traditional workhorse for small-molecule quantification, employed in the SRM mode. With 

this approach, the analyte of interest, after eluting off the LC column, is ionized and based 

on its mass-to-charge ratio selectively transferred to a collision cell, where it is fragmented 

and from where a structure-specific fragment is further selected for detection.

This detection principle ensures high selectivity and works very well for relatively 

small molecular species, up to around 5000 Da, but is inherently less suitable for larger 

analytes, mainly because their ions are distributed over many different charge states 

and these also tend to fragment less readily, which reduces sensitivity considerably. An 

important consequence for protein quantification is that any macromolecular analyte 

needs to be converted to a smaller compound to allow quantification by LC-MS/MS. This 

is usually accomplished by digestion of the analyte with an enzyme such as trypsin into 

a series of peptides. One of these, the so-called proteotypic or signature peptide, is then 

quantified as a surrogate for the intact protein.
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With this approach, the obtained concentration result for a protein depends on 

the physicochemical and analytical properties of the selected signature peptide. An 

important feature is the requirement that the signature peptide may not be released 

from any other protein present in the sample, endogenous or otherwise, as this would 

lead to overestimation of the concentration of the protein of interest. In addition, many 

researchers apply rather strict selection criteria for signature peptides to ensure sufficient 

robustness of the LC-MS/MS assay. Peptides containing amino acids that are unstable or 

post-translationally modified are typically disregarded, as they would require additional 

analytical efforts for stabilization or might introduce undesirable heterogeneity. Likewise, 

peptides that are too small, too large or too hydrophobic may also cause analytical issues 

because of selectivity or sensitivity limitations or adsorption problems. In everyday 

practice, it is not uncommon that just a few peptides are considered suitable for LC-MS/

MS analysis, out of the several dozens of peptides that may result from the digestion of a 

typical protein analyte.

Because of all these practical, assay-related limitations, the suitability of the selected 

signature peptide to properly represent the intact analyte may be compromised. A good 

way to increase confidence in the result and obtain more detailed information of the 

in vivo fate of a protein is the quantification of multiple signature peptides for a single 

protein. While common in targeted proteomics, this approach is not widespread in the 

field of regulated bioanalysis, where scientists are often reluctant to report multiple 

and potentially diverging concentrations for the same sample to regulatory agencies. An 

example of good concordance between the results for two signature peptides was reported 

by Ouyang et al. [254], who quantified a large therapeutic protein in monkey plasma after 

precipitation of plasma proteins with methanol and tryptic digestion of the isolated protein 

pellet, followed by direct LC-MS/MS analysis of the digest. The average difference between 

their primary signature peptide and the second, confirmatory peptide was just 0.83% with 

39 out of 41 study samples having a relative difference below 15%. They concluded that 

the almost identical PK profiles obtained using the two peptides suggest that the protein 

remained intact in vivo. In another paper from the same group [19], the general use of 

a second peptide was proposed to address the inability of a single signature peptide to 

reliably distinguish between intact and degraded forms of a protein. If the concentrations 

obtained for two peptides from different regions of the protein remain consistent, it could 

be concluded that the protein is structurally intact (Fig. 7A). Diverging concentrations 

could be indicative of in vivo degradation over time, during which the protein is cleaved 
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into (at least) two fragments, each containing one of the peptides, which are cleared from 

the plasma at different rates (Fig. 7B). It should be realized, however, that concordant 

PK profiles could also occur in the case of protein degradation if the resulting fragments 

with the two signature peptides are cleared at the same rate or if degradation takes place 

outside the regions containing the signature peptides.

Figure 7: Hypothetical concentration-time profiles obtained by simultaneous quantification of two sig-
nature peptides. A: little or no in vivo degradation over time, resulting in concordant PK profiles; B: in 
vivo degradation and more rapid clearance of the fragment containing peptide 2, resulting in diverging 
PK profiles. Reproduced with permission from [19].

The potential disadvantage of protein analysis by a single peptide was demonstrated 

in a study with a PEGylated therapeutic peptide in human plasma, using the N-terminal 

(1-12)-peptide for quantification [58]. Sample treatment by protein precipitation and 

trypsin digestion of the supernatant (in which the analyte was recovered) was compared to 

immunoaffinity purification with an anti-PEG directed antibody coupled to magnetic beads, 

followed by on-bead trypsin digestion. Consistently (15-30%) higher concentrations were 

found with the protein precipitation approach, which was speculated to be caused by in vivo 

dePEGylation to a molecule that contains the same signature peptide as the PEGylated form 

and which was thus co-quantified with the analyte. Accurate determination of levels of the 

PEGylated peptide, therefore, requires an extra level of selectivity and this was provided 

by the immunoaffinity extraction directed towards the PEG moiety of the molecule. Our 

own group recently showed the usefulness of monitoring two signature peptides for the 

investigation of the metabolism of the therapeutic monoclonal antibody trastzumab [247]. 

One peptide was a metabolically stable part of the protein, while the other contained 
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an asparagine, which is sensitive to in vivo deamidation. Plasma proteins, including the 

analyte, were precipitated with methanol and subjected to trypsin digestion at a relatively 

low pH of 7 to prevent in vitro deamidation during analysis; the two signature peptides 

were subsequently quantified by LC-MS/MS. Notable differences for the trastuzumab 

plasma concentrations were derived from the two peptides, both in an in vitro stress 

test and in samples collected from patients on long-term treatment with trastuzumab. 

Considerably lower levels were found for the asparagine-containing peptide and this 

was accompanied by an increase in the concentrations of two deamidated (aspartate and 

isoaspartate-containing) forms. This result shows that it is an oversimplification to refer to 

“the” trastuzumab concentration in plasma. In this case, the concentrations obtained using 

the stable peptide can be considered representative for the total amount of circulating 

trastuzumab, while the concentrations found with the other peptide represent the amount 

of drug that remained non-deamidated in this part of the molecule.

2.5	 Comparison of LBA and LC-MS/MS

In various papers, newly developed LC-MS/MS methods have been compared to existing 

LBAs for the same protein. In a few cases, a relatively small (<20%) difference was found 

between the obtained concentration results. Li et al. [255] applied an immunocapture 

step with an anti-human Fc antibody to selectively extract two therapeutic monoclonal 

antibodies from rat plasma, prior to reduction, alkylation, digestion and LC-MS/MS analysis 

of one signature peptide per antibody. The pharmacokinetic results for both analytes 

corresponded very well to those obtained using an ELISA, with an average deviation of 

<3%. It was speculated that the similarity of the data could be the result of the same 

immunocapture reagent that was used for both the LC-MS/MS method and the ELISA. That 

a good concordance between LC-MS/MS and ELISA can also be found when the extraction 

principles differ was demonstrated for another monoclonal antibody [18]. Two LC-MS/MS 

methods were developed, one of which employed an anti-idiotypic antibody and the other 

protein G to extract the analyte from human serum in samples from a first in human study. 

The capture reagent used in the ELISA was the pharmacological target mucosal addressin 

cell adhesion molecule (MAdCAM). Even though all three extraction methods were thus 

based on different molecular interactions, the concentration results showed a high 

correlation with an overall bias of <3%. Also when a biological sample is directly digested 

and analyzed by LC-MS/MS with no prior isolation of the protein analyte, LC-MS/MS and 

ELISA results can be very similar. A therapeutic nanobody® (28 kDa) was quantified in 
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rabbit plasma and aqueous humor by digestion of untreated sample, followed by enrichment 

of the signature peptide by two-dimensional solid-phase extraction (SPE) and LC-MS/MS 

. Concentration results were on average 3% (plasma) or 16% (aqueous humor) higher 

than found with a sandwich ELISA which used a monoclonal antibody and a horse radish 

peroxidase coupled nanobody raised against the therapeutic nanobody as the capture and 

detection reagents, respectively. As a possible cause for the slightly lower concentrations as 

determined by ELISA, the potential binding of the analyte to its pharmacological target in 

the samples was suggested, which might reduce analyte recognition in the ELISA. Likewise, 

the comparison of an LC-MS/MS method for endogenous insulin-like growth factor-1 (7.7 

kDa) in human plasma to a commercial LBA-based clinical analyzer showed similar results 

[256]. The LC-MS/MS method involved reduction, alkylation, digestion and solid-phase 

extraction of two signature peptides. The concentrations results for both peptides were 

typically within 5% from those obtained by the LBA.

More often, there is a higher discrepancy between LBA and LC-MS/MS results. A 

monoclonal antibody was quantified by ELISA using anti-idiotypic antibodies as both 

capture and detection reagents and concentrations in monkey plasma were obtained 

that were about three-fold lower than with an LC-MS/MS method, which was based on 

immunocapture with an anti-Fc directed antibody (Figure 8) [62]. A possible explanation 

that was advanced was the difference in the capturing reagents. While the anti-Fc reagent 

in the LC-MS/MS assay captures the analyte both in its free form and when it is bound to 

its target, the anti-idiotype antibody used in the ELISA only binds to the analyte when it 

does not have the target bound to it. Additional experiments showed that the target was 

present in the sample after the anti-Fc immunocapture step, suggesting that at least part 

of the captured monoclonal antibody was indeed bound to its target.
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Figure 8: Concentration-time profiles for a monoclonal antibody, administered at two different doses to 
a monkey, as obtained by ELISA and LC-MS/MS. Reproduced with permission from [62].

The reverse situation was encountered with a method for the endogenous pharmacological 

target RANKL in preclinical PK studies with the human monoclonal antibody drug 

denosumab [46]. The commercial ELISA kit that was employed used anti-human RANKL 

antibodies for capture and detection. The LC-MS method involved addition of an excess 

of denosumab, extraction of the immune complex of RANKL and denosumab by an 

immobilized anti-human Fc antibody and subsequent digestion and quantification of a 

RANKL-specific peptide. While the ELISA provided accurate results in the absence of 

denosumab, the addition of clinically relevant levels of the drug reduced the response more 

than 25-fold, very probably because the formed immune complex does no longer bind to 

the antibodies used as capture and detection reagents. The LC-MS/MS assay, on the other 

hand, captures the complex via the Fc part of the denosumab molecule and thus actually 

needed an excess of the drug to completely extract all RANKL from the sample and obtain 

a reliable estimate of the total concentration of this compound.

The in vivo formation of anti-drug antibodies (ADAs) in response to the administration 

of an exogenous protein drug is a well-known phenomenon, which can have a large 

impact on the accuracy of concentration results, as has been reported in multiple studies. 

A monoclonal antibody was quantified in marmoset serum by reduction, alkylation, 

trypsin digestion and LC-MS/MS analysis of a signature peptide and concentrations were 

compared to a competitive ELISA, which used an anti-idiotypic antibody for capture [24]. 

The PK curves obtained after analysis of serum samples from a preclinical study displayed 

similar profiles but with the LC-MS/MS results being on average 60% higher than the 

corresponding ELISA results. This was concluded to be due to the presence of ADAs, which 

form a complex with the drug and thereby reduce its recognition by the ELISA capture 
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reagent, while >80% of the drug was demonstrated to be digested also in the presence 

of elevated concentrations of added ADAs. This may not be the only explanation for the 

discrepancy of the serum concentrations, since the difference was found throughout the 

PK sampling period after a single dose and ADAs reportedly take some time to be formed 

after exposition of an organism to exogenous proteins. A more conceivable divergence in 

the PK profiles as obtained by LC-MS/MS and ELISA was reported for a PEGylated scaffold 

protein in monkey plasma [257]. In the LC-MS/MS approach, the sample was subjected to 

differential protein precipitation with isopropanol, digested and analyzed. The ELISA used 

the pharmacological target as a capture reagent and an anti-PEG directed antibody for 

detection. The drug concentrations measured by ELISA and LC-MS/MS were very similar 

(bias <10%) up to 24 hours after a single drug dose to cynomolgus monkeys, but started 

to diverge for later time-points (Figure 9). After 96 hours, the LC-MS/MS results were 

consistently >30% higher than the ELISA data with the difference increasing to a factor 

8 at 504 hours post-dose. The presence of ADAs specific to the antigen-binding region in 

the PEGylated drug was demonstrated in all samples collected later than 168 hours post-

dose and, hence, the discrepancy between ELISA and LC-MS/MS was attributed to the 

interference of these ADAs with the analyte capture step in the ELISA.

Figure 9: Plasma concentration-time profiles of a PEGylated scaffold protein obtained by LC-MS/MS 
(closed symbols) or ELISA (open symbols) in four cynomolgus monkeys. Reproduced with permission 
from [257].

The formation of anti-analyte antibodies does not only play a role for the quantification 

of biopharmaceuticals but can also be of importance for endogenous biomarkers. The 

serum concentrations of thyroglobulin (Tg), a biomarker for thyroid carcinoma, increase 

in the case of (recurring) cancer and can give rise to the development of endogenous anti-
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Tg autoantibodies. It has been known for some time that these autoantibodies can mask 

the Tg epitopes that are involved in binding to the reagent antibodies in immunoassays 

and thereby lead to falsely low concentration results. A comparison of a commercial 

immunoanalyzer for Tg and a newly developed LC-MS/MS method showed very similar 

results for Tg-autoantibody negative serum, but 50% lower levels for the immunoassay 

when autoantibodies were present. The LC-MS/MS method involved addition of an excess 

of rabbit anti-Tg antibody to all serum samples and precipitation of the formed complex 

with ammonium sulfate, followed by the usual reduction, alkylation and digestion steps 

and purification of the digest with an immunocapture reagent directed towards the 

signature peptide. In this way, differences between Tg-autoantibody-negative and -positive 

serum were overcome [34]. These examples illustrate that ELISA often is incapable of 

measuring the total (free plus target- or ADA-bound) concentration of a protein-based 

drug or biomarker because the bound fraction typically is not recognized by the reagents 

in the assay, unless these are specifically designed to bind to parts of the analyte molecule 

that are not involved in target or ADA binding or the binding is disrupted by some form of 

manipulation of the sample. LC-MS/MS virtually always contains a digestion step and will 

break the interaction between the analyte and any other protein present in the sample and 

this technique therefore gives the total concentration. Large deviations between results 

obtained with both platforms are, therefore, often related to some sort of in vivo binding 

of the analyte.

There are, however, also other explanations for divergence between LBA and LC-MS/

MS. Three commercial LBAs for C-peptide (3.6 kDa) in human plasma showed 50-90% 

higher concentration levels than a method, which extracted the intact analyte from the 

sample by SPE and quantified it by LC‑MS/MS [258]. In this case, the difference was 

explained by the heterogeneity in circulating forms, which should be understood as the 

presence of structurally related molecules, which cross-react with the LBA antibodies 

and cause an overestimation of the C-peptide concentration. A similar situation was 

encountered for the iron-regulatory peptide hepcidin, which consists of three isoforms: 

one bioactive and two truncated, inactive forms [259]. The anti-human hepcidin antibodies 

employed in a competitive ELISA were unable to discriminate between the three isoforms 

and overestimated the plasma concentrations about four-fold, when compared to an 

immunocapture MS-based method. Situations like these are likely to occur in case of 

insufficiently specific LBA reagents and when significant levels of structurally related 

peptides or proteins occur in the sample. LC-MS/MS may be expected to provide more 
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accurate results for peptide analytes, which can be quantified intact, but for proteins this 

will depend on the choice of the signature peptide. Obviously, if such a peptide occurs in 

all structurally related molecules, LC-MS/MS will also give a concentration that represents 

the sum of all these compounds.

Biotransformation of a protein analyte at a critical site in its structure may also be 

the reason for differing ELISA and LC-MS/MS results. A sandwich ELISA using an anti-

idiotypic antibody for both capture and detection of trastuzumab was compared to an 

LC-MS/MS assay employing two signature peptides [247]. After 56 days of incubation 

in human plasma at 37°C of 400 µg/mL of trastuzumab, a remaining concentration of 

just 100 µg/mL was found with the ELISA, while 250 µg/mL was measured by LC-MS/MS 

using a deamidation-sensitive peptide and the original concentration was still obtained 

with LC-MS/MS using a stable peptide. It was concluded that the part of the molecule 

represented by the deamidation-sensitive peptide apparently needs to remain unmodified 

to effect complete binding to the ELISA reagents. The decrease in the ELISA response was 

two-fold larger than that of the deamidation-sensitive peptide in the LC-MS/MS method, 

which was explained by the fact that, like any monoclonal antibody, trastuzumab contains 

two similar binding sites, that both need to be unmodified to obtain a stable immune-

complex and an unaffected response in the ELISA.

Finally, there are situations in which the reason for the differences remains unclear. 

An example is the measurement of a PEGylated form of insulin, for which about 40% lower 

results were obtained using two types of LBA than for an LC-MS/MS method [11]. It may be 

difficult to exactly pinpoint the underlying reason for such discrepancies but the inherent 

difference in the analytical approach between LBA and LC-MS/MS will certainly play a 

role. LC-MS/MS is an absolute technique that, for proteins, determines the concentration 

of a signature peptide, which is a small linear chain of amino acids, typically between 500 

and 2000 Da. The concentration result obtained therefore only reflects the unmodified 

presence of the peptide within the total structure of the protein analyte, or any other 

protein present in the sample. The intact protein, on the other hand, which may be as large 

as several 100,000 Da, has a complex three-dimensional and potentially heterogeneous 

structure, which not only determines its biological activity but also its response in an LBA. 

Changes in the secondary, tertiary or quaternary structure of the protein may thus very 

well lead to a modified LBA signal, which would not be seen by LC-MS/MS. Likewise, protein 

metabolism may also influence the results of bioanalytical assays. For example, an LBA 

may depend on the recognition of a structural epitope that is stabilized by glycosylation. 
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Changes in glycosylation due to in vivo metabolism may thus affect the binding of the first 

and/or second antibody in an ELISA. An LC-MS/MS assay may not suffer from this change, 

since unglycosylated signature peptides are typically selected.

2.6	 Final conclusions

Ligand Binding Assays (LBAs) are still the main approach towards quantifying proteins 

and peptides in complex biological samples, notably blood plasma or serum. However, 

recent developments in the area of Liquid Chromatography coupled to Tandem Mass 

Spectrometry (LC-MS/MS) in the Selected Reaction Monitoring (SRM) mode make this 

technique a viable alternative to LBAs with advantages in terms of performance (accuracy, 

precision) and the fact that antibodies may not be required. As outlined in this article, there 

is no right or wrong when it comes to results obtained with LBAs or SRM, since proteins 

are not single-species analytes but composed of families of molecules. Each analytical 

technique will therefore give information about one of the many aspects of the protein of 

interest and, depending on the question that needs to be answered, either LC-MS/MS or 

LBA will give the most relevant and meaningful readout. Here, it should be realized that two 

different LC-MS/MS assays or two different LBAs may very well also give different results, 

depending on the analytical principle of the method. In many cases, a combination of several 

different methods may be desirable to obtain the required information. In general, LBAs 

rely on the recognition between an antibody and the target analyte while SRM relies on 

signature peptides as surrogates for the protein to be analyzed. Chemical or biochemical 

modifications affecting either the binding site or the signature peptide will thus affect the 

results of LBAs or SRM assays often to different extents. Interactions of target analytes such 

as biopharmaceuticals or biomarkers with anti-analyte antibodies or targeted receptors 

will also affect the results as shown for a number of examples in this review. It is likely that 

LC-MS/MS will be increasingly used in the bioanalysis of macromolecular pharmaceuticals 

and biomarkers providing a richer chemical knowledge about these molecules, their in vivo 

fate and the relation between activity and concentration.

Expert commentary: ‘vision of the author’

Regulated bioanalysis relies on accurate and reproducible measurements of biologically 

relevant molecules. Both LBAs and SRM assays can provide such data but it is critical that 

the limitations and possible interferences are taken into consideration and that results are 

interpreted with caution. The fact that proteins, be they biomarkers or biopharmaceuticals, 
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are not homogeneous compounds but comprise families of molecules with different 

physicochemical properties means that not all members of a given protein family may be 

detected with an LBA or SRM assay and that results between these assays may differ for 

the same sample.

Five-year view

As mass spectrometers and chromatography columns continue to improve in terms of 

sensitivity and efficiency, it is conceivable that LC-MS/MS (e.g. SRM) will play an increasing 

role in clinical and biopharmaceutical analysis driven by developments in the proteomics 

community. Notably the capacity of LC-MS/MS to quantify multiple analytes in a single run 

opens the possibility of measuring patterns of molecules rather than single compounds. 

This development is already affecting how diagnostic and prognostic assays are set up in 

clinical chemistry laboratories as well as how the discovery of new predictive molecular 

signatures is being performed in multifactorial diseases having genetic and environmental 

influences (e.g. lifestyle-related). Such approaches must be accompanied by corresponding 

data processing and statistical approaches to arrive at clinical scores that can be translated 

into routine practice at hospitals across the world. While we are not there yet, it is 

conceivable that the future will show that personalized medicine will thrive based on 

such more refined measurements.

On the instrumental level, there is a rapid development of high-sensitivity and fast 

high-resolution mass spectrometers that may rival currently used triple quadrupole 

instruments. This has already led to the development of more comprehensive analytical 

approaches in the protein and metabolite analysis areas [260-266]. Recent comparisons 

between standard SRM approaches and extracting SRM-like data from comprehensive 

high-resolution LC-MS/MS analyses that do not rely on precursor ion selection, have shown 

that the sensitivity gap is narrowing [267].

While mass spectrometry often receives much attention when it comes to innovative 

analytical approaches, LBAs are also improving and moving ahead in many ways. A number 

of LBA formats allow the multiplex analysis of a range of analytes (e.g. cytokines) at high 

throughput and with high sensitivity. LBAs further form the basis for the many formats 

of biosensors that generate an optical or electric signal upon ligand binding to a target 

molecule. Biosensors may form the basis for future on-site diagnostics and the rapidly 

developing market for remote diagnostics via mobile data networks. Last not least LBAs 

try to enter concentration ranges far beyond current LC-MS/MS approaches based on single 

molecule detection [268].
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ABSTRACT

An LC-MS/MS-based method is described for quantitatively monitoring the in vivo 

deamidation of the biopharmaceutical monoclonal antibody trastuzumab at a crucial 

position in its complementarity determining region (CDR). The multiplexed LC-MS/MS 

assay allows simultaneous quantitation of five molecular species derived from trastuzumab 

after tryptic digestion: a stable signature peptide (FTISADTSK), a deamidation-sensitive 

signature peptide (IYPTNGYTR), its deamidated products (IYPTDGYTR and IYPTisoDGYTR) 

and a succinimide intermediate (IYPTsuccGYTR). Digestion of a 50-μL plasma sample is 

performed at pH 7 for three hours at 37°C, which combines a reasonable (>80%) digestion 

efficiency with a minimal (<1%) formation of deamidation products during digestion. Rapid 

in vitro deamidation was observed at higher pH, leading to a (large) overestimation of the 

concentrations of deamidation products in the original plasma sample. The LC-MS/MS 

method was validated in accordance with international bioanalytical guidelines over the 

clinically relevant range of 0.5 to 500 µg/mL. Deamidation of trastuzumab was observed 

in plasma both in a 56-day in vitro forced degradation study (up to 37% of the total drug 

concentration) and in samples obtained from breast cancer patients after treatment with 

the drug for several months (up to 25%). Comparison with a validated ELISA method for 

trastuzumab showed that deamidation of the drug at the CDR leads to a loss of recognition 

by the antibodies used in the ELISA assay.
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3.1	 INTRODUCTION

In recent years, there has been a considerable increase in the development and marketing of 

protein-based pharmaceuticals (or: biopharmaceuticals) and, consequently, in the interest 

for reliable analytical techniques for their quantification in samples of biological origin, to 

support e.g. pharmacokinetic studies or therapeutic drug monitoring. Traditionally, protein 

quantification is performed by ligand-binding assays (LBAs), but over the past decade liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) has been gaining popularity as 

an alternative analytical platform1,2. LC-MS/MS is well-established for the quantitative 

determination of small-molecule drugs and, because of its potential to provide structural 

information, it is also widely used to elucidate and monitor in vivo drug metabolism. On 

the other hand, monitoring the in vivo fate of biopharmaceuticals is a relatively unexplored 

area3, even though proteins are also susceptible to various (bio)chemical modifications 

which may induce changes in their structure and biological activity. LBAs give a single 

readout and very often it is unknown if and to what extent a structurally modified form of 

a protein responds in an assay. No separate concentration results are therefore obtained 

for the different protein forms and, probably for that reason, protein biotransformation 

has been traditionally somewhat neglected.

LC-MS/MS is extensively used to study structural modifications of proteins in 

pharmaceutical formulations, e.g. for quality control purposes. Important spontaneously 

occurring reactions are the deamidation of asparagine (Asn) and glutamine (Gln) as well as 

oxidation reactions, particularly of methionine (Met) or tryptophan (Trp) residues4. These 

may cause biologically relevant changes in the protein structure if the modified amino 

acids are present in the active part of the protein molecule, such as in one of the several 

complementarity determining regions (CDRs) of an antibody5,6,7. Deamidation and oxidation 

can potentially also occur in vivo and their monitoring could give important information 

about the inactivation of the protein drug during its residence in the body. This is especially 

relevant for monoclonal antibodies (mAbs), a major class of biopharmaceuticals8, because of 

their relatively long half-life and consequently their long exposure to conditions that might 

induce deamidation and/or oxidation. Monitoring these reactions in vivo, however, is less 

straightforward than in pharmaceutical preparations in vitro, because of the lower analyte 

concentrations and the much more complicated sample matrix, which contains a significant 

number and amount of endogenous proteins that may interfere in the LC-MS/MS assay.
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One of the most widely prescribed therapeutic monoclonal antibodies is trastuzumab 

(Herceptin®). It consists of two heavy and two light chains, is comprised of a total of 

1330 amino acids and has an average molecular weight of approximately 145.5 kDa 

(Supplemental Fig. S-1). Trastuzumab is a humanized monoclonal immuno-globulin gamma 

1 (IgG1) antibody directed against the human epidermal growth factor receptor-2 (HER2/

neu). This receptor is overexpressed in approximately 25% of all breast cancer patients and 

trastuzumab inhibits proliferation and induces cell death via extracellular and intracellular 

mechanisms9,10,11.

Trastuzumab can be deamidated in several places along its peptide chain. Most in vitro 

studies have focused on the deamidation of Asn30 in the light chain, which is known to 

take place under the slightly acidic conditions of a typical pharmaceutical formulation. 

The conversion of this amino acid to the corresponding aspartate (Asp) does, however, not 

lead to any significant decrease in pharmacological activity6,12. Asn55, located in the CDR2 

region of the heavy chain, is another deamidation site. This amino acid occurs in several 

mAbs of the IgG1 subclass and is therefore considered to play a key role in the biological 

functioning of these proteins13. Since Asn55 deamidation does not appear to occur to a 

large extent in pharmaceutical preparations, it has not been studied as closely as other 

reactions. The conversion to aspartic acid (Asp55) and the concomitant isomerization to 

iso-aspartic acid (isoAsp55) for another, not specified, mAB has been described to lead 

to a substantial (>70%) decrease in activity, because of a reduction in receptor binding 

affinity15, so the reaction is potentially relevant for trastuzumab as well.

So far, the in vivo deamidation of trastuzumab has not been studied. The Asn55 residue 

is potentially susceptible to deamidation under physiological conditions as it is followed 

by glycine, which is known to favor the formation of a succinimide (Asu) intermediate that 

can be subsequently hydrolyzed to either Asp or isoAsp14. Huang et al15 reported the in 

vivo deamidation of Asn55 in an unspecified therapeutic mAB in a study with cynomolgus 

monkeys, but digested the samples at pH 8 for several hours before LC-MS/MS analysis. 

This may have induced in vitro deamidation during the sample treatment step and thus 

compromised the accuracy of their results. In this paper, we describe the development, 

validation and use of an LC-MS/MS methodology for the simultaneous quantification of the 

non-deamidated (Asn55) and the deamidated (Asp55 and isoAsp55) forms of trastuzumab 

as well as the succinimide intermediate (Asu55) in plasma of breast cancer patients on 

long-term treatment with trastuzumab. This analysis is based on enzymatic digestion of 

plasma and subsequent LC-MS/MS analysis of the resulting peptide containing Asn55 or 
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its modified forms. In addition, a second peptide from a metabolically stable part of the 

molecule is quantified for comparative reasons. The digestion conditions were carefully 

optimized to avoid additional in vitro deamidation and to ensure sufficient accuracy. The 

results are compared to those obtained with a standard enzyme-linked immunosorbent 

assay (ELISA) to investigate the suitability of this technique to quantify trastuzumab in 

the presence of its deamidation products.

3.2	 MATERIALS AND METHODS

3.2.1	 Chemicals and biological materials

Trastuzumab, supplied in a vial containing 150 mg as a lyophilized sterile powder, was 

obtained from Roche (Basel, Switzerland). For the LC-MS/MS method, custom synthesized 

peptides (IYPTNGYTR, IYPTDGYTR, IYPTiso-DGYTR and their C-terminal arginine 13C6-
15N4-labeled internal standards, FTISADTSK and its C-terminal lysine 13C6-15N2-labeled 

internal standard were obtained from JPT Peptide Technologies (Berlin, Germany). 

Acetonitrile, methanol, formic acid, acetic acid, ammonium hydroxide solution (25%), 

ammonium acetate and hydrochloric acid (37%) were obtained from Merck (Darmstadt, 

Germany). Tween-20, Trizma® base and Trypsin from porcine pancreas (Type IX-S, 

lyophilized powder, 13,000-20,000 BAEE units/mg protein) were obtained from Sigma 

Aldrich (St. Louis, MO, USA).

For the ELISA method, human anti-trastuzumab HCA169 and human anti-trastuzumab 

HCA177 were obtained from AbD Serotec® (Puchheim, Germany). A biotin protein labeling 

kit was obtained from Roche Diagnostics (Almere, The Netherlands). Phosphate buffered 

saline 10x (PBS), 3,3′,5,5′-tetramethylbenzidine (TMB) Liquid Substrate System for ELISA 

and stop reagent for TMB substrate were obtained from Sigma Aldrich. Superblock® T20 

(PBS) blocking buffer and Streptavidin-HRP were obtained from Thermo Fisher Scientific 

(Etten-Leur, The Netherlands). PBS-Tween® tablets (Calbiochem) were obtained from 

Merck. HPLC grade water was prepared using a water purification system from Merck. 

Human K2EDTA plasma from healthy volunteers (hereafter referred to as blank human 

plasma) was obtained from Seralabs (Haywards Heath, UK).

3.2.2	 Preparation of calibration, validation and quality control samples

A trastuzumab stock solution at 20.8 mg/mL was prepared by dissolving the contents 

of a vial of lyophilized protein (label claim: 150 mg) in 7.20 mL of water according to the 
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manufacturer’s instructions for use. The stock solution was divided into 0.5 mL aliquots 

in Eppendorf Protein Lo-bind tubes (obtained from VWR International, Amsterdam, The 

Netherlands) and stored at ‑80ºC. Aqueous standard solutions at 500 and 50.0 µg/mL were 

prepared freshly from this stock solution, and from these solutions calibration samples 

were prepared in blank human K2EDTA 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, 25.0 and 400 µg/mL. For the ELISA method, a plasma stock was prepared at 100 

µg/mL, from which calibration samples were prepared by serial dilution with blank human 

K2EDTA plasma to 60.1, 102, 172, 290, 490, 829, 1400, 2370 and 4000 ng/mL. Similarly, 

validation and quality control (QC) samples were prepared at 102, 250, 1000, 3000 and 

4000 ng/mL. All calibration, validation and QC samples were stored in Eppendorf Protein 

Lo-bind tubes at -80°C (or -20°C for stability assessment).

3.2.3	 LC-MS/MS sample pretreatment

For the LC-MS/MS determination of trastuzumab in human K2EDTA plasma, 50.0 µL 

aliquots of sample were pipetted into the 1.2-mL wells of an Eppendorf Protein Lo-bind 

96-well plate (obtained from VWR International, Amsterdam, The Netherlands) and 200 

µL of methanol was added. After vortex-mixing for 2 minutes, the proteins were pelleted 

by centrifugation for 10 minutes at 1500g. The supernatant was discarded by inverting 

the plate above a waste receptacle and placing it upside down on a tissue for 15 minutes. 

The protein pellet was reconstituted by vortex-mixing in 400 µL of a solution consisting 

of 50 mM Trizma buffer at a pH of 7.0, 0.02% Tween-20, 3% (v/v) acetonitrile and 200 µg/

mL trypsin. Next, 50.0 µL of a solution was added containing 2.00 µg/mL of the SIL-peptide 

internal standards. The sample was digested at 37°C and 1250 rpm for 3 hours using an 

Eppendorf Thermomixer® comfort, after which the digestion was stopped by the addition of 

50.0 µL of 10% formic acid in water. Finally, the plate was sealed, vortex-mixed and placed 

in an autosampler at 10°C for analysis.

3.2.4	 LC and MS conditions and settings

Experiments were conducted using an Acquity UPLC system (Waters, Milford, MA, USA) 

coupled to an AB Sciex API 6500 triple quadrupole mass spectrometer equipped with a 

TurboIonspray™ source (Concord, Canada). Chromatographic separation was performed 

at 40°C on a 2.1 × 50 mm, 1.8 µm particle-size, Acquity UPLC HSS T3 column (Waters). 

Mobile phase A consisted of 10 mM ammonium acetate in water (pH=5) and mobile phase B 
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was acetonitrile. Samples were separated by gradient elution using the following settings: 

0.0-5.0 min: 5-10% B; 5.0-5.1 min: 10-50% B; 5.1-5.6 min: 50% B; 5.6-5.7 min: 50-70% 

B; 5.7-6.2 min: 70% B; 6.2-6.3 min: 70-90% B; 6.3-6.8 min: 90% B; 6.8-6.9 min: 90-5% 

B; 6.9-8.0 min: 5% B. The flow rate was 0.600 mL/min and the sample injection volume 

was 7 µL. Mass spectrometric settings were optimized by infusion of the peptides into 

the mass spectrometer. Optimal conditions for all compounds were as follows: ionspray 

voltage (IS) +5500 V, temperature 750°C, nebulizer gas (GS1) 70, TurboIonSpray gas (GS2) 

45, collision-activated dissociation gas (CAD) 10, curtain gas (Cur) 40, dwell time 40 ms, 

declustering potential (DP) 35 V, collision exit potential (CXP) 14 V and entrance potential 

(EP) 10 V. Analyte-specific mass spectrometer parameters are represented in Table S-1 

(supporting information), as well as the SRM transitions used to monitor the peptides and 

the corresponding SIL internal standards.

3.2.5	 ELISA method

An ELISA Maxisorp plate (Thermo Fisher Scientific) was coated overnight with 100 µL 

of a solution containing 1.00 µg/mL of human anti-trastuzumab HCA169, after which the 

plate was washed three times with 300 µL wash buffer (one PBS-Tween® tablet per liter 

water). After thawing, 15.0 µL of plasma was pre-diluted with 285 µL of Superblock T20 

and subsequently 100 µL of diluted sample was transferred in duplicate to the plate and 

incubated for 1 h at 22 °C and 500 rpm. Next, the plate was washed three times with 300 µL 

wash buffer; 100 µL of detection solution (biotin labeled human anti-trastuzumab HCA177 

(at 0.500 µg/mL) was added and the plate was incubated for 1 h at 22 °C and 500 rpm). 

Then the plate was washed three times with 300 µL wash buffer and 100 µL of conjugate 

solution (10,000 fold diluted Streptavidin HRP) was added followed by incubation for 0.5 

h at 22 °C and 300 rpm. Subsequently, the plate was washed three times with 300 µL wash 

buffer and 100 µL of TMB was added and the plate was incubated for 9 minutes at 22 °C 

and 300 rpm. Next, 100 µL of stop solution was added and the plate was analyzed within 

10 minutes of stopping the reaction by measuring the absorbance at a wavelength of 450 

nm on a SpectraMax M5e plate reader (Molecular Devices, California, USA).

3.2.6	 LC-MS/MS and ELISA method validation

Trastuzumab concentrations in the validation and control samples were determined 

by applying the methods for trastuzumab (LC-MS/MS for peptides IYPTNGYTR and 

FTISADTSK, and ELISA) and comparing the results to a calibration curve spiked with 
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trastuzumab in blank plasma, which was analyzed with the same method in the same 

run. All methods for trastuzumab determination were validated according to international 

guidelines for bioanalytical method validation16,17 by assessing precision, accuracy, 

selectivity and stability using calibrators and validation samples in plasma (detailed 

experimental description in supplementary document).

3.2.7	 In vitro deamidation of trastuzumab

Plasma was set at pH 8 and spiked with trastuzumab at 400 µg/mL, after which the sample 

was aliquoted into 1 mL portions in Eppendorf protein lo-bind tubes. The samples were 

prepared and stored under sterile conditions, to avoid external influences during the 

experiment. They were stored at 37°C for 56 days and at several time points a 1 mL portion 

was taken out and stored at ‑70°C until analysis. All samples were subsequently analyzed 

with the described ELISA and LC-MS/MS methods.

3.2.8	 Patient samples

Blood samples were collected from patients with HER2-positive breast cancer, who 

were receiving trastuzumab intravenously every three weeks (8 mg/kg as initial dose, 

followed by 6 mg/kg, every three weeks) for a period of one year, as part of their adjuvant 

treatment for early breast cancer. Samples were withdrawn prior to the first dose and after 

a minimum of three administrations immediately before the administration of a next dose 

of trastuzumab. Patient samples were collected under appropriate ethical approval and 

after written informed patient consent. Plasma was prepared immediately after blood 

collection and stored at -20°C. All samples were subsequently analyzed with the described 

ELISA and LC-MS/MS methods.

3.3	 RESULTS AND DISCUSSION

3.3.1	 Selection of signature peptides

To follow in vivo deamidation of Asn55, two signature peptides were selected for 

trastuzumab: one containing the Asn55 residue and another one from a chemically stable 

part of the protein. An in silico tryptic digestion of the trastuzumab sequence was used to 

generate a list of candidate peptides using mMass18 resulting in 62 theoretical peptides 

that are expected after digestion with trypsin. To avoid interferences from the human 

plasma proteome, both signature peptides had to be unique for trastuzumab, which was 
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checked by submitting the preliminary peptide list to the basic local alignment search 

tool (BLAST) version 2.2.2919. In addition, to facilitate LC-MS/MS quantification, peptides 

containing unstable amino acids (other than Asn55), such as methionine and tryptophan 

as well as glycosylated peptides and peptides forming disulfide bonds were excluded as 

well as peptides outside the 500-2000 mass range.

The Asn55-containing peptide IYPTNGYTR (heavy chain amino acids 51-59, see Fig. S-1 

supporting information) fulfilled all criteria, whence digestion with trypsin was concluded 

to be a suitable approach. A potentially useful second tryptic peptide was FTISADTSK 

(heavy chain amino acids 68-76), which falls outside the CDRs of trastuzumab. To confirm 

the suitability for LC-MS/MS analysis, peptide mapping experiments were conducted using 

trypsin digestion of trastuzumab after protein precipitation with methanol. Both peptides 

showed appropriate LC-MS/MS characteristics such as good chromatographic retention, 

efficient ionization and fragmentation and were thus used for further work. Reference 

standards were obtained for the signature peptides as well as for the deamidated products 

IYPTDGYTR and IYPTisoDGYTR and their corresponding stable-isotope labeled (SIL) 

forms. For all compounds, the parent ion was the doubly charged protonated molecule 

and the product ion the singly charged y7 fragment. Since the unstable succinimide 

intermediate could not be obtained in pure form, the same general MS settings were used 

for this compound, while the SRM transitions were based on a theoretical prediction of 

the m/z values of its molecular and fragment ions. The suitability of these settings was 

confirmed by the analysis of a solution of the non-deamidated peptide, which had been 

stored under conditions that induced succinimide formation and in which the succinimide 

form was present at relatively high levels.

3.3.2	 Separation and identification of the peptides

The Asp55- and isoAsp55-containing peptides have the same mass, which differs only 

1 Da from that of the Asn55-containing peptide. This means that the difference in their 

m/z values is just 0.5 for the doubly charged molecules (Table S-1 in the supporting 

information). With the triple quadrupole MS having unit mass resolution, the Asp55- and 

isoAsp55- containing forms cannot be distinguished mass spectrometrically, while the 

Asn-containing peptide will give a response in the mass transition of the deamidated forms. 

Hence, all three peptides need to be chromatographically separated.

The best separation (nearly baseline) while keeping sensitivity, was achieved by 

applying a relatively shallow gradient from 5 to 10% acetonitrile in 5 minutes. All 
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relevant peptides could thus be individually determined with a still reasonable sample 

throughput at 10 minutes from injection to injection (see Figures 1A-D for representative 

chromatograms).
 

Figure 1: LC-MS/MS chromatograms for the two signature peptides and three degradation products of 
trastuzumab, recorded for a processed patient plasma sample. (A): FTISADTSK; (B): IYPTNGYTR; (C): 
IYPTDGYTR and IYPTisoDGYTR; (D): IYPTsuccGYTR.

3.3.3	 Sample digestion and deamidation

It has been reported that the rate of asparagine deamidation increases at alkaline pH 

because of the deprotonation of the peptide bond nitrogen atom, which is the first step in 

the formation of a succinimide intermediate20. Since tryptic digestion is typically performed 

at slightly alkaline pH, it is essential to investigate the pH dependence of the kinetics of Asn 

deamidation for trastuzumab under the digestion conditions. This is especially important 

since the deamidation rate for small peptides can be considerably higher than for intact 

proteins21 and, once formed after digestion of trastuzumab, the Asn55-containing signature 
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peptide will be subjected to the deamidation-inducing digestion conditions for a relatively 

long time.

Tryptic digestion was performed under four different conditions in which the pH 

of the digestion buffer was varied between pH 7.0 and 8.5. Aliquots of a plasma sample 

spiked with trastuzumab at 400 µg/mL were digested for up to 20 hours and digests were 

analyzed at several time points. Fig. 2 shows a clear pH effect on the stability of IYPTNGYTR 

while FTISADTSK is stable at all values between 7.0 and 8.5. IYPTNGYTR is deamidated at 

pH 7.5 and above, with a higher deamidation rate when the pH increases.

Figure 2: Release of the FTISADTSK signature peptide, and release and degradation of the IYPTNGYTR 
signature peptide during trypsin digestion of trastuzumab at four different pH values.

This is most apparent after around three hours when trastuzumab has been completely 

digested, but the effect will also play a role during the first three hours, when the peptide is 

being liberated from the protein. It was found that the deamidated forms of IYPTNGYTR and 

the succinimide intermediate were all formed under the various digestion conditions with 

an increase in concentration at higher pH values (Fig. S-2 in the supporting information). 

The isoAsp-containing peptide is formed to an approximately four-fold larger extent than 

the Asp-containing form and has an abundance of about 8% of that of the non-deamidated 

peptide after three hours of digestion at pH 8.5, which increases to 150% after 20 hours.
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To avoid deamidation during digestion and to enable reliable monitoring of the actual 

deamidation products in vivo, it is clear that a pH of 7 is suitable. It combines a reasonable 

digestion efficiency (>80%) with minimal formation (<1%) of deamidation products during 

the first 3 hours of digestion.

3.3.4	 LC-MS/MS method validation

The described LC-MS/MS method for trastuzumab was validated by quantitation of both 

signature peptides. All obtained results are included in the supplemental tables S-2 through 

S-10. For the peptide IYPTNGYTR, all results meet the criteria set for small-molecule 

bioanalytical method validations, which shows that trastuzumab can be determined 

with high accuracy and precision and that it can be kept sufficiently stable for a reliable 

determination in patient samples, despite the presence of a deamidation site in its sequence. 

For the peptide FTISADTSK, there is interference in the SRM transition, corresponding to 

approximately 100% to 200% of the response at the lower limit of quantitation (LLOQ), 

which affects the quantitation of this peptide at low levels of trastuzumab. This interference 

may be caused by the release of a peptide with a very similar amino acid sequence from 

an endogenous plasma protein or matrix compound. All other validation results are well 

within internationally accepted criteria. Monitoring of this signature peptide is therefore 

reliable at concentrations of trastuzumab above approximately 10 µg/mL.

3.3.5	 ELISA method validation

All obtained results from the validation of the trastuzumab ELISA method are included in 

the supplemental tables S-11 through S-15. For trastuzumab, all results meet the criteria 

set for large molecule bioanalytical method validations and thus show that trastuzumab 

can be determined with high accuracy and precision and that it is sufficiently stable during 

storage and analysis for a reliable determination in patient samples.

3.3.6	 Forced in vitro degradation

With the deamidation and isomerization of the Asn55-containing peptide under control 

during LC-MS/MS sample preparation, and the LC-MS/MS and ELISA methods validated, 

the methods were applied to investigate the deamidation and isomerization process in an 

in vitro forced degradation experiment. Trastuzumab was stored in plasma at 37°C for 56 

days, which mimics its residence in the body after intravenous administration (the half-

life of trastuzumab in humans ranges up to 32 days). The LC-MS/MS results for all forms 
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of the protein are shown in Fig. S-3 (supporting information). There is a 37% decrease 

in concentration of the non-deamidated form over a storage time of 56 days, which can 

be attributed to the formation of IYPTisoDGYTR (~31% increase), IYPTDGYTR (~4% 

increase) and IYPTsuccGYTR (~2% increase) with the area ratio between the isoAsp55 

and Asp55 peptides remaining constant between 7 and 8 during the entire experiment. 

Thus, the formation of isoAsp is favored over the formation of Asp. Comparison of Figures 

S-2 and S-3 shows that the rate of trastuzumab deamidation is much lower in plasma 

than in digestion buffer at the same pH (8) and temperature (37°C). In digestion buffer, 

37% degradation was observed after 4 to 6 hours, while this took 56 days in plasma. This 

confirms earlier findings21 that deamidation of peptides occurs much more rapidly than of 

intact proteins, probably because of conformational constraints that prevent the formation 

of the succinimide intermediate22.

Application of the LC-MS/MS method to quantify trastuzumab using the stable and 

unstable signature peptides and of the ELISA method gave three different concentration 

profiles (Fig. 3). The FTISADTSK concentrations remain stable at the initial level of 400 

µg/mL, while the IYPTNGYTR concentrations decrease to 250 µg/mL after 56 days (37.5% 

decrease compared to t=0). In the same period, the ELISA concentrations decrease to 100 

µg/mL (75% decrease).

Figure 3: LC-MS/MS (for the signature peptides FTISADTSK and IYPTNGYTR) and ELISA results for 
trastuzumab in an in vitro forced degradation test over a period of 56 days at 37°C and pH 8.

3

C
h

ap
te

r 
II

I



68

| CHAPTER III

Although all results are expressed as “the” concentration of trastuzumab, it should be 

realized that each analytical technique measures a different feature of trastuzumab. The 

signature peptide FTISADTSK represents the total amount of trastuzumab and does not 

discriminate between non-deamidated and deamidated forms at Asn55, or any other 

modification outside this peptide, for that matter. The signature peptide IYPTNGYTR 

specifically represents the concentration of trastuzumab which has not been deamidated at 

Asn55. Finally, the ELISA result, which decreases exactly two-fold faster than the LC-MS/MS 

results for IYPTNGYTR, corresponds to the immunoreactive concentration of trastuzumab. 

Trastuzumab contains two identical light and heavy chains and therefore two IYPTNGYTR 

sequences. Since the sandwich ELISA format uses two anti-idiotypic antibodies, it is very 

likely that both IYPTNGYTR sequences need to remain intact to form a detectable immune 

complex with trastuzumab. Therefore, when one of the two IYPTNGYTR sequences in a 

trastuzumab molecule is deamidated, LC-MS/MS still gives 50% of the original response, 

whereas with ELISA the complete signal is lost which explains the two-fold faster decrease 

of the measured concentration.

3.3.7	 Analysis of patient samples

The validated LC-MS/MS and ELISA methods were used to quantify concentrations in 

plasma samples collected from breast cancer patients, who were treated with trastuzumab. 

Fig. 4 presents LC-MS/MS results for a representative patient showing that there is 

deamidation and isomerization in all post-dose samples with an increase in abundance of 

the deamidation products over time. Because of the absence of pure reference standards 

of the intact protein containing Asp55, isoAsp55 and Asu55, the concentrations of the 

deamidated forms of trastuzumab were calculated by reference to the LC-MS/MS response 

factors for the peptides. For all deamidated peptides, this was found to be equal to that of 

the non-deamidated peptide IYPTNGYTR and, therefore, the peak area ratios found for the 

deamidated forms of trastuzumab could be directly substituted into the calibration curve 

equation for trastuzumab, quantified through its signature peptide IYPTNGYTR. After 365 

days of treatment of this particular patient, a total trastuzumab plasma concentration (as 

represented by peptide FTISADTSK) of 117 µg/mL was found, while Asn55 non-deamidated 

trastuzumab (peptide IYPTNGYTR) circulated at 89.2 µg/mL.
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Figure 4: LC-MS/MS and ELISA results in plasma obtained from a breast cancer patient on long-term 
treatment with trastuzumab. LC-MS/MS concentrations obtained for peptides FTISADTSK, IYPTNGYTR, 
IYPTDGYTR and IYPTisoDGYTR.

A total of 24% of the drug was thus deamidated and this was mainly to isoAsp55-

trastuzumab and much less to Asp55-trastuzumab. The ELISA concentration data are 

lower than the IYPTNGYTR results measured by LC-MS/MS, but in fact considerably lower 

than the factor two that was expected based on the in vitro experiments. This might be 

explained by other (e.g. enzymatic) protein degradation processes which further decrease 

the ELISA response by affecting the binding epitope(s). Alternatively there could be 

anti-drug antibodies in the circulation, formed as a response to long-term exposure to 

trastuzumab, competing with the ELISA antibodies for binding and reducing the signal23,24. 

Although this was not further investigated in the present study, the results do show that 

an ELISA is potentially hampered by multiple effects and that it is difficult to ascertain 

which fraction of the drug in plasma is actually measured. Results from the other patients 

are summarized in the supplemental table S‑16. They show that the degree of deamidation 

varies considerably between patients, which may have an effect on the efficacy of the 

therapy.

3

C
h

ap
te

r 
II

I



70

| CHAPTER III

3.4	 CONCLUSION

We have developed and validated an LC-MS/MS-based method for quantitatively monitoring 

the in vitro and in vivo deamidation of trastuzumab at a potentially crucial position in one of 

its complementarity determining regions15,25. The Asn55 residue is located at the top of the 

CDR2 loop, which is involved in the binding of trastuzumab to the HER2/neu receptor. It is, 

therefore, not unlikely that a modification of Asn55 may result in a conformational change 

in the CDR2, thus leading to changes in binding affinity of trastuzumab to its receptor and, 

potentially, to an altered pharmacological effect.

Application of the method to samples of in vitro and in vivo studies showed deamidation 

and isomerization with an increase in abundance of the deamidation products over 

time (weeks to months). Comparison of the LC-MS/MS results for the two signature 

peptides with ELISA data from the same in vitro samples indicated that three different 

concentrations were found, each of which represented a different entity: total trastuzumab 

(FTISADTSK), trastuzumab which has not been deamidated at Asn55 (IYPTNGYTR) 

and immunoreactive trastuzumab (ELISA). This highlights a general aspect of protein 

quantitation: it is not meaningful to refer to “the” concentration of a protein, since this value 

depends on the actual part(s) of the protein molecule which are the basis for analysis as 

well as on the underlying principle of the analytical technique, be it LC-MS/MS or ELISA4. 

LC-MS/MS results from patient plasma samples revealed deamidation and isomerization 

of Asn55 but these translated into much lower values for the corresponding ELISA results 

than the factor that was expected based on in vitro experiments. This may indicate the 

effect of trastuzumab binding to anti-drug antibodies or other specific proteins in the 

sample in addition to deamidation and further emphasizes the complex nature of protein 

quantification.
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Figure S-1: Amino acid sequence of the heavy and light chain of trastuzumab with underlined and 
in red, both signature peptides.
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Figure S-2: Formation and degradation of the intermediate IYPTsuccGYTR (A) and the formation 
of the deamidation products IYPTDGYTR (B) and IYPTisoDGYTR (C) during trypsin digestion of 
trastuzumab at four different pH values (pH 7.0; 7.5; 8.0; 8.5).
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Figure S-3: LC-MS/MS results for four peptides of trastuzumab (in plasma) in an in vitro forced deg-
radation test over a period of 56 days at 37°C and pH 8. Degradation of IYPTNGYRT and the formation 
of the intermediate IYPTsuccGYTR and the deamidation products IYPTDGYTR and IYPTisoDGYTR.

Table S-1: Amino acid sequences, SRM transitions and charge states for the peptides and their SIL 
internal standards.

Peptide Sequence Q1 / Precursor ion mass 
(m/z) and charge state

Q3 / Product ion mass 
(m/z) and charge state

Collision Energy (V)

FTISADTSK 485.3 / [M+2H]2+ 721.4 / Y71+ 22

FTISADTSK- 489.3 / [M+2H]2+ 729.4 / Y71+ 22

IYPTNGYTR 542.8 / [M+2H]2+ 808.4 / Y71+ 23

IYPTNGYTR* 547.8 / [M+2H]2+ 818.4 / Y71+ 23

IYPTDGYTR 543.3 / [M+2H]2+ 809.4 / Y71+ 23

IYPTDGYTR* 548.3 / [M+2H]2+ 819.4 / Y71+ 23

IYPTisoDGYTR 543.3 / [M+2H]2+ 809.4 / Y71+ 23

IYPTisoDGYTR* 548.3 / [M+2H]2+ 819.4 / Y71+ 23

IYPTSuccGYTR 534.3 / [M+2H]2+ 791.4 / Y71+ 23

- C-terminal lysine 13C6-15N2-labeled internal standard
* C-terminal arginine 13C6-15N4-labeled internal standard
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Description of the validation experiments for the LC-MS/MS determination of 

trastuzumab (IYPTNGYTR and FTISADTSK signature peptides)

All calculations were done in Analyst (version 1.6.2, AB Sciex, Concord, Canada) and/or 

Microsoft Excel 2003/2010 using validated spreadsheets.

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/x2 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, 25.0 and 400 

µg/mL. Statistical analysis was performed using analysis of variance (ANOVA).

Matrix variability/selectivity. The influence of the matrix was assessed by preparing 

samples in six independent human plasma lots at the LLOQ of 0.500 µg/mL. Additionally, 

from all six plasma lots, blank samples were analyzed and checked for interferences with 

an area greater than 20% of the area of the same selectivity LLOQ sample. The samples 

were analyzed in one run.

Freeze-thaw stability. Human plasma samples at 1.50 and 400 µg/mL were stored at-20°C 

and subjected to five freeze-thaw cycles, in which thawing was performed on the bench-top 

for a minimum of two hours, followed by frozen storage for at least 12 hours. The samples 

were analyzed against a freshly spiked and prepared calibration curve.
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Frozen stability. Human plasma samples at 1.50 and 400 µg/mL were stored at -20°C for 

98 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 for 123 

hours, after which they were re-analyzed and the concentrations determined against the 

original calibration curve.

Frozen stability of the stock solution. A 20.8 mg/mL stock solution of trastuzumab was 

prepared from the reference material, and stored at -80°C. 323 days later a second stock 

solution was prepared freshly. Aliquots from both stock solutions were diluted with plasma 

to 400 µg/mL. These samples were analyzed in six-fold using the LC-MS/MS methodology 

for plasma. Stability evaluation was performed by comparing the analyte area ratios over 

internal standard found in the samples.

Bench-top stability of the stock solution. An aliquot of the 20.8 mg/mL stock solution 

of trastuzumab 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 25 hours both 

stock solutions were diluted with plasma to 400 µg/mL. These samples were analyzed in 

six-fold using the LC- MS/MS methodology for plasma. Stability evaluation was performed 

by comparing the analyte area ratios over internal standard found in the samples.

Carry-over. For each of the three validation runs which contained accuracy and precision 

samples, the peak areas for the three blank plasma samples 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 (0.500 µg/mL) from the same run.
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Table S-3: Individual accuracy and precision results from the LC-MS/MS validation of the IYPTNGYTR 
signature peptide.

Run # Nominal concentration 0.500 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 0.447 0.406 0.486 0.472 0.446 0.468 0.454 -9.2 6.2
02 0.500 0.554 0.517 0.390 0.543 0.547 0.509 1.7 12.1
03 0.414 0.406 0.479 0.429 0.418 0.420 0.428 -14.5 6.1

Total 0.463 -7.3 11.2

Run # Nominal concentration 1.50 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 1.38 1.44 1.45 1.54 1.45 1.46 1.45 -3.2 3.5
02 1.72 1.62 1.59 1.48 1.56 1.57 1.59 5.8 5.0
03 1.40 1.34 1.49 1.50 1.38 1.48 1.43 -4.6 4.5

Total 1.49 -0.7 6.0

Run # Nominal concentration 25.0 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 24.5 24.7 24.9 25.3 24.3 24.5 24.7 -1.2 1.4
02 25.3 26.5 26.3 25.3 26.8 25.4 25.9 3.7 2.5
03 24.3 23.2 23.1 23.2 24.6 23.7 23.7 -5.3 2.6

Total 24.8 -1.0 4.4

Run # Nominal concentration 400 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 391 383 378 387 381 381 383 -4.1 1.3
02 403 407 418 404 390 403 404 1.0 2.2
03 372 377 391 370 373 388 378 -5.4 2.3

Total 389 -2.8 3.6
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Table S-4: Individual results from the matrix variability experiments of the IYPTNGYTR signature 
peptide LC-MS/MS validation.

Plasma lot #
Nominal concentration 0.500 (µg/mL)

Measured concentration (µg/mL)
01 0.422
02 0.410
03 0.401
04 0.564
05 0.423
06 0.429

Average (µg/mL) 0.442
Bias (%) -11.7
CV (%) 13.8

Table S-5: Results (n=3) from the stability experiments of the IYPTNGYTR signature peptide LC-MS/
MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 1.50 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 1.61 7.5 4.6

Frozen plasma sample: 98 days at -20°C 1.61 7.2 3.9

Autosampler: 123 hours at +10°C 1.55 3.5 6.1

Nominal concentration 400 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 448 12.1 6.3

Frozen plasma sample: 98 days at -20°C 402 0.5 2.2

Autosampler: 123 hours at +10°C 402 0.5 1.6
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Table S-7: Results from the carry-over experiments of the IYPTNGYTR signature peptide LC-MS/
MS validation.

Validation sample

Measured analyte peak area (counts)

Run # Run # Run #

01 02 03

LLOQ validation sample 7103.5 6682.2 8176.8

LLOQ validation sample 6518.5 7180.6 7871.1

LLOQ validation sample 7640.5 6878.6 9067.4

LLOQ validation sample 7351.9 5110.9 8121.7

LLOQ validation sample 6959.2 7355.5 7799.8

LLOQ validation sample 7226.8 7224.6 8007.9

Mean analyte peak area 7133.4 6738.7 8174.1

Blank 1 0.0 205.5 0.0

Blank 2 0.0 0.0 0.0

Blank 3 0.0 68.8 0.0

Blank area against mean LLOQ area (%)

Blank 1 0.0 3.0 0.0

Blank 2 0.0 0.0 0.0

Blank 3 0.0 1.0 0.0
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Table S-9: Individual accuracy and precision results from the LC-MS/MS validation of the FTISADTSK 
signature peptide.

Run # Nominal concentration 25.0 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 25.6 25.1 25.4 24.7 24.7 25.0 25.1 0.4 1.4
02 25.7 27.1 27.3 25.5 26.5 25.2 26.2 4.9 3.3
03 24.3 24.2 23.3 23.3 23.9 23.6 23.8 5.0 1.9

Total 25.0 0.1 4.7

Run # Nominal concentration 400 (µg/mL) Average Bias CV
Measured concentration (µg/mL) (µg/mL) (%) (%)

01 382 390 380 395 395 385 388 -3.0 1.7
02 393 411 410 395 401 394 401 0.2 2.1
03 395 388 416 386 400 398 397 -0.7 2.7

Total 395 -1.2 2.5

Table S-10: Results (n=3) from the stability experiments of the FTISADTSK signature peptide LC-MS/
MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 400 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)
Freeze-thaw: 5 cycles 437 9.3 3.7
Frozen plasma sample: 98 days at -20°C 411 2.6 1.6
Autosampler: 123 hours at +10°C 380 -5.1 0.5
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Description of the validation experiments for the ELISA method for determination 

of trastuzumab

All calculations were done in Microsoft Excel 2003/2010 using validated spreadsheets

Acceptance criteria. As per international guidelines, all Bias and CV acceptance criteria 

were set at 20%, (25% at the LLOQ and ULOQ).

Linearity. Each validation run contained a calibration curve prepared in human plasma 

with the following levels: 60.1, 102, 172, 290, 490, 829, 1400, 2370 and 4000 ng/mL. The 

optical density (OD) was used in calculations. 4 parameter logistic fit (4PL) was applied.

Accuracy and precision. The accuracy and precision of the method were determined by 

triplicate analysis in four separate runs analyzed on four different days. The validation 

samples were prepared in plasma at five concentration levels: 102, 250, 1000, 3000 and 

4000 ng/mL. Statistical analysis was performed using analysis of variance (ANOVA).

Integrity of dilution. The integrity of dilution was assessed on two levels, by triplicate 

analysis on two separate days. Samples were prepared at concentrations of 50.0 and 600 

µg/mL and diluted, separately, 200 times with blank plasma.

Dilution linearity / Hook effect. Dilution linearity was assessed by multiple dilutions of 

a sample containing 600 µg-mL trastuzumab. Dilutions assessed were: undiluted, 20 , 200, 

500, 1250, 3125 and 7812,5 times diluted.

Matrix variability/selectivity. The influence of the matrix was assessed by preparing 

samples in 10 independent human plasma lots at a concentration of 150 and 3000 ng/

mL. Additionally, from all 10 plasma lots, blank samples were analyzed and checked for 

interferences. The samples were analyzed in one run.
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Table S-12: Individual accuracy and precision results from the ELISA validation.

Run # Nominal concentration 102 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 100 100 99.3 100 -1.9 0.7
02 101 101 97.6 99.9 -2.1 2.0
03 112 112 105 110 7.5 3.8
04 97.7 99.8 97.5 98.3 -3.6 1.3

Total 102 0.0 5.0

Run # Nominal concentration 250 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 251 238 252 247 -1.3 3.2
02 246 250 244 247 -1.4 1.2
03 262 282 285 276 10.5 4.6
04 243 249 242 245 -2.1 1.6

Total 254 1.5 6.0

Run # Nominal concentration 1000 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 977 961 941 960 -4.0 1.9
02 969 998 992 986 -1.4 1.6
03 982 1050 1000 1010 1.0 3.2
04 925 922 895 914 -8.6 1.8

Total 967 -3.3 4.3

Run # Nominal concentration 3000 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 2800 2860 2480 2710 -9.5 7.6
02 2670 2730 2720 2710 -9.7 1.1
03 3120 3210 3010 3110 3.8 3.2
04 2840 3030 2740 2870 -4.3 5.0

Total 2850 -4.9 7.3

Run # Nominal concentration 4000 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 3360 3330 3200 3300 -17.6 2.6
02 3060 3190 3360 3200 -19.9 4.6
03 3830 3910 3750 3830 -4.2 2.1
04 3830 3640 3480 3650 -8.7 4.7

Total 3500 -12.6 8.3
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Table S-13: Individual results from the matrix variability experiments of the ELISA validation.

Plasma lot # Nominal concentration Endogenous
Measured concentration (ng/mL)

01 <LLOQ
02 <LLOQ
03 <LLOQ
04 <LLOQ
05 <LLOQ
06 <LLOQ
07 <LLOQ
08 <LLOQ
09 <LLOQ
10 <LLOQ

Average (ng/mL) -
Bias (%) -
CV (%) -

Plasma lot # Nominal concentration 150 (ng/mL)
Measured concentration (ng/mL)

01 173
02 144
03 141
04 147
05 157
06 152
07 144
08 127
09 147
10 139

Average (ng/mL) 147
Bias (%) -2.0
CV (%) 8.2

Plasma lot # Nominal concentration 3000 (ng/mL)
Measured concentration (ng/mL)

01 2960
02 3140
03 3020
04 3140
05 3120
06 2830
07 2520
08 2820
09 3070
10 2940

Average (ng/mL) 2960
Bias (%) -1.4
CV (%) 6.5
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Table S-14: Individual results from the integrity of dilution experiments of the ELISA validation.

Dilution factor 200
Run # Nominal concentration 250 (ng/mL)* Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)
01 246 253 243 247 -1.0 2.1
02 258 265 248 257 2.7 3.4

Total 252 0.8 3.3

*Concentration after 200 times dilution

Dilution factor 200
Run # Nominal concentration 3000 (ng/mL)* Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)
01 2970 2410 2750 2710 -9.6 10.6
02 2980 3000 3010 3000 -0.1 0.5

Total 2850 -4.8 8.4

*Concentration after 200 times dilution

Table S-15: Individual results from the dilution linearity experiments of the ELISA validation.

Dilution 
factor

Diluted 
concentration

Measured 
concentration

Bias Undiluted 
Concentration

(ng/mL) (ng/mL) (%) (ng/mL)
- 600000 9130 - >ULOQ

20 30000 5830 - >ULOQ
200 3000 3460 15.3 692000
500 1200 1280 6.8 641000

1250 480 528 9.9 660000
3125 192 219 14.3 686000

7812.5 76.8 87.7 - <LLOQ
Average 670000

Total CV (%) 3.5
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ABSTRACT

A liquid chromatography-tandem mass spectrometry method is presented for the 

quantitative determination of the in vivo deamidation of the biopharmaceutical 

proteins trastuzumab and pertuzumab at a specific amino acid (asparagine) in their 

complementarity determining regions (CDRs). For each analyte, two surrogate peptides 

are quantified after tryptic digestion of the entire plasma protein content: one from a 

stable part of the molecule, representing the total concentration, and one containing 

the deamidation-sensitive asparagine, corresponding to the remaining non-deamidated 

concentration. Using a plasma volume of just 10 µL and a 2-hour digestion at pH 7, 

concentrations between 2 and 1000 µg/mL can be determined for the various protein forms 

with values for bias and CV below 15% and without unacceptable deamidation taking place 

during sample storage or analysis. A considerable difference between the total and non-

deamidated concentrations, and thus a substantial degree of deamidation, was observed 

in plasma for both trastuzumab and pertuzumab in vitro and in vivo. After a 56-day forced 

deamidation test 40% of trastuzumab and 68% of pertuzumab was deamidated, while 

trastuzumab and pertuzumab showed up to 47% and 35% of deamidation, respectively, 

in samples collected from breast cancer patients during treatment with a combination of 

both drugs. A good correlation between the non-deamidated concentration results and 

those of a receptor binding assay indicate a loss of receptor binding for both trastuzumab 

and pertuzumab along with the deamidation in their CDRs. Deamidated trastuzumab also 

lost its capability to inhibit the growth of breast cancer cells in a cell-based viability assay, 

suggesting a relation between the degree of deamidation and pharmacological activity.
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4.1	 INTRODUCTION

The investigation of drug metabolism and disposition is an essential part of the development 

programs of small-molecule pharmaceuticals and, where relevant for safety and efficacy, 

concentrations of the formed metabolites are routinely measured during clinical trials. 

In contrast, the in vivo fate of therapeutic proteins has received relatively little attention. 

This is partly because proteins are typically cleared from the body via catabolism, i.e. 

degradation to generally inactive peptides and amino acids, which poses only limited safety 

concerns [1]. Another reason for the apparent lack of interest in protein biotransformation 

lies in the fact that pharmacokinetic measurements are usually carried out with ligand-

binding assays, with which it is technically challenging to separately quantify low levels 

of closely related protein forms in complex biological matrices [2].

Still, with the rapidly growing number of therapeutic proteins on the market and in 

development, and with the increasing use of liquid chromatography-mass spectrometry 

(LC-MS) for protein quantification, it is becoming more and more evident that small 

changes in the molecular structure of protein drugs due to chemical reactions within the 

body are very common [3]. Antibody-drug conjugates, for example, consist of multiple toxin 

molecules conjugated to an antibody and the biotransformation of this class of compounds 

is relatively well established, especially when it comes to the in vivo toxin release because 

of its potential safety implications [4]. Reports of other biotransformation reactions of 

therapeutic proteins are relatively scarce. The conversion of N-terminal glutamate to 

pyroglutamate was described for three unspecified human IgG2 monoclonal antibody 

(mAb) drugs both in vitro and in vivo at a similar rate, but no impact on safety or efficacy 

was reported [5]. The rapid removal of C-terminal lysine from the heavy chain of a human 

mAb was described and concluded to be due to carboxypeptidase activity, which is also 

responsible for C-terminal lysine removal of endogenous IgG [6]. The spontaneous in vivo 

reaction of glucose with lysine moieties on both endogenous and therapeutics antibodies 

was also reported with a broad distribution across the protein structure but with no 

observable effect on the binding of the modified antibodies to Fc receptors or protein A [7].

A protein modification which is frequently studied in vitro, such as during storage 

of pharmaceutical protein formulations, is deamidation: the conversion of a neutral 

asparagine or glutamine into an acidic aspartate or glutamate [8,9]. This spontaneous 

reaction can also occur at the physiological conditions in vivo, especially for asparagine 

when it is followed in the protein chain by a small amino acid such as glycine or serine. 
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The first step in the reaction is the formation of a succinimide intermediate, which can 

subsequently be hydrolyzed to either aspartate or isoaspartate. This changes the charge 

and potentially also the three-dimensional structure of the protein and may impact its 

binding to endogenous receptors and consequently reduce its pharmacological activity. 

Previously, we reported a method for quantification of the therapeutic mAb trastuzumab 

and three deamidated variants (containing succinimide, aspartate or isoaspartate instead 

of asparagine at amino acid position 55 on the heavy chain) in human plasma [10]. Samples 

were digested with trypsin and four peptides containing the different amino acids at 

position 55 were quantified by LC-MS/MS along with a peptide from a stable part of the 

protein. After a one-year treatment cycle of breast cancer patients with trastuzumab, 

up to 25% of the circulating protein was found to be deamidated at this position and all 

three variants were observed in plasma. Similar effects were later described for a few 

other, unspecified mAbs, in shorter preclinical studies in monkeys [11] and mice [12], with 

up to 90% deamidation observed on the heavy chains. For trastuzumab, deamidation of 

asparagine at position 30 on the light chain (LC-Asn30) and isomerization of aspartate 

at position 102 on the heavy chain (HC-Asp102) were seen next to deamidation of heavy 

chain asparagine at position 55 (HC‑Asn55), in both preclinical and clinical samples [13].

An important question to answer is whether these in vivo deamidation reactions have 

any consequence for the binding of the protein drug to its target receptor and, ultimately, 

for its pharmacological activity. The asparagine at position 55 in the heavy chain of 

trastuzumab is located in one of the complementarity determining regions (CDR’s), which 

are involved in the binding of trastuzumab to its target receptor, the human epidermal 

growth factor receptor type 2 (HER2). Several other therapeutic mAbs of the IgG1 

subclass also contain an HC-Asn55, so this amino acid is considered to play a key role in 

the biological functioning of these proteins [14] and a modification in this part of their 

molecular structure may very well affect their activity. So far, however, only a few papers 

on this topic have been published. In an in vitro study with a non-trastuzumab monoclonal 

antibody, the formation of a succinimide at position 55 in the heavy chain was observed. 

This protein form was isolated and showed 50% reduced receptor binding by surface 

plasmon resonance (SPR) and 70% reduced biological activity in a cell-based assay [14]. 

For trastuzumab, a comparable study revealed deamidation of LC-Asn30 and HC-Asn55 

and isomerization of HC-Asp102 after a single intravenous dose to mice [15] and a 20% 

reduced binding to the HER2 receptor by SPR for a sample collected 15 days post-dose, as 

compared to a reference sample collected 1 day after trastuzumab dosing.
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In this paper, we describe the results of a further investigation into the occurrence and 

pharmacological consequences of in vivo deamidation of trastuzumab. Treatment of HER2-

positive breast cancer is currently often performed by dosing of trastuzumab and another 

monoclonal antibody, pertuzumab [16,17], in combination with chemotherapy. Since 

pertuzumab also contains an asparagine at a crucial position in its CDR, the deamidation 

of this biopharmaceutical protein is addressed as well. We report the development, 

validation and application of an LC-MS/MS method for the simultaneous quantification of 

trastuzumab and pertuzumab in plasma. It provides two concentrations for each antibody: 

one representing the total concentration via a tryptic peptide from a metabolically 

stable part of the molecule and one representing the non-deamidated concentration 

via the peptide containing the deamidation-sensitive asparagine in the heavy chain. 

Pharmacokinetic results are presented from a clinical trial in HER2-positive breast cancer 

patients. The relevance of the in vivo deamidation of trastuzumab and pertuzumab during 

treatment of patients is addressed by correlating the LC-MS/MS results to a receptor assay 

for measuring the binding to HER2 and a cell-based viability assay for activity assessment.

4.2	 MATERIALS AND METHODS

4.2.1	 Chemicals and biological materials

General. Trastuzumab (Herceptin) was obtained as lyophilized, sterile powder and 

pertuzumab (Perjeta) as a sterile solution from Roche (Basel, Switzerland). Biotransformed 

trastuzumab, including deamidation at HC-Asn55, was prepared by incubating a PBS 

solution containing 1500 µg/mL trastuzumab at 37˚C for up to 200 days. The remaining 

percentage of non-deamidated HC-Asn55 was determined by LC-MS/MS in several samples 

during this period using the approach described in the next paragraph. Samples containing 

trastuzumab with 0%, 46% and with 100% non-deamidated HC-Asn55 were used for 

selected experiments. Human K2EDTA plasma from healthy volunteers (hereafter referred 

to as blank human plasma) was obtained from BioIVT (West Sussex, UK).

LC-MS/MS. The following custom-synthesized peptides were purchased from JPT 

Peptide Technologies (Berlin, Germany): IYPTNGYTR and FTISADTSK (for trastuzumab) 

and FTLSVDR and GLEWVADVNPNSGGSIYNQR (for pertuzumab) plus the C-terminally 

labeled arginine-13C6-15N4 or lysine-13C6-15N2 forms of all peptides for use as internal 

standards. Purity was assessed by the manufacturer using amino acid analysis and was 

also corrected for the salt forms. Acetonitrile, methanol, dimethyl sulfoxide (DMSO), 
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formic acid, acetic acid, hydrochloric acid (37%), ammonium hydroxide solution (25%) 

and ammonium acetate came from Merck (Darmstadt, Germany). Sigma Aldrich (St. Louis, 

MO, USA) supplied Tween-20, Trizma® base and trypsin from porcine pancreas (Type 

IX-S, lyophilized powder, 13,000-20,000 BAEE units/mg protein). HPLC grade water was 

prepared using a water purification system from Merck.

Receptor binding assay. Sodium carbonate, sodium hydrogen carbonate, sodium 

hydroxide, sulfuric acid, Tween-20 and PBS 10x were obtained from Merck. 1-Step Ultra 

TMB (3,3’,5,5’-tetramethylbenzidine) liquid substrate for ELISA as well as the recombinant 

extracellular domain (Met 1-Thr 652) of the human HER2- ErbB2- receptor, carrying a 

human IgG1 Fc tag at the C-terminus (rhHER2), were purchased from Thermo Fisher 

Scientific (#10004H02H50). Human serum albumin (HSA) 20% was supplied by Sanquin 

(Amsterdam, The Netherlands) and the HRP-conjugated rabbit anti-human IgG1 (Fab’2 

fragment) antibody was supplied by Jackson ImmunoResearch Europe (Ely, UK).

Cell-based viability assay. The human breast cancer cell line BT474 was obtained from 

the American Type Culture Collection (Manassas, VA, USA), cultured in RPMI 1640 culture 

medium supplemented with 10% fetal calf serum (both from Thermo Fisher Scientific, 

Bleiswijk, the Netherlands) and routinely tested for absence of mycoplasma. Short tandem 

repeat profiling (BaseClear, Leiden, the Netherlands) was used to authenticate the origin 

of the cell line. For the cell-based viability assay, the cells were grown in enriched culture 

medium, consisting of Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F-12 

(DME/F12), obtained from Thermo Fisher Scientific, containing 20% fetal calf serum.

4.2.2	 Trastuzumab and pertuzumab quantification by LC-MS/MS

For the combined LC-MS/MS determination of trastuzumab and pertuzumab in human 

plasma, 10.0 µL aliquots of sample were pipetted into the 0.5-mL wells of an Eppendorf 

Protein Lo-bind 96-well plate (VWR International, Amsterdam, The Netherlands) and 

100 µL of methanol : water (70 : 30 (v/v)) was added. After vortex-mixing for 5 minutes 

at room temperature and 1250 rpm, the proteins were pelleted by centrifugation for 15 

minutes at 1500g. The supernatant was discarded by inverting the plate above a waste 

receptacle and placing it upside down on a tissue for 15-20 minutes. The remaining protein 

pellet was reconstituted by vortex-mixing in 75.0 µL of a 200 µg/mL trypsin solution in 

digestion buffer: 50 mM Trizma buffer (pH 7.0) containing 0.05% Tween-20 and 2.5% (v/v) 

DMSO. Next, 25.0 µL of an internal-standard working solution was added containing the 

four internal standards in digestion buffer at 1000 ng/mL (labeled IYPTNGYTR), 4000 
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ng/mL (labeled FTISADTSK), 250 ng/mL (labeled FTLSVDR) and 3000 ng/mL (labeled 

GLEWVADVNPNSGGSIYNQR). The sample was digested at 37°C and 1250 rpm for 2 hours 

using an Eppendorf Thermomixer® comfort, after which the digestion was stopped by the 

addition of 10.0 µL of 10% formic acid in water. Finally, the plate was sealed, vortex-mixed, 

centrifuged and placed in the autosampler at 10°C for analysis.

Analysis was performed using a Model 1290 Infinity II UHPLC system (Agilent, Santa 

Clara, CA, USA) coupled to a Sciex (Concord, Canada) Model 6500 triple quadrupole mass 

spectrometer equipped with a TurboIonspray™ source. Chromatographic separation was 

achieved at 60°C on a 2.1 × 100 mm, 1.7 µm particle-size, Acquity UPLC CSH C18 column 

(Waters). Mobile phase A consisted of 0.1% formic acid in water and mobile phase B was 

acetonitrile. Samples were separated by linear gradient elution using the following settings: 

0.0-8.0 min: 2.5‑20% B; 8.0-8.1 min: 20-95% B; 8.1-8.9 min: 95% B; 8.9-9.0 min: 95‑2.5% B; 

9.0-11.0 min: 2.5% B. The flow rate was 0.6 mL/min and the sample injection volume 

was 15 µL. Detection was performed in positive electrospray ionization mode with an 

acquisition method consisting of three periods (0-3.3 min, 3.3-6.0 min and 6.0-11.0 min 

after injection). General and analyte-specific mass spectrometric parameters, as well as 

the multiple reaction monitoring (MRM) transitions used to monitor the four peptides and 

their corresponding internal standards, are presented in Table 1.

Table 1: mass spectrometric settings for the surrogate peptides and their internal standards

Peptide sequence Protein Precursor ion mass 
(m/z) and charge 

state

Product ion mass 
(m/z) and charge 

state

Collision 
energy (V)

FTISADTSK Trastuzumab 485.3 / [M+2H]2+ 721.4 / Y7
+ 22

FTISADTSK* Trastuzumab 489.3 / [M+2H]2+ 729.4 / Y7
+ 22

IYPTNGYTR Trastuzumab 542.8 / [M+2H]2+ 808.4 / Y7
+ 24

IYPTNGYTR* Trastuzumab 547.8 / [M+2H]2+ 818.4 / Y7
+ 24

FTLSVDR Pertuzumab 419.2 / [M+2H]2+ 589.4 / Y5
+ 21

FTLSVDR* Pertuzumab 424.2 / [M+2H]2+ 599.4 / Y5
+ 21

GLEWVADVNPNSGGSIYNQR Pertuzumab 726.1 / [M+3H]3+ 580.3 / Y4
+ 40

GLEWVADVNPNSGGSIYNQR Pertuzumab 726.1 / [M+3H]3+ 894.5 / Y8
+ 40

GLEWVADVNPNSGGSIYNQR Pertuzumab 726.1 / [M+3H]3+ 981.5 / Y9
+ 40

GLEWVADVNPNSGGSIYNQR Pertuzumab 726.1 / [M+3H]3+ 1192.6 / Y11
+ 40

GLEWVADVNPNSGGSIYNQR* Pertuzumab 729.4 / [M+3H]3+ 1202.6 / Y11
+ 40

*stable-isotope labeled amino acid: 13C6-15N2-lysine (K) or 13C6-15N4-arginine (R)
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4.2.3	 Trastuzumab or pertuzumab quantification by receptor binding assay

A 96-well NUNC Maxisorp immune plate was coated with 100 μL of a 1.00-μg/mL solution 

of the capture reagent, the extracellular domain of the rhHER2 receptor, in 0.1M carbonate 

buffer solution (pH 9.6) per well, by overnight incubation at 4°C. The plate was washed 

three times with 300 μL of wash buffer solution (PBS pH 7.4 containing 0.1% (v/v) Tween 

20), blocked with 150 μL/well of the blocking buffer (PBS pH 7.4 containing 1.0% (w/v) 

HSA) for 1 hour at 21°C and 500 rpm and washed another three times with 300 μL of wash 

buffer solution. Plasma was 20-fold diluted by adding 15.0 μL sample to 285 μL blocking 

buffer solution and 100 μL of each diluted sample was transferred to the plate in duplicate. 

After incubating for 1 hour at 500 rpm and 21°C, the plate was washed again three times as 

mentioned above. A solution of 0.032 µg/mL of HRP-labeled rabbit anti-human IgG (Fab’2 

fragment) antibody in blocking buffer) was then added (100 μL/well) and the plate was 

incubated for 1 hour at 500 rpm and 21°C in the dark. After washing three times with the 

washing buffer, 100 μL of the substrate solution was added to each well and incubated for 

five minutes in darkness at 500 rpm and 21°C. The reaction was stopped by adding 50 μL 

of 2M sulfuric acid to each well and the absorbance at 450 nm was determined within 15 

minutes on a SpectraMax M5e plate reader.

4.2.4	 Cell-based viability assay

The HER2 positive breast cancer cell line BT474 was cultured at 37°C in a humidified 

atmosphere containing 5% carbon dioxide. To test the effect of trastuzumab or pertuzumab 

and the deamidated forms of trastuzumab on cell viability, the cells were seeded in 

duplicate in 96-well plates at a density of 8 x 103 cells per well in enriched culture medium 

and incubated at 37°C/5% carbon dioxide for 96 hours with varying concentrations (0, 

0.01, 0.1, 0.5, 1, 5, 10, 50 and 100 µg/mL) of either unmodified trastuzumab, trastuzumab 

with 54% or 100% deamidation at Asn55, as confirmed by the LC-MS/MS method described 

above, or unmodified pertuzumab. After this treatment, the samples were further 

incubated for 4 hours at 37°C/5% carbon dioxide with 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) solution according to the 

manufacturer’s instructions (Promega Corporation, Leiden, the Netherlands). Cell viability 

was determined as the remaining cellular metabolic activity, capable of converting MTS 

to a formazan product, whose absorbance was colorimetrically measured at 490 nm on a 

microplate reader (BioRad, Veenendaal, the Netherlands). Cell viability was defined as the 

measured absorbance at 490 nm after treatment with trastuzumab and pertuzumab at 
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varying percentages of deamidation, as a percentage of the absorbance found for untreated 

cells. Three independent experiments were performed at 0, 0.01, 0.1, 1 and 10 µg/mL, 

two experiments at 5, 50 and 100 µg/mL and a single experiment at 0.5 µg/mL. Before 

the assays were performed, the linear relationship of cell number to formazan crystal 

formation was checked and cell growth studies were performed. The cell line was seeded 

at optimum density in order to test survival after at least two or three cell divisions had 

taken place in the control cells.

4.2.5	 Preparation of calibration, validation and quality control samples

For trastuzumab a stock solution at 21.0 mg/mL was prepared by dissolving the contents 

of a vial of lyophilized protein (label claim: 150 mg) in 7.2 mL of water according to the 

manufacturer’s instructions for use. For pertuzumab, a stock solution was supplied at 30.0 

mg/mL (label claim). To minimize freeze/thaw effects, the stock solutions were divided 

into 0.5 mL aliquots in Eppendorf Protein Lo-bind tubes (VWR International, Amsterdam, 

The Netherlands) and stored at ‑70°C. For both analytes, two separate sets of standard 

solutions were prepared by diluting the stock solution with water, the standard solutions 

varied in concentration, depending on which type of assay was used. One set of standard 

solutions was used to prepare calibration samples and the other to prepare quality control 

samples, both in blank human EDTA plasma. All samples were stored in Eppendorf Protein 

Lo-bind tubes at -70°C. For the LC-MS/MS method, both trastuzumab and pertuzumab 

were present in the calibration samples (range 2.00 – 1000 µg/mL) and in the quality 

control samples at 2.00, 6.00, 200 and 750 µg/mL. The samples for the receptor binding 

assay contained either trastuzumab or pertuzumab, both across the calibration range of 

60.1 –2370 ng/mL with quality control samples at 60.1, 150, 600, 2000 and 2370 ng/mL.

4.2.6	 Sample collection

Blood samples were collected from patients with stage II-III HER2-positive breast cancer, 

treated at the Netherlands Cancer Institute (NKI), who were participating in a nationwide 

clinical trial (NCT03820063 / BOOG 2018-01). All patients received three to nine cycles 

trastuzumab and pertuzumab combined with chemotherapy as neoadjuvant treatment and 

completed one year of HER2 blockade post-operatively. Both hormone-receptor negative 

(ER and PR expression < 10%) and positive (ER and/or PR expression ≥10%) patients were 

eligible. Trastuzumab (6 mg/kg, with a loading dose of 8 mg/kg at the first treatment cycle 

only) and pertuzumab (420 mg, with a 840-mg loading dose at the first treatment cycle 
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only) were administered intravenously every three weeks for a period of up to one year. 

Blood withdrawal took place pre-dose on the first day of each three-weekly cycle. Plasma 

was harvested by centrifugation immediately after blood collection in EDTA containing 

blood collection tubes and stored at −70°C until analysis.

4.3	 RESULTS AND DISCUSSION

4.3.1	 LC-MS/MS method optimization and validation

The main objective of this study was to assess the degree of in vivo deamidation of 

trastuzumab and pertuzumab at a position in their structure, which is assumed to be 

important for receptor binding [14,15]: HC‑Asn55 for trastuzumab and HC-Asn54 for 

pertuzumab (see the amino acid sequences shown in supplementary Figures S-1 and 

S-2). Because of the small difference in molecular mass between the non-deamidated 

and deamidated forms (just 1 atomic mass unit on a total mass of about 150,000), mass 

spectrometric discrimination at the intact protein level is technically impossible, nor 

does such an approach allow the exact localization of the deamidation site. Therefore, we 

adopted a bottom-up approach: both protein analytes were enzymatically digested into a 

series of peptides and several of these were subsequently quantified as a surrogate for the 

intact forms. By quantifying a peptide comprising HC-Asn55, a measure is obtained for the 

(remaining) amount of trastuzumab which is non-deamidated at that position. Likewise, 

the concentration of non-deamidated pertuzumab can be derived from a surrogate peptide 

containing its HC-Asn54. In addition, the total concentration of the protein analytes can 

be estimated by reference to peptides from a part of the protein which does not undergo 

any known in vivo modification.

The digestive enzyme trypsin cleaves protein chains at the C-terminal side of a lysine 

or arginine, except when this amino acid is followed by a proline. It is a preferred reagent 

for LC-MS analysis, because it generates positively charged peptides of a suitable size and 

is widely available for a reasonable price. By the action of this enzyme, trastuzumab and 

pertuzumab are digested into 62 and 67 theoretical peptides, respectively. To ensure 

selection of analyte-specific surrogate peptides, these candidates were checked for 

uniqueness against the human plasma proteome by submitting to the basic local alignment 

search tool (BLAST) [18]. For trastuzumab, the peptides IYPTNGYTR (HC amino acids 

51-59) and FTISADTSK (HC 68‑76) had already proven to be suitable for quantifying the 

HC-Asn55 non-deamidated and total concentrations, respectively [10], and they were also 
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selected for this method. FTLSVDR (HC 68-74) was chosen to represent total pertuzumab, 

as this sequence does not occur in any endogenous human protein, does not contain 

unstable amino acids and was found to have excellent LC-MS/MS properties, such as good 

chromatographic behavior and efficient ionization and fragmentation. The HC-Asn54 

containing tryptic peptide for pertuzumab was GLEWVADVNPNSGGSIYNQR (HC 44-63). 

Although, compared to the other three surrogate peptides, it is more hydrophobic and 

showed a somewhat higher retention on a standard reversed-phase LC column, by applying 

a linear gradient from 2.5 to 20% acetonitrile, the four peptides could be well separated 

from each other and from endogenous interferences in an 11-min chromatographic run. The 

latter peptide also has a considerably lower mass spectrometric response than the others, 

because of less efficient ionization and a poor fragmentation behavior, but by applying 

a high collision energy and summating the signals of four mass transitions (Table 1), 

detection sensitivity was sufficient to allow quantification down to the relevant, low µg/mL 

plasma levels. Figure 1 shows LC-MS/MS chromatograms of the four surrogate peptides, 

generated after tryptic digestion of trastuzumab and pertuzumab in plasma at 6 µg/mL.

In order to reliably assess the degree of in vivo deamidation of trastuzumab and 

pertuzumab, it is essential that no further deamidation should occur at HC-Asn55 and 

HC-Asn54 of the two protein analytes after sampling, i.e. during storage or analysis. 

Intramolecular disulfide bonds are often reduced and alkylated to improve subsequent 

sample digestion, but in our workflow these steps were not necessary for a reproducible 

and high digestion yield and therefore omitted, to reduce the possibility of analytical 

artefacts. In particular, digestion by trypsin bears a risk of in vitro deamidation, because 

it is usually performed at slightly alkaline pH, where the enzyme shows its optimum 

activity, but which also has been reported to increase asparagine deamidation, especially 

for smaller peptides [19]. Previously [10], a reasonable compromise was found between 

good digestion efficiency (>80%) and negligible (<1%) in vitro formation of deamidated 

forms of the peptides for trastuzumab, when performing digestion at pH 7.0 (rather than 

at the usual pH 8.0-8.5) for three hours. At these conditions, pertuzumab was also found to 

be sufficiently stable, with a slight concentration decrease (<1%) of the formed HC-Asn54 

containing peptide only observed after 6 hours. We deliberately digested the entire protein 

content of a 10-µL plasma sample and did not use any protein extraction prior to digestion, 

by immunocapture or otherwise. In that way, a potential difference in extraction recovery 

between the non-deamidated and the deamidated forms of the proteins was avoided and 

the most accurate estimate of both forms could be obtained.
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Figure 1: LC-MS/MS chromatograms of the peptides FTISADTSK (A), IYPTNGYTR (B), FTLSVDR (C) and 
GLEWVADVNPNSGGSIYNQR (D) from a plasma sample spiked at 6 µg/mL with both trastuzumab and 
pertuzumab.
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The suitability of the LC-MS/MS method for simultaneous quantification of trastuzumab 

and pertuzumab was demonstrated by a validation based on international guidelines 

[20,21]. Results are presented in the supplementary tables S1 to S15. Briefly, precision 

and accuracy (n=18) across the range of 6-1000 µg/mL for pertuzumab through 

GLEWVADVNPNSGGSIYNQR and 2-1000 µg/mL for trastuzumab and pertuzumab via the 

other three surrogate peptides, were better than 12% (coefficient of variation) and 14% 

(bias from nominal), respectively. Selectivity was acceptable, as judged by the absence 

of interfering peaks in six individual lots of blank plasma at the retention times of the 

peptides and their internal standards. Sufficient stability (<15% deviation from the 

nominal concentration) was observed for all peptides during storage of plasma at ambient 

temperature for 24 hours, at -70˚C for 301 days and over five complete freeze-thaw cycles, 

which demonstrates the absence of unacceptable in vitro deamidation at HC-Asn55 and 

HC-Asn54 for trastuzumab and pertuzumab, respectively, during normal sample storage 

conditions.

4.3.2	 Receptor binding assay optimization and validation

To investigate the effect of deamidation of the protein analytes on their binding to the 

target receptor, a binding assay was set up. A recombinant form of the extracellular domain 

(ECD) of the human HER2 receptor was coated onto an ELISA plate and used as capturing 

agent for all molecules with binding affinity to this receptor. For subsequent detection of 

receptor-bound trastuzumab and pertuzumab, a generic detection antibody was added, 

that binds to the constant part of all forms of human IgG. It generates a response because 

it is coupled to the enzyme horse-radish peroxidase, which converts the substrate TMB 

into a colored product. With these capturing and detection reagents, in combination 

with all necessary blocking and washing steps to avoid or remove non-specifically bound 

proteins originating from the plasma matrix, a colorimetric read-out is obtained for all 

forms of trastuzumab or pertuzumab that show binding to the HER2 receptor and also are 

sufficiently intact to be recognized by the anti-human IgG detection antibody.

The receptor binding assay was first optimized with (non-deamidated) trastuzumab, 

which is known to bind to sub-domain IV of the HER2 receptor. Acceptable quantitative 

performance was demonstrated. Details are presented in supplementary tables S-16 to 

S-21, but in summary precision (%CV) and accuracy (%bias) were below 15% across the 

concentration range of 60 to 2370 ng/mL, also after 300-fold dilution of the relevant in vivo 

concentrations 50 and 600 µg/mL to levels within the calibration curve. Since pertuzumab 
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binds to sub-domain II of the HER2 receptor, it was tested if the receptor binding assay 

could also be used for the quantitation of pertuzumab in plasma. Indeed, also for this mAb 

acceptable results for precision and accuracy were found across the same concentration 

range (supplementary table S-22). Altogether, this shows that the binding assay is capable 

of quantitatively determining trastuzumab as well as pertuzumab in plasma. It should be 

noted that, in contrast to the LC-MS/MS method, it does not provide separate read-outs 

for the two analytes, since both are captured by the HER2 receptor and both are also 

recognized by the detection antibody. Therefore, while the assay can be readily used for 

analysis of samples containing only trastuzumab or only pertuzumab, it is unsuitable for 

samples that contain both analytes, such as plasma collected from patients after combined 

dosing with these biopharmaceuticals.

4.3.3	 Analytical consequences of the deamidation of trastuzumab and pertu-
zumab

Deamidated forms of the analytes were prepared by incubating human plasma (pH 8.0) 

containing 400 µg/mL of either trastuzumab or pertuzumab at 37˚C for a period of 56 or 

54 days, respectively, in the dark. Spiked plasma was divided into different tubes at t=0, 

and at specific time-points during the incubation a sample tube was removed from the 37˚C 

storage condition and further kept at -70˚C. Analysis took place in one batch at the end of 

the incubation period against calibration samples containing unmodified trastuzumab and 

pertuzumab. Figure 2 shows the effect of this treatment on the analytical outcome of the 

LC-MS/MS and receptor binding assays.

Figure 2: concentrations of trastuzumab and pertuzumab during 56 days and 54 days of storage in 
human plasma at 37˚C, respectively; quantified by LC-MS/MS - stable peptide (Δ), LC-MS/MS - deamida-
tion-sensitive peptide (●) or receptor binding assay (o).
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The concentrations of trastuzumab found by measurement of the stable peptide 

FTISADTSK remained essentially constant over the incubation period and a similar result 

was obtained for pertuzumab via its stable peptide FTLSVDR. This shows that, regardless 

of what happened to the rest of the protein structure, these amino acid sequences were 

unaffected by prolonged storage at 37˚C. However, the concentration of trastuzumab 

measured by the deamidation-sensitive peptide IYPTNGYTR, decreased by about 40%, 

from 400 to 250 µg/mL in the course of 56 days. For pertuzumab, the concentration 

decrease represented by peptide GLEWVADVNPNSGGSIYNQR was even more pronounced: 

from 400 to 130 µg/mL, or 68%, over 54 days. Apparently, the original structure of this 

part of the proteins was modified to a large extent upon incubation at 37˚C. 

In an earlier study [10], we found that the storage-induced decrease of IYPTNGYTR 

in trastuzumab was completely accounted for by the formation of the corresponding 

sequences containing aspartate, iso-aspartate or succinimide instead of asparagine 

at position 55. Although we did not specifically look for the formation of deamidated 

forms of the pertuzumab peptide GLEWVADVNPNSGGSIYNQR in this study, the gradual 

disappearance of the original sequence is probably also caused by modification of one of the 

asparagine residues. Since Asn-54 is followed by a serine, it is susceptible to spontaneous 

deamidation and, as a consequence, it is the most likely residue to be modified in vitro. 

Theoretically, the tryptophan residue (W) in the sequence could be oxidized and thereby 

contribute to the concentration decrease, but this reaction needs reactive oxygen species to 

proceed at an appreciable rate [22] and its contribution is probably limited at physiological 

conditions. It remains unclear why the rate of deamidation is higher for pertuzumab (1.3% 

per day) than for trastuzumab (0.7% per day) at the same incubation pH and temperature. 

Although deamidation of asparagine within a protein structure is typically fastest when 

it is followed by a glycine (such as in trastuzumab), other factors also determine the 

deamidation rate, such as the solvent accessibility of the asparagine residue itself and its 

flanking regions, which depend on the actual location within the protein structure and on 

whether this position is in a conformationally flexible part of the molecule [23].

Interestingly, the trastuzumab and pertuzumab concentrations obtained by the 

receptor binding assay correlate quite well with the concentrations found with LC-MS for 

the deamidation-sensitive peptides: the correlation coefficients are 0.94 for trastuzumab 

and 0.96 for pertuzumab, respectively. This implies that once trastuzumab is deamidated at 

HC-Asn55 and pertuzumab at HC-Asn54, the mAbs no longer give a response in the receptor 

binding assay and therefore, very probably, do not bind to the recombinant extracellular 
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domain of the HER2 receptor anymore. Of course, a correlation between these two sets of 

results does not necessarily mean causality. It should be realized that more spontaneous 

modifications, e.g. deamidation at other positions, isomerization and oxidation, will occur 

along the protein chain, which this specific LC-MS/MS method does not pick up but which 

may also influence receptor binding. In a study by Liu et al [13], the HER2 receptor was 

immobilized on magnetic beads and used to extract trastuzumab from plasma prior to 

LC-MS/MS analysis. Since deamidated forms of trastuzumab at HC-Asn55 and LC-Asn30 

were also found in the extract, the receptor apparently also bound these deamidated forms 

in that setup. This may have been caused by the much higher surface area and, therefore, 

the higher binding capacity of magnetic beads compared to a microtiter plate, which may 

have resulted in the binding of low-affinity forms of trastuzumab, such as the deamidated 

forms, to the beads. Anyhow, the correlation does demonstrate that our LC-MS/MS result 

for the deamidation-sensitive peptides is likely to represent the fraction of trastuzumab or 

pertuzumab that is still capable of binding to the receptor in a plate-based setup, regardless 

of whether deamidation in the surrogate peptide sequence is actually responsible for the 

loss of receptor binding.

Since trastuzumab and pertuzumab, like all IgG-based antibodies, have two light 

and two heavy chains, the surrogate peptides occur twice in each analyte molecule. In 

previous work [10], we applied a bridging ELISA, using the same anti-idiotypic antibody 

for capture and detection, to analyze plasma spiked with trastuzumab that was subjected 

to a similar forced deamidation experiment. In that investigation, the concentrations 

found for trastuzumab with this ELISA decreased roughly two-fold more rapidly than 

those obtained for the IYPTNGYTR peptide with LC-MS/MS. This was explained by 

the need for trastuzumab to have two unmodified CDRs to form the capture antibody-

trastuzumab-detection antibody complex that is needed for an ELISA detection response. 

Thus, deamidation in only one of the CDRs leads to a complete loss of signal in the ELISA, 

while the LC-MS/MS method still gives half of the original concentration. Arguing along the 

same lines, the good correlation of receptor binding assay and LC-MS/MS results supports 

the assumption that only one unmodified CDR in the trastuzumab structure is sufficient 

for binding to the receptor and generating a response. Because of the lack of commercially 

available anti-pertuzumab antibodies at the time of the study, no experimental comparison 

between an anti-idiotypic ELISA and the receptor binding assay could be made for 

pertuzumab.
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4.3.4	 In vivo deamidation of trastuzumab and pertuzumab during cancer treat-
ment

To investigate the extent of in vivo deamidation of HC-Asn55 in trastuzumab and HC-Asn54 

in pertuzumab after their administration to humans, plasma samples were collected during 

a clinical research trial with HER2-positive breast cancer patients and analyzed with the 

described LC-MS/MS method. Figure 3 shows an example of pharmacokinetic curves for 

a patient undergoing combined treatment with trastuzumab and pertuzumab. Clearly, 

for both mAbs the difference between the total concentration and the non-deamidated 

concentration increases over time, which indicates substantial in vivo deamidation over 

the treatment period. In this case, both trastuzumab and pertuzumab showed up to 25% 

deamidation of their respective asparagine residues in the CDR. Similar results were found 

for most of the 43 patients (supplementary table S-23). In Figure 4, correlation plots are 

shown of the total and the non-deamidated concentrations for all samples analyzed.

Figure 3: plasma concentration-time curves for trastuzumab, total concentration (o) and HC-Asn55 
non-deamidated concentration (●) and pertuzumab, total concentration (□) and HC-Asn54 non-deami-
dated concentration (▪) after i.v. dosing every three weeks of the drugs to a breast cancer patient.
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Figure 4: correlation plots of non-deamidated versus total concentration of trastuzumab and pertu-
zumab, generated from 261 plasma samples of 43 patients.

On average, trastuzumab showed 16% deamidation at HC-Asn55 (0 to 47% lower 

concentrations for the deamidation-sensitive than for the stable peptide) and pertuzumab 

14% deamidation at HC-Asn54 (range: -22% to 35%). These results indicate that, in contrast 

to the in vitro stress test, trastuzumab and pertuzumab have an about equal average 

degree of deamidation in vivo. In general, the largest differences between total and non-

deamidated results were found at the higher concentrations for both mAbs. Samples with 

these higher concentrations were typically obtained at the later time-points, and thus after 

a longer period of presence of trastuzumab and pertuzumab in the body.
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4.3.5	 Pharmacological consequences of the deamidation of trastuzumab and 
pertuzumab

To investigate the potential pharmacological consequences of the deamidation of 

trastuzumab and pertuzumab, a cell viability assay was performed with the human HER2-

positive breast cancer cell line BT474. Cells were cultivated in the presence of different 

concentrations of (unmodified) trastuzumab and, as shown in Figure 5, cell survival 

decreased by 50% at concentrations higher than 1 µg/mL trastuzumab. However, when 

cells were grown in the presence of trastuzumab which was completely deamidated at 

HC‑Asn55, cell survival was not affected in the presence of up to 100 µg/mL of deamidated 

trastuzumab.

Figure 5: survival of breast cancer cell line BT474 in the presence of increasing concentrations of tras-
tuzumab, either unmodified (o), 100% deamidated at HC‑Asn55 (Δ) or 54% deamidated at HC-Asn55 (●).

This demonstrates that the structural modifications that trastuzumab undergoes during 

prolonged incubation, among which HC-Asn55 deamidation, lead to a loss of its tumor 

growth reducing effect. Incubation of the breast cancer cells with trastuzumab that was 

deamidated at HC-Asn55 for 54% also reduced cell survival, but to a lesser degree (a 

decrease of 30%) and it needed higher concentrations (above 0.5 µg/mL) to reduce cell 

survival. The highest tested level at 100 µg/mL of this deamidated form of trastuzumab 

still corresponds to 46 µg/mL of the HC-Asn55 non-deamidated form, which should be 

able to increase cell death to 50% if it were completely unmodified. This finding suggests 

that other protein modifications than HC-Asn55 deamidation are also involved in the 

reduction of the pharmacological activity of trastuzumab. One possible modification could 
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be HC-Asp102 isomerization. In a previous report, this modified form of trastuzumab was 

isolated from a pharmaceutical formulation and showed reduced potency in a similar 

BT474 antiproliferation assay [24]. In contrast, cultivation of the breast cancer cells in the 

presence of unmodified pertuzumab did not result in any decrease of cell survival in our 

hands, even up to 500 µg/mL (results not shown). Apparently, although pertuzumab does 

bind to the HER2 receptor, this fact alone is not enough to induce cell death. Pertuzumab 

preferentially binds to HER2 heterodimers at the cell surface, i.e. to a combination of one 

HER2 and one other HER receptor [25]. These may not have been sufficiently present, 

and the membranes of the BT474 breast cancer cells may have mainly contained HER2 

homodimers, which are sensitive to trastuzumab but not pertuzumab [26]. Because of 

this observation, further testing of the deamidated forms of pertuzumab with this cell 

line was not considered relevant.

Altogether, these results indicate that HC-Asn55 deamidation in trastuzumab is not 

the single cause of its lost ability to induce cell death, since more modifications will have 

occurred in the protein structure. It does, however, demonstrate that deamidation in the 

CDR of trastuzumab, its reduced binding to HER2 and its loss of pharmacological activity 

happen at the same time.

4.4	 CONCLUSION

Liquid chromatography coupled to tandem mass spectrometry allows the quantitative 

determination of the degree of in vitro and in vivo deamidation of trastuzumab and 

pertuzumab at an important position in their complementarity determining regions, 

HC-Asn55 and HC-Asn54, respectively. The approach involves isolating and subsequently 

digesting the total protein fraction of plasma, and quantifying two surrogate peptides 

per analyte in the digest by multiple reaction monitoring of eight mass transitions (four 

for the peptides and four for the added internal standards: stable-isotope labeled forms 

of all peptides). Analysis of plasma samples obtained from in vitro forced degradation 

tests and collected from breast cancer patients during treatment with trastuzumab 

and pertuzumab revealed considerable deamidation with an increasing percentage 

over time (up to 54 weeks). The concentrations obtained by LC-MS/MS for the peptides 

from the deamidation-sensitive part of the CDR correlated well with the concentrations 

obtained by a receptor binding assay, which suggests that the modified forms of the 

protein analytes lose their ability to bind to (a recombinant form of) their target receptor, 
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HER2. Moreover, trastuzumab which was incubated for a prolonged period of time, and 

as a result was fully deamidated at HC-Asn55, showed a complete loss of its capability 

to induce cell death in a HER2 positive breast cancer cell line. Although it is difficult to 

demonstrate causality, these results do show that trastuzumab and pertuzumab undergo 

significant in vivo biotransformation, which is likely to reduce their pharmacological effect. 

For monitoring purposes, LC-MS/MS measurement of the remaining non-deamidated 

concentration at HC-Asn55 and HC‑Asn54 of trastuzumab and pertuzumab is likely to give 

the best representation of the pharmacologically active drug fraction. As other structural 

modifications very probably also occur, future studies should address those as well to 

obtain more detailed picture of the in vivo biotransformation of these biopharmaceutical 

proteins and LC-MS/MS with proper surrogate peptides is a straightforward and reliable 

way of doing this in a multiplexed assay.
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Figure S-1: Amino acid sequence of the heavy and light chain of trastuzumab with both signature peptides 
underlined in red and the deamidation-sensitive Asn-55 in bold.
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Figure S-2: Amino acid sequence of the heavy and light chain of pertuzumab with both signature peptides 
underlined in red and the deamidation-sensitive Asn-54 in bold.
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Description of the validation experiments for the LC-MS/MS determination of 

trastuzumab and pertuzumab

Acceptance criteria. As per international guidelines, all bias and CV acceptance criteria were 

set at 15% (20% at the LLOQ).

Linearity. Each validation run contained a calibration curve prepared in human plasma with 

the following levels: 2.00, 4.00, 10.0, 50.0, 200, 500, 800 and 1000 µg/mL. Due to a preparation 

error, for pertuzumab, the standard at 800 µg/mL was actually prepared at 400 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/x2 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: 2.00, 6.00, 75.0 and 750 µg/

mL. Statistical analysis was performed using analysis of variance (ANOVA).

Matrix variability/selectivity. The influence of the matrix was assessed by preparing 

samples at 2.00 µg/mL in six independent human plasma lots plus one lot of hemolytic plasma 

(fortified with 2% v/v lysed blood) and one lot of lipemic plasma (triglyceride level >300 

mg/dL). Additionally, from all six plasma lots, blank samples were analyzed and checked for 

interferences with responses exceeding 20% of the response at 2 µg/mL.

Freeze-thaw stability. Human plasma samples at 6.00 and 750 µg/mL were stored at -70°C 

and subjected to three and five freeze-thaw cycles, in which thawing was performed on the 

bench-top for a minimum of two 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 6.00 and 750 µg/mL were stored at -70°C for 301 

days and analyzed against a freshly spiked and prepared calibration curve.

Carry-over. For each of the three validation runs which contained accuracy and precision 

samples, the peak areas for the three blank plasma samples 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 (0.500 µg/mL) from the same run.

4

C
h

ap
te

r 
IV



122

| CHAPTER IV

R
es

ul
ts

 o
f t

he
 v

al
id

at
io

n 
ex

pe
ri

m
en

ts
 fo

r 
th

e 
LC

-M
S/

M
S 

de
te

rm
in

at
io

n 
of

 tr
as

tu
zu

m
ab

 (F
TI

SA
D

TS
K

 s
ig

na
tu

re
 p

ep
ti

de
)

Ta
bl

e 
S-

1:
 In

di
vi

du
al

 c
al

ib
ra

tio
n 

cu
rv

e 
re

su
lt

s f
ro

m
 th

e 
LC

-M
S/

M
S 

va
lid

at
io

n 
of

 th
e 

FT
IS

AD
TS

K 
si

gn
at

ur
e 

pe
pt

id
e 

(* no
m

in
al

 c
on

ce
nt

ra
tio

n)
.

Ru
n 

#
M

ea
su

re
d 

co
nc

en
tr

at
io

n 
(µ

g/
m

L)
Co

rr
el

at
io

n
Sl

op
e

In
te

rc
ep

t

2.
00

*
4.

00
*

10
.0

*
50

.0
*

20
0*

50
0*

80
0*

10
00

*

01
1.

99
3.

99
10

.3
51

.7
18

8
49

0
81

8
10

10
0.

99
94

0.
00

75
2

0.
00

31
4

02
2.

02
3.

89
10

.2
51

.4
19

1
50

4
79

8
10

10
0.

99
96

0.
00

77
2

0.
00

23
2

03
1.

97
3.

97
10

.7
54

.1
19

8
50

0
75

9
92

8
0.

99
83

0.
00

72
6

0.
00

35
5

04
1.

95
4.

16
10

.2
51

.1
18

1
52

2
77

9
10

20
0.

99
87

0.
00

53
6

0.
00

06
76

Av
er

ag
e 

(µ
g/

m
L)

1.
98

4.
00

10
.4

52
.1

19
0

50
4

78
9

99
2

-
-

-

To
ta

l b
ia

s (
%

)
-1

.0
0.

0
4.

0
4.

2
-5

.0
0.

8
-1

.4
-0

.8
-

-
-

To
ta

l C
V 

(%
)

1.
5

2.
8

2.
3

2.
6

3.
7

2.
7

3.
2

4.
3

-
-

-



123

CONSEQUENCES OF THE IN VIVO DEAMIDATION OF TRASTUZUMAB AND PERTUZUMAB |

Table S-2: Individual accuracy and precision results from the LC-MS/MS validation of the FTISADTSK 
signature peptide.

Run # Nominal concentration 2.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 2.01 1.98 2.02 2.12 2.07 1.99 2.04 1.8 2.6

02 1.69 1.78 1.75 1.80 1.92 2.02 1.83 -8.7 6.5

03 1.84 1.94 2.07 1.84 1.96 2.06 1.95 -2.5 5.1

Total 1.94 -3.1 6.5

Run # Nominal concentration 6.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 5.58 5.87 5.73 6.09 5.97 6.36 5.93 -1.1 4.6

02 5.89 5.46 6.22 5.91 5.74 6.19 5.90 -1.6 4.8

03 6.08 6.29 6.09 5.96 6.71 6.71 6.31 5.1 5.3

Total 6.05 0.8 5.6

Run # Nominal concentration 75.0 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 69.2 71.4 70.3 73.4 70.9 73.7 71.5 -4.7 2.5

02 75.3 69.1 65.7 64.1 69.8 80.7 70.8 -5.6 8.8

03 72.7 79.0 71.2 67.3 71.4 83.1 74.1 -1.2 7.9

Total 72.1 -3.8 6.9

Run # Nominal concentration 750 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 706 707 732 740 754 745 731 -2.6 2.7

02 762 763 664 724 787 765 744 -0.8 5.9

03 742 745 633 738 767 786 735 -2.0 7.3

Total 737 -1.8 5.4
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Table S-3: Individual results from the matrix variability experiments of the FTISADTSK signature 
peptide LC‑MS/MS validation.

Plasma lot #
Nominal concentration 2.00 (µg/mL)

Measured concentration (µg/mL)
01 1.92
02 1.85
03 1.98
04 1.88
05 1.92
06 1.92

Hemolytic 2.00
Lipemic 2.08

Average (µg/mL) 1.94
Bias (%) -2.8
CV (%) 3.8

Table S-4: Results (n=3) from the stability experiments of the FTISADTSK signature peptide LC-MS/
MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 6.00 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 5.74 -4.4 8.2

Frozen plasma sample: 301 days at -70°C 5.33 -11.2 1.5

Bench top: 24 hours 6.17 2.9 3.4

Nominal concentration 750 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 716 -4.5 2.6

Frozen plasma sample: 301 days at -70°C 645 -14.0 2.2

Bench top: 24 hours 647 -13.7 2.2
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Table S-6: Individual accuracy and precision results from the LC-MS/MS validation of the IYPTNGYTR 
signature peptide.

Run # Nominal concentration 2.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 1.81 1.68 1.91 1.74 1.89 1.87 1.82 -9.1 5.0

02 1.71 1.86 1.86 1.80 2.07 1.89 1.86 -6.8 6.4

03 1.89 1.76 2.11 2.26 2.00 2.33 2.06 2.8 10.6

Total 1.91 -4.4 9.3

Run # Nominal concentration 6.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 5.65 5.98 5.71 5.90 6.24 6.04 5.92 -1.3 3.7

02 5.58 6.63 6.43 6.37 7.46 6.74 6.54 8.9 9.3

03 6.97 5.91 6.18 6.85 7.16 7.83 6.82 13.6 10.1

Total 6.42 7.1 10.0

Run # Nominal concentration 75.0 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 68.9 71.8 71.4 75.8 71.4 71.5 71.8 -4.3 3.1

02 73.9 79.1 71.5 72.1 74.8 83.2 75.8 1.0 6.0

03 73.9 81.6 76.3 69.0 78.4 93.6 78.8 5.1 10.6

Total 75.5 0.6 8.0

Run # Nominal concentration 750 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 712 720 713 711 750 711 719 -4.1 2.1

02 697 799 783 777 889 812 793 1.0 6.0

03 815 865 744 768 836 909 823 9.7 7.4

Total 778 3.8 8.4
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Table S-7: Individual results from the matrix variability experiments of the IYPTNGYTR signature 
peptide LC‑MS/MS validation.

Plasma lot #
Nominal concentration 2.00 (µg/mL)

Measured concentration (µg/mL)

01 1.77

02 1.86

03 1.97

04 1.81

05 1.97

06 1.83

2% Hemolytic 2.02

Lipemic 1.95

Average (µg/mL) 1.90

Bias (%) -5.1

CV (%) 4.8

Table S-8: Results (n=3) from the stability experiments of the IYPTNGYTR signature peptide LC-MS/
MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 6.00 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 5.83 -2.9 9.0

Frozen plasma sample: 301 days at -70°C 5.58 -7.0 1.5

Bench top: 24 hours 6.34 5.6 3.5

Nominal concentration 750 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 690 -8.0 2.0

Frozen plasma sample: 301 days at -70°C 660 -12.0 1.5

Bench top: 24 hours 653 -12.9 4.7
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Table S-10: Individual accuracy and precision results from the LC-MS/MS validation of the FTLSVDR 
signature peptide.

Run # Nominal concentration 2.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 1.86 1.91 1.91 1.88 1.88 1.83 1.88 -6.0 1.4

02 1.71 1.69 1.80 1.71 1.72 1.75 1.73 -13.5 2.4

03 2.03 2.08 2.08 2.01 2.17 2.17 2.09 4.6 3.2

Total 1.90 -4.9 8.4

Run # Nominal concentration 6.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 6.00 6.27 6.15 6.48 6.59 6.98 6.41 6.9 5.5

02 5.72 5.76 5.73 6.08 5.75 6.18 5.87 -2.2 3.5

03 5.71 5.25 5.77 5.85 5.93 6.64 5.86 -2.3 7.7

Total 6.05 0.8 7.0

Run # Nominal concentration 75.0 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 73.8 75.2 74.0 75.4 74.3 73.8 74.4 -0.8 1.0

02 65.6 66.9 65.5 72.0 68.2 68.3 67.7 -9.7 3.6

03 68.0 67.2 65.6 64.2 68.2 66.2 66.6 -11.2 2.3

Total 69.6 -7.2 5.6

Run # Nominal concentration 750 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 704 723 724 738 762 810 743 -0.9 5.1

02 698 737 734 683 731 774 726 -3.2 4.4

03 692 690 682 692 709 796 710 -5.3 6.0

Total 727 -3.1 5.3
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Table S-11: Individual results from the matrix variability experiments of the FTLSVDR signature 
peptide LC-MS/MS validation.

Plasma lot #
Nominal concentration 2.00 (µg/mL)

Measured concentration (µg/mL)

01 1.86

02 1.91

03 1.91

04 1.88

05 1.88

06 1.83

2% Hemolytic 1.91

Lipemic 1.97

Average (µg/mL) 1.89

Bias (%) -5.1

CV (%) 2.2

Table S-12: Results (n=3) from the stability experiments of the FTLSVDR signature peptide LC-MS/
MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 6.00 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 6.00 0.1 1.6

Frozen plasma sample: 301 days at -70°C 5.52 -8.0 4.1

Bench top: 24 hours 6.02 0.4 3.7

Nominal concentration 750 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 761 1.4 2.0

Frozen plasma sample: 301 days at -70°C 698 -7.0 10.1

Bench top: 24 hours 673 -10.3 4.4
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Table S-14: Individual accuracy and precision results from the LC-MS/MS validation of the 
GLEWVADVNPNSGGSIYNQR signature peptide.

Run # Nominal concentration 6.00 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 5.84 6.14 6.08 5.97 6.00 6.24 6.05 0.8 2.3

02 6.88 6.40 5.97 5.89 6.77 6.65 6.43 7.1 6.5

03 5.65 6.43 6.31 6.53 6.16 5.89 6.16 2.7 5.5

Total 6.21 3.5 5.5

Run # Nominal concentration 75.0 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 71.1 66.2 69.4 69.4 75.5 67.1 69.8 -6.9 4.7

02 66.9 66.0 63.5 64.2 63.0 72.1 65.9 -12.1 5.1

03 76.1 68.9 70.8 64.1 62.6 74.8 69.6 -7.2 7.9

Total 68.4 -8.7 6.3

Run # Nominal concentration 750 (µg/mL) Average Bias CV

Measured concentration (µg/mL) (µg/mL) (%) (%)

01 722 756 728 740 711 772 738 -1.6 3.1

02 786 739 670 753 661 893 750 0.0 11.4

03 638 745 672 718 769 798 723 -3.6 8.3

Total 737 -1.7 8.0
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Table S-15: Results (n=3) from the stability experiments of the GLEWVADVNPNSGGSIYNQR signature 
peptide LC‑MS/MS validation, analyzed against a freshly prepared calibration curve.

Nominal concentration 6.00 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 5.96 -0.7 10.2

Frozen plasma sample: 301 days at -20°C 6.62 10.4 8.2

Bench top: 24 hours 6.80 13.3 4.3

Nominal concentration 750 (µg/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 5 cycles 759 1.2 2.8

Frozen plasma sample: 301 days at -20°C 736 3.7 7.1

Bench top: 24 hours 778 -1.9 11.8
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Description of the validation experiments for the receptor binding assay for 

determination of trastuzumab

Acceptance criteria. As per international guidelines, all Bias and CV acceptance criteria 

were set at 20% (25% at the LLOQ and ULOQ).

Linearity. Each validation run contained a calibration curve prepared in human plasma 

with the following levels: 60.1, 102, 172, 290, 490, 829, 1400 and 2370 ng/mL. The optical 

density (OD) was used in calculations. 4 parameter logistic fit (4PL) was applied.

Accuracy and precision. The accuracy and precision of the method were determined by 

triplicate analysis in four separate runs analyzed on four different days. The validation 

samples were prepared in plasma at five concentration levels: 60.1, 150, 600, 2000 and 2370 

ng/mL. Statistical analysis was performed using analysis of variance (ANOVA).

Integrity of dilution. The integrity of dilution was assessed on two levels, by six-fold 

analysis. Samples were prepared at concentrations of 50.0 and 600 µg/mL and separately 

diluted 300 times with blank plasma.

Dilution linearity / Hook effect. Dilution linearity was assessed by multiple dilutions 

of a sample containing 600 µg-mL trastuzumab. Dilutions assessed were: 500-, 1250-, 

3125- and 7812.5-fold.

Matrix variability/selectivity. The influence of the matrix was assessed by preparing 

samples in 10 independent human plasma lots at a concentration of 100 and 2000 ng/

mL. Additionally, from all 10 plasma lots, blank samples were analyzed and checked for 

interferences. The samples were analyzed in one run.

Freeze-thaw stability. Human plasma samples at 150, 2000 ng/mL and 50.0 µg/mL were 

stored at ‑20°C and subjected to three freeze-thaw cycles, in which thawing was performed 

on the bench-top for a minimum of two hours, followed by frozen storage for at least 12 

hours. The samples were analyzed against a freshly spiked and prepared calibration curve.
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Frozen stability. Human plasma samples at 150, 2000 ng/mL and 50.0 µg/mL were stored 

at RT (20 ±2 °C) for 24 hours. The samples were analyzed against a freshly spiked and 

prepared calibration curve.

Description of the validation experiments for the receptor binding assay for 

determination of pertuzumab (cross validation)

Run#: 07

Acceptance criteria. As per international guidelines, all Bias and CV acceptance criteria 

were set at 20% (25% at the LLOQ and ULOQ).

Linearity. Each validation run contained a calibration curve of trastuzumab prepared in 

human plasma with the following levels: 60.1, 102, 172, 290, 490, 829, 1400 and 2370 ng/

mL. The optical density (OD) was used in calculations. 4 parameter logistic fit (4PL) was 

applied.

Accuracy and precision. The accuracy and precision of the method towards pertuzumab 

were determined by triplicate analysis in one run. Validation samples were prepared in 

plasma at five concentration levels: 60.1, 150, 600, 2000 and 2370 ng/mL. Statistical 

analysis was performed using analysis of variance (ANOVA).
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Table S-17: Individual accuracy and precision results from the receptor binding assay validation.

Run # Nominal concentration 60.1 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 59.8 63.2 60.7 61.2 1.9 2.8
02 59.3 59.3 57.7 58.8 -2.2 1.6
03 53.0 54.7 53.0 53.6 -10.9 1.8
04 55.0 56.7 56.7 56.1 -6.6 1.7

Total 57.4 -4.5 6.0

Run # Nominal concentration 150 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 130 126 133 130 -13.6 2.9
02 129 133 133 132 -12.3 1.5
03 170 171 166 169 12.7 1.5
04 127 127 128 127 -15.2 0.8

Total 139 -7.1 14.4

Run # Nominal concentration 600 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 596 597 603 599 -0.2 0.7
02 602 596 599 599 -0.1 0.5
03 640 636 630 635 5.9 0.8
04 580 587 587 584 -2.6 0.7

Total 604 0.7 3.6

Run # Nominal concentration 2000 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 1760 1760 1750 1760 -12.2 0.3
02 1780 1740 1750 1760 -12.2 1.3
03 1820 1820 1820 1820 -9.0 0.2
04 1750 1750 1750 1750 -12.6 0.1

Total 1770 -11.5 2.0

Run # Nominal concentration 2370 (ng/mL) Average Bias CV
Measured concentration (ng/mL) (ng/mL) (%) (%)

01 2310 2310 2310 2310 -2.6 0.1
02 2300 2290 2300 2300 -3.1 0.1
03 2360 2360 2360 2360 -0.4 0.1
04 2360 2360 2360 2360 -0.4 0.1

Total 2330 -1.6 1.4
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Table S-18: Individual results from the matrix variability experiments of the receptor binding assay 
validation.

Plasma lot # Nominal concentration Endogenous

Measured concentration (ng/mL)

01 <LLOQ

02 <LLOQ

03 <LLOQ

04 <LLOQ

05 <LLOQ

06 <LLOQ

07 <LLOQ

08 <LLOQ

09 <LLOQ

10 <LLOQ

Average (ng/mL) -

Bias (%) -

CV (%) -

Plasma lot # Nominal concentration 100 (ng/mL)

Measured concentration (ng/mL)

01 103

02 106

03 105

04 103

05 94.5

06 111

07 87.0

08 99.3

09 106

10 96.3

Average (ng/mL) 101

Bias (%) 1.0

CV (%) 6.9
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Plasma lot # Nominal concentration 2000 (ng/mL)

Measured concentration (ng/mL)

01 1940

02 1950

03 1940

04 1970

05 1940

06 2050

07 1930

08 1920

09 1960

10 1960

Average (ng/mL) 1960

Bias (%) -2.0

CV (%) 1.9

Table S-19: Individual results from the integrity of dilution experiments of the receptor binding 
assay validation.

Dilution factor 300
Run # Nominal concentration 50000 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)
01 46000 43500 48000 47500 46000 43000 45700 -8.7 4.5

Total 45700 -8.7 4.5

Dilution factor 300
Run # Nominal concentration 600000 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)
01 553000 554000 549000 549000 549000 552000 551000 -8.2 0.4

Total 551000 -8.2 0.4
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Table S-20: Individual results from the dilution linearity experiments of the receptor binding assay 
validation.

Dilution 
factor

Diluted 
concentration

Measured 
concentration

Bias Undiluted 
Concentration

(ng/mL) (ng/mL) (%) (ng/mL)

500 1200 1330 10.4 663000

1250 480 423 -11.8 529000

3125 192 168 -12.3 526000

7812.5 76.8 65.0 -15.4 508000

Average 670000

Total CV (%) 12.8

Table S-21: Results (n=3) from the stability experiments of the receptor binding assay validation, 
analyzed against a freshly prepared calibration curve.

Nominal concentration 150 (ng/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 3 cycles 142 -5.0 0.7

Bench Top: 24 hours at RT 143 -4.9 1.2

Nominal concentration 2000 (ng/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 3 cycles 1920 -3.8 0.1

Bench Top: 24 hours at RT 1920 -3.9 0.0

Nominal concentration 50000 (ng/mL)
Stability item Average concentration (µg/mL) Bias (%) CV (%)

Freeze-thaw: 3 cycles 53600 7.3 0.9

Bench Top: 24 hours at RT 54500 9.0 0.0
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Table S-22: Individual accuracy and precision results from the receptor binding assay validation 
for pertuzumab.

Run # Nominal concentration 60.1 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)

07 64.8 66.5 64.8 65.4 8.8 1.5

Run # Nominal concentration 150 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)

07 146 145 146 145 -3.1 0.4

Run # Nominal concentration 600 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)

07 563 647 650 620 3.3 8.0

Run # Nominal concentration 2000 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)

07 1830 1830 1830 1830 -8.5 0.1

Run # Nominal concentration 2370 (ng/mL) Average Bias CV

Measured concentration (ng/mL) (ng/mL) (%) (%)

07 2280 2280 2280 2280 -3.7 0.1
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5.1	 INTRODUCTION

Liquid chromatography coupled online to mass spectrometry (LC-MS) is arguably the 

most widely used bioanalytical technique due to its sensitivity and selectivity. It is a very 

versatile analytical approach that can be tuned to address a wide range of molecules with 

applications from environmental analysis to drug analysis and doping control. LC-MS 

is increasingly used for the analysis of proteins, typically after a proteolytic digestion 

step which converts the macromolecular analytes into lower-molecularweight peptides, 

which can be readily quantified. LC-MS analysis of intact proteins, however, is still in its 

infancy, being mainly restricted to the detailed characterization of biopharmaceuticals in 

dose formulations [1–10]. The analysis of intact proteins in complex biological samples, 

referred to here as protein bioanalysis, has remained the realm of ligand binding assays 

(LBAs) and notably of enzyme-linked immunosorbent assays (ELISAs) due to their exquisite 

sensitivity and specificity. A disadvantage of ELISAs is that specificity can often not be 

assessed due to a lack of alternative analytical techniques and the fact that the binding 

site is not known (or not provided by the manufacturer). Despite considerable advances 

in mass spectrometry and liquid chromatography, protein bioanalysis by LC-MS remains 

challenging due to the fact that a given (set of) protein(s) needs to be detected in a sensitive 

and selective manner in a matrix of (hundreds of) thousands of other proteins. The task 

is further complicated by the fact that proteins are not very amenable to LC separation 

and that they generate complex mass spectra upon electrospray ionization (ESI), the most 

widely used ionization method for protein analysis by LC-MS, due to multiple charge states 

(so-called charge-state envelopes). Quantitative protein bioanalysis, notably in the area of 

biopharmaceuticals, would, however, benefit from analysis at the intact protein rather than 

at the peptide level, since protein species (also known as proteoforms) [11–18] should be 

separated from each other to facilitate the assignment of modifications to a given species. 

Despite these incentives, it is fair to say that protein bioanalysis is currently dominated by 

the bottom-up approach using so-called signature or proteotypic peptides as surrogates 

for the proteins of interest, since LC-MS analysis at the protein level is often not sensitive 

and specific enough.

This review discusses the challenges of quantitative protein bioanalysis by LC-MS 

at the protein level. We will notably address the possibilities and current limitations of 

protein sample preparation, separation by LC, the challenge of interpreting protein ESI-MS 

spectra and the options for protein quantification based on extracted ion chromatograms 
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or deconvoluted spectra. The possibilities of high-resolution mass spectrometry (HRMS) 

with respect to improving the signal-to-noise (S/N) ratio and the challenges of analyzing 

complex mass spectra will be highlighted based on examples.

5.2	 SAMPLE PREPARATION: A CRITICAL STEP IN PROTEIN 
BIOANALYSIS

The bioanalysis, and notably the quantif ication, of therapeutic proteins 

(biopharmaceuticals) and macromolecular biomarkers in complex biological samples 

like serum or plasma requires dedicated sample preparation. Because of the often low 

concentrations of the protein analyte and the presence of many endogenous proteins that 

easily interfere in the LC-MS analysis, it is essential that the sample should be cleaned up 

and the protein(s) of interest enriched [19].

Enrichment strategies for intact proteins are typically based on selectively capturing 

the protein of interest with an affinity ligand such as an antibody, receptor or another 

affinity binder. More generic enrichment techniques, such as solid-phase extraction (SPE) 

using electrostatic or hydrophobic interactions, immobilized metal affinity columns 

(IMAC) or fractionated protein precipitation can also be applied but they require careful 

optimization based on the physical-chemical properties of the target protein to obtain 

sufficient selectivity [20].

Sample preparation for intact protein analysis by LC-MS, and specifically affinity-based 

enrichment, depends on the specificity of the affinity ligand. Monoclonal-, polyclonal- or 

engineered recombinant antibodies as well as biological receptors are widely used as 

capturing agents. For each type of ligand, it is important to know against which part of 

the protein analyte it is directed and which proteoform of the protein is captured, to allow 

proper interpretation of the results. For example, when using the biological receptor to 

capture a protein, it must be considered that only protein species that retain affinity 

for the receptor will be enriched, indicating that they still have at least some biological 

activity. Any proteoform of the protein that has undergone enzymatic (e.g. by proteolysis) 

or chemical modifications (e.g. by oxidation or deamidation) at the site of binding and, as 

a consequence, has lost its ability to bind to the receptor, will not be captured and thus 

escape analysis.

There is a growing number of affinity binders that are based on other protein scaffolds. 

Examples are DARPins, aptamers and affimers. DARPins (Designed Ankyrin Repeat 
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Proteins) are genetically engineered proteins typically exhibiting highly specific and high-

affinity target protein binding [21]. They are derived from natural ankyrin proteins, one of 

the most common classes of binding proteins in nature. Affimers are affinity binders based 

on a structurally robust protease inhibitor scaffold (e.g. Cystatin A) [22,23]. Both types of 

binders are selected by phage display against the target protein and produced in an E. coli 

protein expression system. DARPins and affimers have a defined amino acid sequence with 

defined binding regions that are amenable to protein engineering (e.g. the insertion of a 

unique cysteine residue for immobilization in affimers). Multiple affimers may be used in 

a single assay to capture several proteins and to analyze them by LC-MS [24].

If a broad recognition of the different forms of a protein analyte is desired, it is 

sometimes advantageous to use polyclonal antibodies that recognize multiple epitopes. 

However, this may come at the price of more unspecific binding. As often is the case with 

complex analytical problems, there is no ‘one size fits all’ solution and complementary 

strategies may have to be used to get a comprehensive view of the species that are related 

to a given protein. An important parameter to be optimized during method development 

is the ratio of the carrier (e.g. the magnetic bead volume) to the amount of capturing 

affinity binder, which must be related to the estimated maximum protein concentration, 

to determine at which point all binding sites are saturated. Such ‘titration experiments’ 

prevent inaccurately low results at high analyte concentrations due to antibody saturation 

and competition between protein species for binding. In general, for all types of sample 

preparation approaches, it is critical to assess and ideally avoid non-specific binding of 

proteins to carrier materials to arrive at reproducible results with good recovery.

Affinity ligands can be coupled to polymer resins, magnetic beads, immobilized on 

96-well enzyme-linked immunosorbent assay (ELISA) microtiter plates or on monolithic 

micro-columns. The coupling chemistry depends on the reactive groups on the carrier and 

the functional groups on the affinity ligands. It is beyond the scope of this review to cover 

this field completely, but a few examples will be described to delineate the principle. An 

antibody can, for example, be biotinylated using an N-hydroxysuccinimide biotin derivative 

that reacts with primary amino groups on lysine residues and the N-termini of the heavy 

and light chains. The biotinylated antibody can then be coupled to a streptavidin-labelled 

carrier, because of the strong interaction between biotin and streptavidin. When using 

an ELISA plate, there is a choice between unmodified and a variety of surface-activated 

microtiter plates. As in the case of setting up a regular sandwich ELISA assay, it is necessary 

to evaluate different types of ELISA plates for the best recovery and selectivity. There 
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are many examples where affinity-based sample preparation is used for protein analysis, 

although enrichment is typically followed by trypsin digestion and LC-MS analysis at the 

peptide level [25] . Kellie et al. described immunocapture to enrich a monoclonal antibody 

(mAb) from human plasma followed by digestion with IdeS (see later in this section for 

details about this approach) and reduction of the disulfide bonds [26]. LC-MS analysis on a 

C4 reversed-phase column at 65°C allowed separation of the Fc/2, LC and Fd subunits. The 

LC subunit of the captured antibody was used as internal standard to correct for losses. 

The method was quantitative across the range of 0.5 – 10 µg/mL based on Extracted Ion 

Chromatograms (EICs) of the 20+ charge state. Other examples of intact protein bioanalysis 

are scarce, but many of the ‘peptide-based’ methods might serve as the basis for intact 

protein analysis by analyzing the proteins that are eluted from the capturing agents 

directly by LC-MS without prior digestion. Immunoaffinity-MS analysis of intact proteins 

has also been shown successfully in conjunction with matrix-assisted laser desorption 

ionization (MALDI) albeit for relatively small proteins [27–29].

Since protein A and protein G show affinity towards the constant part of human IgG, 

carriers can be coated with one or a combination of both proteins in order to immobilize 

capturing antibodies or to extract therapeutic mAbs. There are positive and negative 

aspects of this kind of sample preparation. Advantageous is that such methods can be 

applied to different types of proteins containing IgG-like Fc parts. They are robust, can be 

used to capture multiple therapeutic antibodies (or their protein species) in one analysis 

and are easy to transfer to 96-well plate formats. A negative aspect of using protein A 

and/or G is that they bind all human IgG molecules, of which there are many in blood 

serum or plasma, at a total concentration of 15 mg/mL, so that analysis at the protein 

level is generally not possible. In recent years, affinity enrichment has been shifting 

from manual sample preparation to automated platforms based on well-plate-, magnetic 

bead-, cartridge- or tip-based immunocapture platforms. Automation leads to improved 

precision, shorter sample preparation times and more robust methods, because samples 

can be processed (captured, washed and eluted) according to the same protocol and often 

simultaneously.

The affinity enrichment method described by Berna et al. [30] incorporates a sample 

preparation step using immunoprecipitation (IP) for quantitative protein analysis by 

LC-MS. IP was set up in a 96-well plate format using protein A/G to immobilize the capture 

antibody. The authors refer to this technique as immunoprecipitation in ELISA format or 

IPE. Proteins were eluted from the antibodies with 5% aqueous acetic acid, which is MS 

5

C
h

ap
te

r 
V



158

| CHAPTER V

compatible, so this method could also be used for intact protein analysis. This approach, 

with some modifications, was applied by Klont et al. [31], to enrich the soluble Receptor 

of Advanced Glycation End-products (sRAGE), a biomarker that is under investigation in 

Chronic Obstructive Pulmonary Disease (COPD), from serum and to quantify it by LC-MS 

at the sub-ng/mL level after digestion.

Reversed-phase SPE is commonly used for the enrichment of proteins between 10 and 

35 kDa. With relatively small pore sizes of 80 – 130 Å�  (8 – 13 nm), the separation is not only 

based on hydrophobic interactions of the proteins with the stationary phase, but also on 

size-exclusion effects, which helps remove larger, highly abundant proteins like albumin or 

IgGs from serum or plasma, as they cannot penetrate into the pores. An example of reversed 

phase SPE for protein enrichment is the quantification of human growth hormone (approx. 

22 kDa) in serum by Pritchard et al. [32]. These authors used a two-step reversed phase 

SPE process at high and low pH for enrichment at the intact protein level prior to tryptic 

digestion directly on the C18-based SPE material. Monolithic SPE phases may be beneficial 

for protein extraction for several reasons. Monolithic column materials consist of a single 

piece of a highly porous structure that is silica- or polymer-based [33,34]. Due to the high 

porosity of the material and the large accessible surface area, binding of high-molecular-

weight proteins is improved. Yang et al. [35] used monolithic C18 SPE for quantification of 

PEGylated interferon alpha-2a (approx. 40 kDa) at the low ng/mL level in serum. These 

levels were achieved with LC-MS analysis at the peptide level, while the monolithic SPE 

step was performed at the protein level.

The use of IMAC-SPE during sample preparation is rather uncommon for protein 

enrichment, whereas it is widely used for the enrichment of phosphorylated peptides. Some 

proteins have a particularly high affinity for metal ions, notably for doubly or triply charged 

transition metal cations. Surface-exposed histidine residues are known to exhibit affinity 

for immobilized Ni2+, a feature that was used by Wilffert et al. [20] for the enrichment 

of recombinant human TNF-related apoptosis-inducing ligand (rhTRAIL) from serum. In 

analogy to the enrichment of phosphorylated peptides, IMAC is also used for the enrichment 

of proteins containing phosphorylated threonine, serine or tyrosine residues, which have 

a strong affinity for trivalent metal ions like Fe3+, Ga3+ and Al3+.

When it comes to mAbs, the most widely used class of biopharmaceuticals, there is 

a specific approach for bioanalysis at the protein domain level after digestion with IdeS 

(immunoglobulin-degrading enzyme from Streptococcus Pyogenes) [19-21]. IdeS is a 

cysteine protease that cleaves at the hinge region of all IgG subclasses. The enzyme is highly 
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specific and no other substrate besides IgG is known [36,37]. Digestion of IgG with IdeS 

generates a homogenous pool of F(ab’)2 and Fc/2 fragments and there is no ‘over-digestion’ 

or further degradation of the fragments as is often the case with other proteolytic enzymes.

Figure 1: Schematic representation of the digestion of an antibody (IgG) with IdeS followed by reduction 
of disulfide bonds resulting in Fd’, LC (light chain) and Fc/2 fragments of approximately 25 kDa each.

Since the hinge region of IgG molecules is flexible and solvent-exposed, digestion is fast. 

Digestion of IgG using IdeS produces two identical mAb subunits that correspond to the 

constant region of the heavy chain and are called Fc/2, plus a larger domain that is referred 

to as F(ab’)2. This consists of the two light chains (LC) and the variable parts of the heavy 

chains that are interconnected via a number of disulfide bonds. Treatment with a reducing 

agent cleaves the disulfide bonds and converts F(ab’)2 into two light chains and two 

separate variable parts of the heavy chain, Fd (Figure 1). All subunits are approximately 

25 kDa and thus more amenable to LC-MS analysis than the entire antibody, while still 

providing most of the molecular context for structural modifications.

The use of IdeS in the analysis and characterization of IgGs and fusion proteins at 

the protein domain level using liquid chromatography or capillary electrophoresis in 

combination with high-resolution mass spectrometry has been described in several reports, 

albeit primarily for pharmaceutical product control in samples of limited complexity [38–

41] . An et al. [42] developed a method for the identification and routine monitoring of 

domain-specific modifications. Suitability of the methodology was demonstrated for a 

number of IgG subclasses (IgG1, IgG2 and IgG4), as well as for an Fc fusion protein. IdeS 

digestion was followed by reduction of disulfide bonds and subsequent analysis by LC-MS, 

capillary isoelectric focusing and glycan mapping to enable domain-specific profiling of 

oxidations, charge heterogeneity, and glycoform distribution. Leblanc et al. [43] used IdeS 

to study long-term storage stability of a proprietary mAb at 5°C. An aged mAb, stored 
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for nine years at 5°C and presenting a complex charge variant profile, was investigated 

by cation-exchange (CEX)-LC and high-resolution MS. Mobile phases consisted of 50 mM 

ammonium formate buffered with formic acid at pH 3.9 (Buffer A) and 500 mM ammonium 

acetate, pH 7.4 (Buffer B), resulting in both a pH and a salt gradient. Peptide mapping was 

subsequently used to localize modified sites and provide quantitative information. Results 

showed a remarkable consistency of the data. IdeS digestion has also been implemented 

for the comparison of originator mAbs and biosimilars. Pisupati et al. [44] demonstrated 

the utility of a ‘multiple-attribute monitoring’ workflow using Remicade (Infliximab) and 

its biosimilar Remsima as models. IdeS digestion was used to determine the intact masses 

of the resulting fragments in their fully glycosylated state, after deglycosylation and/or 

disulfide bond reduction. They concluded that the workflow effectively proved that the 

two antibodies were similar, yet not identical. Reported differences, related to the levels of 

charge variants attributed to C-terminal truncation and dimer formation, were ultimately 

deemed non-consequential. Wagner-Rousset et al. [45] described the development of a 

rapid analytical platform to assess charge variants of mAbs (acidic and basic species). The 

workflow was based on comparative analysis by CEX of intact IgGs versus F(ab)’2 and Fc 

domains generated by IdeS digestion. The analytical procedure was validated according to 

FDA and EMA guidelines in analogy to already approved mAb-based biopharmaceuticals. 

Functional assays and peptide mapping were performed to localize the modifications and 

assess their effect on biological activity. This approach can be used during the early stages 

of research and development of novel biopharmaceuticals to screen for and select optimized 

candidates by discriminating between critical and less critical charge variants, according 

to the CEX charge variant profiles of IdeS digested mAbs. This is an important feature since 

the identification of ‘hot spots’ is an important part in further (pre)-clinical development.

5.3	 PROTEIN SEPARATION BY LIQUID CHROMATOGRAPHY

Liquid chromatography (LC) is one of the most powerful separation techniques and in 

combination with mass spectrometry is widely used in the field of bioanalysis. Due to 

their large size, intricate higher order structure and heterogeneity, chromatographic 

separation of proteins is extremely challenging. While sample preparation is a crucial and 

indispensable step to achieve sensitivity and selectivity in protein bioanalysis, it would not 

be possible to address protein heterogeneity to any appreciable extent without efficient LC 

separation prior to mass spectrometry. In the following, we will highlight some aspects of 
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column technology as well as operational variables of chromatographic protein separations 

related to intact protein bioanalysis. Many aspects were developed for the characterization 

of therapeutic proteins and have only been partially translated to their analysis in complex 

samples. This is one of the main challenges lying ahead for protein bioanalysis.

Pioneering work of the groups of Regnier, Hearn and others in the 1980s established 

that efficient protein separation requires chromatographic materials with large enough 

pores to allow access to the inner pore volume [46–53]. Insufficiently large pores lead to 

peak broadening due to slow mass transfer and may result in column fouling since not all 

proteins are eluted. A better theoretical understanding of protein separations by high-

performance (HPLC) and later ultra-high-performance LC (UHPLC) led to the development 

of novel concepts, such as silica or polymer monoliths, with large, µm-sized flow-through 

pores and mesopores on the order of hundreds of nm allowing for efficient and rapid protein 

separation [54–59]. More recent developments in separation science based on the design 

and engineering of micropillar-containing columns instead of packed bed or monolithic 

materials hold promise that separation media for intact proteins can be designed based 

on fundamental chromatographic theory and nanoscale engineering [60–64]. While 

advances in protein separation by LC have been relatively slow over the last decades, 

we may be entering a new phase with breakthroughs ahead. As the following examples 

will show, such breakthroughs are sorely needed in order to advance LC separation of 

proteins to a level that is commensurate with the complexity of individual proteins such 

as biopharmaceuticals or biomarkers let alone with the complexity of entire proteomes. LC 

separation of intact proteins currently lags behind in separation power of two-dimensional 

gel electrophoresis, an approach that was developed in the 1970s, but which is cumbersome 

and not suitable for robust, quantitative protein bioanalysis.

Reversed-phase LC (RPLC) is one of the major analytical techniques used in the 

bioanalysis of proteins. RPLC as such is not ideal for protein analysis since the harsh 

mobile phase conditions and the elevated hydrophobicity of the stationary phase result in 

denaturation and may even induce protein precipitation or irreversible protein adsorption 

leading to poor recoveries and the loss of certain protein species. However, the wide 

range of stationary phases and notably the ease with which RPLC can be coupled to mass 

spectrometry counterbalance these disadvantages. Damen et al. [65] developed one of 

the first bioanalytical methods for the quantitative determination of intact trastuzumab, 

a monoclonal antibody for the treatment of metastatic breast cancer, by immunoaffinity 

enrichment followed by HPLC with fluorescence detection mainly based on Trp residues in 
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the protein. Gradient elution was applied at a flow rate of 0.5 mL/min through a 150×2.1mm 

ID column packed with a C8 material with a particle size of 5µm and an average pore size 

of 300Å�  (30nm). The column temperature was 75°C and mobile phase A consisted of 

0.1% trifluoroacetic acid (TFA) in water while mobile phase B consisted of 0.1% TFA in 

a mixture of isopropanol-acetonitrile-water (70:20:10)). Coupling the LC separation to 

mass spectrometry resulted in insufficient sensitivity, indicating that efficient ionization 

of intact proteins is challenging. The authors suggested two reasons explaining the loss of 

sensitivity. Firstly, the high viscosity of the mobile phase as a result of isopropanol presence 

negatively affected spray performance. Secondly, the presence of TFA as ion pairing agent in 

the mobile phase led to ionization suppression. Thus, the authors decided to discontinue the 

use of mass spectrometry and switched to fluorescence detection. To prove the selectivity of 

the LC separation, trastuzumab was mixed with other therapeutic mAbs like adalimumab, 

bevacizumab, and rituximab. All components of the mixture were separated well. A number 

of limitations of this approach are obvious. First, fluorescence detection does not allow 

to gather chemical information from the analytes, such as molecular mass, or elucidate 

potential sources of heterogeneity. Second, while more sensitive than mass spectrometry, 

in this particular case, intrinsic Trp fluorescence is not very strong resulting in a limit of 

detection on the order of 5 µg/mL. While this is sufficient for highly dosed monoclonal 

antibodies like trastuzumab, it is insufficient for many other biopharmaceuticals and for 

most biomarkers. This is also due to the fact that almost every protein contains Trp, which 

results in a considerable background signal (Figure 2). Mass spectrometry and notably 

high-resolution mass spectrometry allows more specific detection of proteins based on 

EICs with narrow mass extraction windows (MEWs) (see later in this article). However, 

the efficient ionization of proteins in their intact form remains a considerable challenge.
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Figure 2: Chromatograms of blank serum (A) and trastuzumab-spiked serum at the LLOQ (5 μg/mL) 
(B) after immunoaffinity enrichment using anti-trastuzumab idiotype antibodies. The retention time of 
trastuzumab is around 16.8 min (reproduced from Damen et al. 2009 with permission, copyright Elsevier).

Another interesting feature of protein RPLC is that elevated temperatures lead to much 

improved separations. While this is a general phenomenon in LC, since the viscosity of the 

mobile phase decreases with increasing temperature, it is particularly striking for proteins. 

In their study of intact protein bioanalysis by high-resolution full scan mass spectrometry, 

Ruan et al. [66] used human lysozyme as a model protein to evaluate the effect of different 

column temperatures. While chromatography at room temperature resulted in a broad 

peak with poor peak shape, increasing the column temperature to 70°C gave a narrow, 

symmetrical peak. The fact that different interchanging protein conformations may 

result in broad, asymmetric chromatographic peaks was already studied by Cohen et al. 

[67] in the 1980s, who reported that raising the column temperature is important for 

reducing the number of protein conformers (most likely by denaturing the protein into 

its unfolded state) and hence reducing peak broadening. Elevated column temperature is 

thus considered essential for efficient protein separation and notably for the separation 

and recovery of hydrophobic proteins and peptides. It can be concluded that sharp peaks 

at high temperatures are due not only to an increase in column efficiency but also due to 

reducing the number of conformational states of a given protein.
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An acidic ion-pairing agent is typically added to the mobile phase of RPLC separations 

of peptides and proteins to improve chromatographic performance. TFA, at a concentration 

of 0.05-0.1% is widely used for this purpose since its introduction by Bennett et al. in 

1977 [68] and further studies by Pearson et al. [69] TFA reduces peak broadening and 

tailing since it binds to and neutralizes positively-charged amino acids thereby reducing 

interactions with silanol groups on the stationary phase. TFA and its less widely used 

longer chain analogue heptafluorobutyric acid (HFBA), further improve solubility and 

strengthen the interaction with the hydrophobic stationary phase. While less effective in 

improving chromatographic separation efficiency, formic acid (FA) has gained in popularity 

for LC-MS separations of proteins and peptides, since TFA suppresses ion formation in the 

electrospray source. Jian et al. [70] established a workflow for the absolute quantitation of 

large therapeutic proteins in biological samples at the intact level by LC-HRMS. The authors 

used FA as a mobile phase additive rather than TFA, despite the fact that FA gave broader 

peaks, in favour of maximizing signal intensity. Somsen et al. [71] showed recently that 

the ionization suppression effect of TFA may be counterbalanced by adding a dopant gas to 

the electrospray interface. While this option is not available in all mass spectrometers, it 

is of interest to note that LC separation efficiency, which is better with TFA as ion pairing 

agent, may not have to be compromised in favour of a strong ESI-MS signal.

In the recent past, wide pore (>300 Å� ) core-shell particles have been developed for the 

separation of proteins [72,73]. Core-shell particles, also called superficially porous 

particles, have a porous shell on top of a non-porous core resulting in a material with an 

efficiency that is comparable to particles of smaller diameter due to the shorter diffusion 

path length, resulting in fast mass transfer while producing less backpressure than UHPLC-

type particles (1.7-1.8 µm diameter). Todoroki et al. [74] used a wide-pore core-shell RPLC 

column at 70°C for the separation of purified mAbs as sharp peaks within 20 min. This 

approach was developed into a bioanalytical method for the quantification of bevacizumab 

and infliximab in human plasma by a combination of immunoaffinity enrichment, high-

temperature RPLC and fluorescence detection.

Organic polymer-based monolithic columns emerged as an alternative to silica-based 

stationary phases for rapid and efficient biomolecule separation. A monolith is a 

cylindrically shaped polymer that contains a continuous and interconnected network of 

pores (channels). The first monolithic stationary phases were based on polymethacrylate 
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or polystyrene-divinylbenzene in large inner diameter columns [75]. Nowadays, a wide 

variety of monomers is available for the preparation of polymer-based monoliths [75–77]. 

Polymer monoliths are stable at elevated column temperatures and across a broad pH 

range.

The porosity of polymers is a macromolecular characteristic that can be controlled by 

varying the composition of the polymerization mixture and the reaction conditions, such 

as polymerization temperature and time [77]. Most monolithic columns developed so far 

feature hydrophobic reversed-phase functionalities, because RPLC is generally regarded 

as the most effective separation mode. However, the wide variety of functional and cross-

linking monomers allows the creation of monoliths carrying the desired surface chemistry 

to achieve LC separations in different modes. An example is an ion-exchange column based 

on a polymer monolith [78].

 Monolithic materials are well-suited for the design of miniaturized columns [75]. The 

robustness of such columns can be increased via covalent linkage of the monolith to the 

inner capillary wall. Lanshoeft et al. used a 1 mm × 250 mm polymer-based monolithic 

column to develop an immunoaffinity enrichment, LC-HRMS workflow for quantification 

of a hIgG1 at the intact protein level in rat serum [79] . The column was based on an 

ethylvinylbenzene-divinylbenzene copolymer and the column temperature was raised to 

70oC for better separation and peak resolution.

Recently, Jin et al. reported a method for the quantitation of an intact antibody-drug 

conjugate (ADC), trastuzumab emtansine, in rat plasma [80]. Both trastuzumab and 

trastuzumab emtansine eluted at very similar (almost identical) retention times. The 

broader chromatographic peak for trastuzumab emtansine as compared to trastuzumab 

indicated some separation of species with different drug-to-antibody ratios (DARs). 

According to mass spectrometric analysis, the authors observed that lower DAR species 

eluted first and higher DAR species later when a shallow gradient was used. Since the 

attached drug (maytansinoid) is hydrophobic, the hydrophobicity of trastuzumab 

emtansine increases with the number of attached drug molecules resulting in the observed 

elution order. Determining the average DAR is a critical quality attribute (CQA) for ADCs 

and elucidating the distribution of species with different DARs is important to ensure 

consistent quality and notably efficacy of the conjugates. However, for LC-MS quantitation 

and DAR distribution studies, chromatographic separation of different DAR species was 

not sufficient, so the authors had to rely on the resolving power of HRMS and the spectral 

deconvolution software to distinguish different DAR species.
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Size exclusion chromatography (SEC), ion exchange chromatography (IXC), hydrophobic 

interaction chromatography (HIC) as well as hydrophilic interaction chromatography 

(HILIC) are all used in the quality control of therapeutic proteins during manufacturing. 

It would go beyond the scope of this review to discuss each of them in detail, so we will only 

present a few examples. The reader is referred to the cited literature for further details.

Size exclusion chromatography (SEC) is particularly suitable to address the question 

of protein aggregation during manufacturing and storage [81,82]. While there have been 

reports that SEC can be coupled to MS, this is not routine because, unless non-volatile buffer 

components are used, SEC is not compatible with online coupling to MS. It is, however, 

possible to collect fractions, desalt the proteins and analyze them by MS. Both anion- and 

cation-exchange chromatography (IEX) are widely used for the purification as well as 

for the analysis of proteins. IEX is particularly suitable for charge-variants, notably due 

to deamidation [83,84] and has been coupled online to MS for the characterization of 

therapeutic proteins [85]. Hydrophilic interaction chromatography (HILIC) operates on 

the basis of hydrophilic interactions between the analytes and the stationary phase, which 

is more hydrophilic than the mobile phase. An inverse gradient of organic solvent is used for 

elution, which makes HILIC highly complementary to RPLC. Recent work by Somsen et al. 

[71] showed that HILIC can be coupled online to MS and that different glycoforms of intact 

proteins can be efficiently separated in this way. Hydrophobic interaction chromatography 

(HIC) is primarily used as a preparative chromatographic method to purify proteins 

under native conditions [86]. However, HIC in conjunction with volatile buffer and salt 

components has recently also been coupled to MS [87]. Whether this will develop into a 

widely used, robust approach remains to be seen.

The field of high-resolution protein separation by chromatography has not advanced as 

much as that of high-resolution mass spectrometry, since its inception in the 1980s. This has 

greatly hampered our current understanding of protein heterogeneity and its implications 

for protein function. While the challenges are immense and possibly bigger than in the 

field of MS, it is good to see that the growing field of biopharmaceuticals has revived 

this area of research and that fundamentally new approaches, such as nanoengineered 

chromatographic columns, are being developed to advance the field [88].
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5.4	 PROTEIN MASS SPECTROMETRY

Mass spectrometers, especially the widely used triple quadrupole instruments, initially 

focused on the analysis of small molecules. More recent developments and advances in the 

field of HRMS have opened new possibilities in the field of protein analysis. Most commonly 

used HRMS-systems are based on quadrupole time-of-flight (QTOF) and Orbitrap mass 

analyzers combined with ‘soft ionization’ modes like electrospray ionization (ESI) and 

matrix-assisted laser desorption ionization (MALDI). While ionizing large macromolecules 

is a challenge in itself, it is further difficult to steer heavy ions through the mass analyzers 

and the ion optics to the detector resulting in low ion transmission when compared to small 

molecules and peptides. Advances in hardware and operating conditions (e.g. residual 

pressures in different sections of the instrument) have improved the capability of QTOF 

and Orbitrap MS systems to handle higher masses enabling the analysis of intact antibodies 

and even viruses. The coupling of ion mobility with mass spectrometry has allowed the 

separation of ions on the basis of charge and shape inside the mass spectrometer adding 

another dimension to HRMS systems.

ESI and MALDI can generate intact gas-phase molecular ions from hundreds to millions 

of Daltons. MALDI relies on ion generation upon irradiation of a light-absorbing matrix 

in which the proteins are embedded. While the mechanism for ion formation is still not 

fully understood, the process entails evaporation and activation of the matrix by a laser, 

generating a plume of hot gas containing ionized matrix ions, which in turn ionize the 

proteins. MALDI mass spectra of proteins predominantly show singly-charged ions and, to 

a lesser extent, doubly and triply charged ions. This low degree of charge distribution has 

the advantage of producing less complicated mass spectra compared to ESI, which makes 

interpretation easier. MALDI is, however, prone to ion suppression and cannot be easily 

coupled to LC. It is also difficult to combine MALDI of high-molecular weight molecules 

with commonly used mass analyzers like ion traps, triple quadrupoles or orbitraps, since 

ions of increasing mass carrying only a single charge are very difficult to trap efficiently 

in the quadrupole or orbitrap field regions.

ESI is based on an electrical potential that is applied to the ESI-needle in the source 

of the MS. This causes a build-up of positive or negative ions, depending on the ionization 

mode (positive or negative), at the tip of the needle [89–91] leading to the production 

of charged droplets carrying the proteins. While the droplets evaporate under elevated 

temperature, the ions inside the decreasing volume of the droplet cause electrostatic 

5

C
h

ap
te

r 
V



168

| CHAPTER V

repulsion leading to droplet fission, ultimately yielding gas-phase ions. ESI produces 

mass spectra with multiple charge states, varying from a few to tens of charges per ion, 

giving a so-called charge state envelope. The width of the envelope is influenced by the 

state (unfolded / partially folded or folded) of the protein in the liquid phase as well as 

by the energy the ions receive in the interface of the ESI source. Folded proteins are more 

compact and the interior amino acids are less prone to be charged than amino acids at the 

surface of the protein. Thus unfolded proteins tend to have broader charge state envelopes 

with a higher average number of charges [92]. A wide envelope has the disadvantage 

that the intensity of the signal is dispersed over many charge states, leading to a loss of 

sensitivity. In addition, each molecular ion in the envelope is divided into species with a 

different mass due to the occurrence of natural heavy isotopes such as 13C, the so-called 

isotopologues. The signal for large proteins with many isotopologues is thus spread out 

over even more ions, leading to a further loss in sensitivity. With increasing number of 

charges, the isotopologue peaks within one charge state will be spaced ever more closely 

ultimately merging into a single peak whose width is determined by the isotopologue 

cluster. The charge state envelope can be modified by adding chemicals [93], so-called 

superchargers, to the LC-flow (e.g. post-column) [94] or to the gas-phase of the ESI source 

[95]. While these chemicals were first used in the field of peptide analysis [96], they have 

also been applied for intact protein analysis [93–95,97,98]. Super-charging shifts the charge 

state envelope to higher charge values, thus lowering the m/z ratios. This improves ion 

transmission and brings the m/z values within the range of most commonly used mass 

analyzers (notably quadrupoles). Reducing the width of the charge state envelope may 

also increase sensitivity by collecting more ions per charge state resulting in an increase 

in peak intensity. Figure 3 shows the shift in the charge state envelope of recombinant 

human growth hormone (rhGH) upon addition of meta-nitrobenzylalcohol (m-NBA), a 

supercharging agent, to the mobile phase after the chromatographic separation. In the 

lower trace (magenta) of figure 3 it is noticeable that the sensitivity of rhGH is increased 

besides shifts in the charge state envelope. However, this is also the case for the background 

and signals arising from possible co-eluting adducts (Na+ and K+). There should thus be a 

thorough investigation of the effect of supercharging on the S/N ratio, especially near the 

lower limit of quantification.
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Figure 3: Shift of the charge state envelope for recombinant human growth hormone (rhGH) to higher 
z values upon addition of metanitrobenzylalcohol (NBA) to the mobile phase after the chromatographic 
separation. Upper trace (blue); no addition of NBA; Lower trace (magenta); with post-column addition 
of 0.16% (v/v) of NBA.

The field of super-charging is still in its infancy and it remains to be seen whether other 

additives or other means of doping the electrospray to increase the average charge state 

and to reduce the width of the charge state envelope will lead to more sensitive and possibly 

more selective detection of intact proteins upon LC-MS. An attractive option was recently 

shown by Somsen et al. [71], who doped the gas phase in the ion source rather than the 

mobile phase of the LC separation. While the main goal of these authors was to reduce the 

ionization suppressive effect of TFA, they also observed that adding 1% propanoic acid to 

the drying gas increased the charge state and reduced the number of TFA adducts. This 

approach merits further study, since it allows to affect the charge state envelope without 

interfering with the chromatographic separation.

Another way of reducing the width of the charge state envelope is to use so-called 

‘native mass spectrometry’, meaning mass spectrometry under conditions that do not 

denature proteins or that denature them only partially [99–101]. As the protein maintains 

(part of) its 3-dimensional structure, it acquires fewer charges through protonation or the 

association with other cations. This facilitates the resolution of proteoforms in the m/z 

domain in contrast to supercharging, which puts more demands on the resolution of the 

mass analyzer. However, native mass spectrometry places considerable constraints on the 

mobile phase conditions for the LC separation, the instrumental set-up and the conditions 

for effective ion transmission (e.g. potentials and residual pressures). LC-MS under ‘native’ 

conditions is thus currently not as sensitive as LC-MS under denaturing conditions. 
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Considering that efficient protein separation by LC requires elevated temperatures, 

complicates the application of native MS to the bioanalysis of proteins and notably protein 

species. Native mass spectrometry is thus mainly used for product characterization when 

a large amount of purified therapeutic protein is available for analysis [43,102–107]. Since 

most proteins (e.g. mAbs) acquire their specificity due to a well-defined 3-dimensional 

structure [108], it is conceivable that native LC-MS may also be used to distinguish 

biologically active forms of a protein from inactive forms (e.g. when combined with the 

results of activity assays). This makes native LC-MS a subject that is worth exploring 

further for the bioanalysis of protein species and more generally to investigate protein-

protein and protein-small molecule interactions.

Recently the use of ion mobility spectrometry (IMS) has entered the field of protein 

analysis [104,106,109–111]. IMS may be described as ‘gas-phase electrophoresis’ and 

introduces an extra separation dimension after the LC separation and ahead of the actual 

mass analyzer. Separation is based on the physical characteristics of proteins such as 

lipophilicity, shape and charge [112]. The mobility of ions along the IMS cell is based on 

the number of interactions with the neutral gas under the influence of a potential gradient, 

which slows the ions down. Within a single charge state, folded proteins drift faster than 

unfolded proteins because they experience fewer interactions with the buffer gas, and 

thus have a smaller collisional cross-section. Within a single charge state, folded proteins 

drift faster than unfolded proteins because they experience fewer interactions with the 

buffer gas, and thus have a smaller collisional cross-section. The most widely used types 

of IMS cells are drift tubes, the field asymmetric wave ion mobility cell [113] and the 

traveling wave IMS (T-Wave). In the first technique, the proteins move in the drift tube 

under the influence of a constant electrical field, while the second technique uses electric 

fields modulated by radio frequencies that are produced by coils. T-Wave IMS utilizes non-

uniform, moving electric fields / voltage pulses to push ions through a neutral buffer gas. 

Species with high mobility (lower collisional cross-section) surf more on the wave front 

and are overtaken by the wave less often than species of low mobility (higher collisional 

cross-section).At present, IMS is predominantly used for biopharmaceutical product 

characterization and to evaluate disulfide bond heterogeneity, conjugation heterogeneity 

(e.g. in ADCs), analysis of protein aggregation and global conformational changes [114–120]. 

It must be noted that gas phase conformations (evaluated by IMS) may be related, but are 

not identical to solution-phase conformations. A topic that requires further investigation 

and which is of utmost interest for the field of ‘native’ mass spectrometry. Another caveat 
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of IMS is currently that it decreases ion transmission and thus sensitivity considerably, 

which may be one reason why it is not commonly used.

5.5	 PROCESSING AND ANALYSIS OF INTACT PROTEIN 
LC-MS DATA

LC-MS analyses of intact proteins produce complex raw data consisting of retention times, 

peak heights or areas and m/z ratios. Since most proteins do not exist as single molecular 

entities, each protein species gives rise to a slightly different charge state envelope. The 

fact that many protein species are not chromatographically resolved results in overlapping 

charge state envelopes, each with their isotopologues distribution. To complicate matters 

further, proteins often form non-covalent adducts with cations such as Na+ or K+, which adds 

to the complexity of the resulting ESI-MS spectra. Together, this makes conversion of the 

information provided in the ESI-MS raw data into simple readouts, such as the amount or 

concentration of a given protein species or its molecular mass, rather difficult. Examples 

of the mass spectrometric output for proteins of increasing molecular mass are shown in 

Figure 4.

For a relatively small protein such as IGF-1 (molecular mass of 7.5 kDa, Figure 4A), the 

number of charge states is limited to just a few. As mass increases, proteins acquire more 

and more charges (Figures 4B and C) so that for a complete mAb such as trastuzumab 

(mass of around 150 kDa, Figure 4D), more than 40 different charge states can be formed 

during ESI, with the number of charges varying from around 30 to over 70. Figure 4 also 

shows that for smaller proteins the isotopologues of a given charge state can be resolved in 

a TOF mass analyzer with a resolution of 30,000. For proteins with masses of more than 25 

kDa, the resolution of this mass analyzer is insufficient to resolve the isotopologues and a 

mass spectrometer with a considerably higher resolution would be needed for a complete 

separation of their signals.
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Typically, for each data point in a chromatogram a full mass spectrum is acquired, 

containing the response of all ions corresponding to the various charge states of a protein 

that elutes at the particular retention time. An EIC is then constructed by defining a small 

MEW around the m/z value that corresponds to the ion of interest. As an example, Figure 

5 shows an EIC of the 20+ charge state of the Fc/2 fragment and the 44+ charge state of the 

F(ab’)2 of 1 µg/mL of trastuzumab, after immunoaffinity enrichment from human plasma 

and IdeS digestion. Increasing the width of the MEW may be beneficial, as a larger number 

of analyte ions will be detected, and the sensitivity therefore improved. At the same time, 

it may also result in the co-extraction of ions from interfering matrix proteins that elute at 

the same time and have an m/z value close to the protein of interest [121]. Alternatively, it 

is possible to select only one of the most abundant charge state ions for quantification and 

to optimize the width of the EIC extraction window in order to reach an optimal S/N ratio. 

Ruan et al. [66] showed that by selecting the most abundant charge state of lysozyme, it 

is possible to improve the S/N ratio from 12 to 40 upon reducing the MEW from 0.5 m/z 

to 10 ppm.

Figure 5: LC-MS chromatograms (EICs) of 1 µg/mL trastuzumab in rat plasma, after immunoaffinity 
enrichment using the HER2-receptor as capturing agent and IdeS digestion. (A) the 20+ charge state of the 
Fc/2 fragment (2.63 min) and (B) the 44+ charge state of the F(ab’)2 fragment (3.09 min). Separation was 
by reversed-phase LC on a C4 column at 80°C and detection on a QTOF mass spectrometer at resolution 
30,000. The MEW used was 0.5 m/z units.
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Figure 6: LC-MS chromatograms (HRMS) of 10.0 ng/mL of recombinant human growth hormone after 
immunoaffinity enrichment from rat plasma. EICs for the 15+ charge state were recorded with an MEW 
of 1.0 Da (A), 0.25 Da (B) or 0.0625 Da (C).

Figure 6 shows the effect of decreasing the MEW from 1.0 Da (entire 15+ charge state) 

to 0.25 Da and ultimately to 0.0625 Da (1 isotope of the 15+ charge state isotope cluster) 

for the 15+ charge state of recombinant human growth hormone (rhGH) after enrichment 

from rat plasma. The results show that decreasing the EIC extraction window does not 

lead to significant improvements in S/N ratio in this case and while the absolute signal 

intensity decreases, the selectivity increases due to less interference. It has to be noted, that 

adjusting the EIC extraction window may improve the S/N ratio in other cases depending 

on the nature of the background.

Simplifying protein ESI-MS spectra based on the deconvolution of each charge state 

envelope into a single peak giving the average molecular mass of the protein (or protein 

species) is an attractive approach. The mathematical process of converting the measured 

m/z values into molecular masses starts with assigning a charge state to a given ion. This 

can be achieved based on the knowledge (assumption) that two neighbouring peaks from 

the same protein molecule are separated by a single charge and that this charge is due 

to the attachment of a hydrogen cation (also called a ‘proton’ or simply an H+ ion). If this 

assumption is correct, one can use simple algebra to define the charge state of a given 

protein ion in a charge state envelope (see Box 1).
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Box 1: Example of a calculation to derive the molecular mass of the Fc/2 fragment of trastuzumab (after 
IdeS digestion).

Figure 4 shows the ESI spectrum of the Fc/2 part of trastuzumab. To determine the charge state 
of the ion at 1262.5632 (P1), we consider that the following peak at 1328.9577 (P2) has one H+ 
less and that z1 – z2 =1. The mass difference between the two protein ions is thus 1,00794 amu 
(atomic mass units), the mass of an H+ ion. This knowledge allows us to calculate the charge 
state of P1 and from thereon to derive all other charge states based on the assumption that each 
consecutive peak towards increasing m/z values in the spectrum is due to the loss of one H+ ion.
From the measured data we derive:
P1 = m/z1 = 1262.5632 and P2 = m/z2 = 1328.9577
From the assumption that each charge state is due to a difference in one H+ ion, we derive:
z1 – z2 = 1	  or	  z1 = z2 + 1
Thus: m = M - z • H+; with m being the molecular mass of the protein and M the molecular mass of 
the respective molecular ion of charge state z.
Referring back to the measured values P1 and P2 results in:
P1 = M - z1 • H+ / z1	 or
P1 = M - (z2 + 1) • H+ / z2 + 1	 and
P2 = M - z2 • H+ / z2

Resolving these equations with respect to M gives:
P1 • z1 + z1 • H+ = M	 and
P2 • z2 + z2 • H+ = M
Which can be rearranged to:
P1 • z1 + z1 • H+ = P2 • z2 + z2 • H+	 or P1 • z1 + z1 • H+ = P2 • (z1 - 1) + (z1 - 1) • H+

Resolving the equation on the right with respect to z1 gives:
z1 = - (H+ + P2) / P1 - P2

This allows to calculate the number of charges z1 based on the measured values of P1 and P2.
Inserting the measured values and using the known mass of the H+ ion of 1.00794 gives:
z1 = - (1.00794 + 1328.9577) / 1262.5632 – 1328.9577 = 20.03, which is close to z1 = 20, as charge 
states can only acquire integer values.
With z1 = 20, we can now calculate the approximate molecular mass of the Fc/2 fragment of 
trastuzumab as:
M + 20 • H+ / 20 = 1262.5632 or M = 1262.5632 • 20 – 20 or M = 25231.26 Da
The same calculation for z2 = 19 gives:
M + 19 • H+ / 19 = 1328.9577
 or	 M = 1328.9577 • 19 – 19	 or	 M = 25231.20 Da
Both values are quite consistent and correspond closely to the expected mass of 25232.0 Da. By 
going through the entire charge state envelope in this manner (using a computer algorithm), we 
get a list of calculated molecular masses that differ slightly from each other giving an average 
value with an estimate of the measurement error.

To calculate molecular masses from charge state envelopes, algorithms based on different 

principles have been developed. The so-called ‘Maximum Entropy (MaxEnt)’-based 

approach, which forms the basis of most commercially available software packages, tries 

to take peak broadening effects, due to unresolved isotopes and limited resolution of 

the mass analyzer, into account thereby improving the original quality of the spectrum 
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(higher resolution and reduction in noise). The MaxEnt program, as developed by Skilling 

et al. [122] processes different in silico generated trial spectra and compares them to the 

observed spectrum. Once a predefined level of convergence has been reached, trial spectra 

that agree with the original data compose the final probability distribution of spectra in 

m/z scale. The spectrum with the highest entropy, the MaxEnt spectrum, is chosen as the 

most probable representation of the original data. The width of the probability distribution 

reflects the uncertainty of the MaxEnt result, which is presented in form of error bars. 

Since peaks in an ESI-MS charge state envelope are intrinsically connected (see Box 1), 

this criterion is used to qualify the MaxEnt spectrum, as it must explain the entire charge 

state envelope above a pre-defined threshold across the selected m/z range. However, the 

MaxEnt algorithm does not need to assign a specific charge state to a given peak to start 

with. It rather uses all of the information to connect ‘peaks that belong together’. It is 

noteworthy to mention that considerable improvements in mass accuracy and resolution 

of modern mass analyzers facilitate accurate deconvolution of ESI-MS spectra even for 

large biopharmaceuticals, such as monoclonal antibodies [70]. However, they do not take 

all of the caveats away. That is why further developments in both mass spectrometry 

(e.g. reducing the number of charges per protein ion by ‘native’ mass spectrometry) and 

algorithms are ongoing [99].

Figure 7 shows the results of deconvoluting the charge state envelope of the 

Fc/2 subunit of trastuzumab using a maximum-entropy-based algorithm. While the 

deconvoluted mass (25231.6) of the left major peak corresponds closely to the expected 

mass of 25232.0 Da of one glycoform of trastuzumab (Fc/2 G0F) with the loss of a Lys 

residue from the C-terminus, there are other smaller signals that indicate additional 

protein species or non-covalent adducts (see insert). It is currently still under investigation 

whether this kind of transformation results in valid quantitative data [70].
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Figure 7: Deconvolution of the charge states 20+ and 19+ of the Fc/2 fragments [A] of trastuzumab 
after IdeS digestion using a maximum entropy-based algorithm [B] integrated into proprietary software 
(SCIEX).

While deconvolution makes subsequent data analysis and quantification considerably 

easier, it is prone to artefacts. Mathematical deconvolution algorithms may introduce bias 

and errors and may not give an accurate reflection of the intensity of the original signals. 

The result of such a deconvolution process depends further on the chosen parameters such 

as peak width, signal threshold and the chosen m/z range. Deconvolution of charge state 

envelopes from ESI-MS spectra of different protein species requires their chromatographic 

separation or, if this cannot be achieved, sufficient resolution of the mass analyzer to resolve 

the charge state envelopes in order for the algorithm to assign different deconvoluted 

signals to each form. The occurrence of non-covalent adducts (e.g. Na+ or K+), which is 

quite common in protein ESI-MS spectra, as well as modifications resulting in small mass 

differences (e.g. due to deamidations) may confound the deconvolution algorithm leading 

to artefacts with incorrect mass and peak heights or areas. The use of deconvolution 

algorithms in regulated, quantitative bioanalysis thus represents a considerable challenge.

5.6	 CONCLUSIONS AND FUTURE OUTLOOK

The analysis of intact proteins by LC-MS receives considerable interest from industry and 

academia alike. After initial breakthroughs in the 1980s due to improved chromatography 

materials (e.g. wide-pore silica beads) and due to a better understanding of the 
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chromatographic separation of macromolecules from a theoretical point of view, there 

were many years of little progress in this field. The emergence of recombinant proteins 

as therapeutic drugs and their increasing relevance from a medical as well as from a 

commercial point of view, has created renewed interest and led to improvements of protein 

separations by LC (e.g. based on core-shell particles and monoliths) in conjunction with 

tailor-made surface chemistries in combination with high-resolution mass spectrometry. 

Ongoing development of HRMS-systems and new affinity agents will aid in studying in vivo 

protein biotransformation in greater detail possibly leading to a better understanding of 

how this affects therapeutic efficacy.

Efficient separation of proteins by (U)HPLC has turned out to be a much more difficult 

task than initially anticipated. The low diffusion coefficient of proteins results in slow 

mass transfer kinetics and the possibility to assume multiple interchanging conformations 

has rendered efficient chromatographic separations more challenging than for peptides. 

New developments in the field, for example, the emergence of columns containing 

nanoengineered micropillars, hold promise of improving analytical protein separations, 

but we must remember that the fundamental physical properties of proteins cannot be 

changed. They will define the limits of protein separations by liquid chromatography.

In this review, we have given an overview of the area of intact protein (bio)analysis 

by LC-MS starting with the challenges of sample preparation and ending with the 

deconvolution of highly complex mass spectra after electrospray ionization. We notably 

focused on the LC-MS analysis of intact proteins in biological matrices, an area that is in 

its infancy but that is instrumental for the further development of therapeutic proteins, 

for the detailed characterization of biomarkers and for biological and biomedical research 

in general. While there is still a long way to go until LC can rival two-dimensional gel 

electrophoresis with respect to intact protein separation, the payback for advances in 

this area will be large, since protein heterogeneity, for example due to post-translational 

modifications, is inherent to the way how nature modulates the biological activity of 

proteins and of biological systems in general. We will not be able to understand this in 

sufficient detail unless we develop the necessary bioanalytical tools.
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ABSTRACT

Background: Protein quantitation by digestion of a biological sample followed by LC–MS 

analysis of a signature peptide can be a challenge because of the high complexity of the 

digested matrix. Results/methodology: The use of LC with high-resolution (Q-TOF) MS 

detection allowed quantitation of the 22-kDa biopharmaceutical somatropin in 60 μL 

of rat plasma down to 25 ng/mL with minimal further sample treatment. Reducing the 

mass-extraction window to 0.01 Da considerably decreased the interference of tryptic 

peptides, enhanced sensitivity and improved accuracy and precision. Analysis with LC 

MS/MS resulted in a less favorable limit of quantitation of 100 ng/mL. Conclusion: High-

resolution MS is an interesting option for the quantitation of proteins after digestion and 

has the potential to improve sensitivity with minimal method development.
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6.1	 INTRODUCTION

Liquid chromatography (LC) in combination with tandem mass spectrometry (MS/MS), 

performed on a triple-quadrupole mass spectrometer in the multiple reaction monitoring 

(MRM) mode, has been the gold standard for over two decades when it comes to the 

quantification of small molecules and peptides in biological matrices. This technique is 

known for its robustness, high selectivity, sensitivity and reproducibility, and is used as 

the bioanalytical workhorse in laboratories across the globe.

An important new development of the past few years is the application of LC-MS/MS 

for the quantification of proteins, as an alternative for, or an addition to, the traditional 

ligand-binding assays (LBAs) [1-3]. Although LC-MS/MS for proteins has many technical 

advantages, such as improved precision and accuracy, a larger linear dynamic range, 

independence of critical immunological reagents which may suffer from cross-reactivity 

and batch-to-batch differences, it is typically inferior to LBAs in terms of sensitivity [4]. 

One of the reasons for this is related to the fact that large proteins need to be digested to 

peptides of much reduced size to be compatible with the mass range of a triple-quadrupole 

mass spectrometer. If a protein-rich matrix such as serum or plasma is digested, a highly 

complex sample is obtained containing a multitude of peptides, which are all composed of 

the same limited number of natural amino acids and, thus, have masses and properties that 

are much more similar to one another than those of the original proteins. As a result, many 

peaks often show up in the MRM chromatograms, which greatly impacts method selectivity 

and typically limits the obtainable sensitivity for protein analytes to the low µg/mL or high 

ng/mL range [5-7]. In a recent paper, the magnitude of this effect was studied for salmon 

calcitonin [8]. The lower limit of quantification (LLOQ) for digested plasma was found to 

be a factor of 100 higher than that for a digested test solution and this was only due to the 

presence of interfering matrix peaks in the LC-MS/MS chromatograms. For obtaining better 

sensitivity, the usual approach is to remove interfering peptides by applying extraction 

procedures at the protein and/or peptide level, such as immunodepletion, immunocapture 

and solid-phase extraction [9-11]. Although this can improve sensitivity considerably, even 

down to the pg/mL range [12,13], the required research will add to method development 

time and the additional steps may negatively impact accuracy and precision.

The limited selectivity of MS/MS detection for digested biological samples is related 

to the relatively low mass resolution of a quadrupole mass spectrometer and the 

corresponding rather wide mass extraction window (MEW) that is used to select analyte 
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ions for detection. The typical setting in tandem mass spectrometry is unit-mass resolution 

for both quadrupoles with a MEW corresponding to full width at half maximum (FWHM) 

of 0.7 Da, which allows distinction between ions with m/z values that are one unit apart. 

While this generally provides appropriate selectivity for small-molecule analytes, the 

strong similarity of the peptides in biological sample digests, the frequent occurrence of 

multiple charges and their comparable fragmentation patterns, makes it highly likely that 

multiple precursor and product ions will be generated with very close m/z values, which 

all will be selected in the triple-quadrupole mass spectrometer and, ultimately, will be 

detected and give a response in the chromatograms. Although many of these peptides can 

be chromatographically separated from the surrogate peptide released by the analyte, 

interferences at the same retention time as the surrogate peptide will often be unavoidable, 

and this will negatively impact the selectivity and sensitivity of the method.

An obvious approach to reduce interferences is to select a narrower MEW for detection, 

a situation which can be provided by high-resolution mass spectrometry (HRMS). Typically, 

HRMS is run in full-scan mode, which records all sample ions. Extracted-ion chromatograms 

are subsequently constructed by setting an MEW around the theoretical mass-to-charge 

ratio of the analyte ion and recording the response of all ions within the MEW. In contrast 

to detection on a triple quadrupole, in HRMS the magnitude of the MEW can be easily 

reduced, and the sensitivity and selectivity of the detection optimized. In recent years, 

the field of HRMS has seen considerable improvements with regard to sensitivity, linear 

dynamic range and scan-modes and the technique is increasingly seen as a serious option 

for quantitative bioanalysis, even though the instrument sensitivity of triple-quadrupole 

mass spectrometry typically still is superior [14,15]. So far, most published applications 

of HRMS in quantitative bioanalysis have been for small molecules or peptides [16-19] and 

although the applicability of HRMS has also been demonstrated for protein quantification 

after digestion [20-25], this field clearly still is in its infancy and a systematic investigation 

of the potential of HRMS to improve selectivity is still lacking.

In this paper, we present and evaluate a quantitative LC-HR-MS/MS method for the 

22-kDa biopharmaceutical protein somatropin (recombinant human growth hormone, 

rhGH)) in rat plasma. After trypsin digestion, three signature peptides from different parts 

of the protein molecule are quantified on LC coupled to a quadrupole-time of flight (Q-TOF) 

mass spectrometer, which combines unit-mass resolution for selection of the precursor 

ion (quadrupole) and high resolution for selection of the product ion after fragmentation 

(TOF). The effect of the MEW and of the summing up of multiple ions on assay performance 
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(precision, accuracy, selectivity and sensitivity) of all three peptides is described and a 

comparison to the performance of a triple-quadrupole MS is provided. The applicability of 

the optimized HR-MS/MS approach is illustrated by analysis of rat plasma samples from 

a pharmacokinetic study.

6.2	 EXPERIMENTAL SECTION

6.2.1	 Chemicals & materials

Recombinant human growth hormone (somatropin), supplied as a lyophilized sterile 

powder, was obtained from Ferring (Copenhagen, Denmark). Information on the amino acid 

sequence is given in Figure 1. Custom synthesized internal standard peptides (SNLELLR 

and LFDNAMLR with a 13C6-15N4-labeled C-terminal arginine and FDTNSHNDDALLK with a 
13C6-15N2-labeled C-terminal lysine) were obtained from JPT Peptide Technologies (Berlin, 

Germany). Acetonitrile, methanol, 2-propanol, formic acid, acetic acid, ammonia (25%) 

and hydrochloric acid (37%) were obtained from Merck (Darmstadt, Germany). Tween-20, 

Trizma® base and trypsin from porcine pancreas (Type IX-S, lyophilized powder, 13,000-

20,000 BAEE units/mg protein) were obtained from Sigma Aldrich (St. Louis, MO, USA). 

HPLC grade water was prepared using a water purification system from Merck. Rat EDTA 

plasma (hereafter referred to as blank rat plasma) was obtained from Seralabs (Haywards 

Heath, UK). ESI Positive Calibration Solution for the Q-TOF system was obtained from Sciex 

(Toronto, Canada).

Figure 1: amino acid sequence of somatropin. The three signature peptides are highlighted, and the 
disulfide bonds shown as arrows.
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6.2.2	 Preparation of calibration and quality control samples

A somatropin stock solution at 10.0 mg/mL was prepared by dissolving the contents of 

a vial of lyophilized protein (label claim: 10.0 mg) in 1.00 mL of water according to the 

manufacturer’s instructions for use. The stock solution was divided into 0.2 mL aliquots 

in Eppendorf Protein Lo-bind tubes (obtained from VWR International, Amsterdam, The 

Netherlands) and stored at ‑80ºC. Two sets of aqueous standard solutions at 2.50, 25.0 and 

200 µg/mL were prepared freshly from this stock solution. One set was used to prepare 

calibration samples in blank rat plasma at 25.0, 50.0, 100, 125, 250, 500, 1250, 2000, 5000, 

8000 and 10000 ng/mL. Similarly, quality control (QC) samples were prepared from the 

other set at 25.0, 50.0, 75.0, 1250 and 8000 ng/mL. All calibration and QC samples were 

stored in Eppendorf Protein Lo-bind tubes at -80°C.

6.2.3	 Sample pretreatment

Aliquots of 60 µL of rat plasma were pipetted into the 1.2-mL wells of an Eppendorf 

Protein Lo-bind 96-well plate (VWR International) and 200 µL of an 80:20 (v/v) mixture 

of acetonitrile and water was added. After vortex-mixing for 2 minutes, the proteins were 

pelleted by centrifugation for 10 minutes at 1500g. The supernatant was discarded by 

inverting the plate above a waste receptacle and placing it upside down on a tissue for 15 

minutes. The protein pellet was reconstituted by vortex-mixing in 400 µL of a digestion 

solution consisting of 50 mM Trizma buffer (pH 8.0), 2.5% (v/v) acetonitrile and 200 µg/

mL trypsin in water. Next, 60 µL of the digestion solution, excluding trypsin and containing 

8000 ng/mL of the internal standards was added. The sample was digested at 37°C and 

1250 rpm for 90 minutes using an Eppendorf (Hamburg, Germany) Thermomixer® comfort, 

after which the digestion was stopped by the addition of 25 µL of 10% formic acid in water. 

The complete digest was transferred onto an Oasis PRiME HLB 96-well plate with 30 mg 

sorbent (Waters, Milford, MA, USA). The solid-phase extraction (SPE) columns were washed 

with 800 μL methanol/water (5:95, v/v) and eluted with 250 µL methanol/water (50:50, 

v/v), followed by 250 µL 5% ammonia in methanol/water (50:50, v/v) into an Eppendorf 

Protein Lo-bind 96-well plate. The combined eluate fractions were evaporated to dryness 

under nitrogen at 60°C (upper) and 80°C (lower) using a Biotage (Uppsala, Sweden) SPE 

Dry 96 dual sample concentrator system and reconstituted in 60 μL 0.1% formic acid in 

acetonitrile/water (5:95, v/v). Finally, the plate was sealed, vortex-mixed and placed in an 

autosampler at 10°C for analysis.
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6.2.4	 Chromatography

Digested samples were analyzed using a NexeraX2 system (Shimadzu, Tokyo, Japan) 

coupled to a Sciex TripleTOF 6600 Q-TOF mass spectrometer equipped with a Dual Spray 

source or using a 1290 Infinity II system (Agilent, Santa Clara, USA) coupled to a Sciex 

TripleQuad 6500 triple-quadrupole mass spectrometer equipped with a IonDrive TurboV 

source.

Chromatographic separation was performed at 60°C on a 2.1 × 100 mm (particle size 

1.6 µm, pore size 100Å� ) Luna Omega C18 column (Phenomenex, Torrance, CA, USA). Mobile 

phase A consisted of 0.1% formic acid in a mixture of water and 2-propanol (95:5, v/v) and 

mobile phase B was 0.1% formic acid in a mixture of acetonitrile and 2-propanol (95:5, 

v/v). Gradient elution was performed at 0.6 mL/min using the following profile: 0.0-6.0 

min: 0-13% B; 6.0-6.2 min: 13-55% B; 6.2-6.7 min: 55% B; 6.7-6.9 min: 55-95% B; 6.9-7.9 

min: 95% B; 7.9-8.1 min: 95-0% B; 8.1-11.5 min: 0% B. The injection volume was 15 µL. 

The mobile phase was diverted to waste between 0 and 1.5 min and between 8 and 11.5 

min using a VICI (Houston, TX, USA) switching valve.

6.2.5	 Mass spectrometry

The Q-TOF mass spectrometer was operated in high sensitivity mode at a resolution of 

approximately 20,000 at m/z 1000 and in ESI positive ion mode. Mass spectrometric 

settings were optimized by infusion of the labeled peptides into the mass spectrometer. 

Specific settings are included in Table 1. All mass spectra were collected in profile mode 

with the start and end mass set respectively at 350 and 900 m/z. Analyst TF software 

1.7.1 in combination with MultiQuant 2.0.1 and PeakView 3.0.2 (Sciex) were used for data 

acquisition and processing. The system was calibrated by application of the standard 

calibration mixture through the calibrant delivery system unit prior to every batch and 

during analysis after every 6 injections.

The triple-quadrupole mass spectrometer was operated at unit-mass resolution in ESI 

positive ion mode. Analyst software 1.6.2 was used for data acquisition and processing. 

For both MS-systems the following settings were used: IS voltage was set at 5500V, source 

temperature at 700ºC and the DP at 60V. Curtain gas value was 35 psi. For the nebulizer and 

drying gas 50 and 50 psi were used, respectively. Collision-activated dissociation (CAD) 

gas was set at 9.
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Table 1: amino acid sequence, precursor and product ion m/z, charge states and analyte specific 
MS-settings for the signature peptides and their SIL-internal standards

Peptide Sequence

Triple Quad MS/
MS and HR-MS/

MS
Precursor ion 

mass (m/z) and 
charge state

Triple Quad 
MS/MS

Product ion mass 
(m/z) and charge 

state

HR-MS/MS
Extracted product ion mass 

(m/z), charge state and 
extraction window (Da)

CE (V)

Triple Quad 
MS/MS

Dwell Time 
(ms)

HR-MS/MS
Accumulation 

Time (ms)

FDTNSHNDDALLK 497.2 / [M+3H]3+ 671.8 / y12
2+

614.3090 / y11
2+ /

0.01, 0.07 and 0.5

671.8236 / y12
2+/

0.01, 0.07 and 0.5

22 50 40

FDTNSHNDDALLK§ 500.0 / [M+3H]3+ 675.8 / y12
2+

618.3152 / y11
2+ / 0.01

675.8308 / y12
2+ / 0.01

22 50 15

SNLELLR 422.8 / [M+2H]2+ 643.4 / y5
+

401.2871 / y3
+/

0.01, 0.07 and 0.5

530.3328 / y4
+/

0.01, 0.07 and 0.5

643.4200 / y5
+/

0.01, 0.07 and 0.5

20 50 40

SNLELLR* 427.8 / [M+2H]2+ 653.4 / y5
+

411.2956 / y3
+/ 0.01

540.3419 / y4
+/ 0.01

653.4290 / y5
+/ 0.01

20 50 15

LFDNAMLR 490.3 / [M+2H]2+ 719.4 / y6
+

604.3271 / y5
+ /

0.01, 0.07 and 0.5

719.3563 / y6
+ /

0.01, 0.07 and 0.5

866.4330 / y7
+ /

 0.01, 0.07 and 0.5

25 50 40

LFDNAMLR* 495.3 / [M+2H]2+ 729.4 / y6
+

614.3369 / y5
+ / 0.01

729.3678 / y6
+ / 0.01

876.4395 / y7
+ / 0.01

25 50 15

§ C-terminal lysine 13C6
15N2-labeled internal standard

* C-terminal arginine 13C6
15N4-labeled internal standard

6.2.6	 Pharmacokinetic study

Sprague Dawley rats were dosed under appropriate ethical approval with a single 2 mg/kg 

subcutaneous bolus injection of somatropin (Zomacton®). Blood samples were collected 

in K3-EDTA tubes prior to dosing and at 0.5, 1, 2, 4, 8 and 24 hours post-dose. Plasma was 

prepared immediately after blood collection and stored at -80°C until analysis.
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6.3	 RESULTS & DISCUSSION

6.3.1	 Selection of signature peptides and method optimization

An in silico tryptic digestion of the somatropin sequence with Skyline [26] was used to 

generate a list of, in total, 17 candidate signature peptides. To avoid interferences from 

the rat plasma proteome, all signature peptides had to be unique for somatropin, which 

was checked by submitting the preliminary peptide list to the basic local alignment search 

tool (BLAST) version 2.2.29 [27]. In addition, to facilitate LC-MS quantitation and avoid 

reduction and alkylation steps, peptides forming disulfide bonds were excluded as well as 

peptides outside the 300-2000 mass range.

For an extensive evaluation of the applicability of HRMS for the analysis of plasma 

digests, we wanted to include multiple peptides. Since the three peptides LFDNAMLR 

(amino acids 9-16), SNLELLR (71-77) and FDTNSHNDDALLK (146-158) fulfilled all 

criteria, these were evaluated for further use, also because they represent different parts 

of the protein structure (C‑terminal region, center and N-terminal region, respectively) 

and because the first peptide contains an oxidizable methionine [28]. Together they will 

therefore provide extended information about the in vivo fate of the protein drug. To 

confirm the suitability for LC-MS analysis, peptide mapping experiments were conducted 

using a tryptic digest of a test solution of somatropin after protein precipitation with 

acetonitrile. Since all three peptides showed appropriate LC-MS characteristics such 

as good chromatographic retention, efficient ionization and fragmentation and peptide 

LFDNAMLR also showed negligible in vitro oxidation, they were selected for further work. A 

multi-step chromatographic gradient was optimized to achieve good peak shape, retention 

and separation of the peptides (retention times 2.0, 4.2 and 5.6 minutes for peptides 

LFDNAMLR, SNLELLR and FDTNSHNDDALLK, respectively). Analyte-specific mass 

spectrometric parameters are presented in Table 1, as well as the mass transitions used 

to monitor the peptides and the corresponding stable-isotope labeled internal standards.

Sample preparation was kept as basic as possible to maintain digest complexity and 

allow optimal evaluation of the effect of the mass spectrometric settings on method 

selectivity. After protein precipitation of spiked plasma with acetonitrile, pellet digestion 

performed at pH 8.0 and 37°C and in the presence of 2.5% acetonitrile was complete after 

90 min when using 200 µg/mL of trypsin. To increase sensitivity, the relatively large digest 

volume of 425 µL was reduced to 60 µL by using reversed-phase SPE, evaporation and 

reconstitution. The recovery of all signature peptides was about 75%. Although very polar 
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and very non-polar matrix peptides may not have been recovered from the digest because 

of their breakthrough and non-elution, respectively, the generic SPE approach is expected 

not to introduce a high degree of selectivity. In particular, matrix peptides eluting at or 

around the retention times of the signature peptides on the reversed-phase LC column, are 

not likely to have been removed from the digest using the described procedure.

6.3.2	 Reduction of mass extraction window and summation of product ions

The effect of the MEW value on method selectivity is exemplified in Figure 2A for 

peptide SNLELLR, after digestion of plasma spiked at the desired LLOQ of 25 ng/mL 

of somatotropin. The doubly charged precursor ion (m/z 422.8) was selected in the 

quadrupole and extracted ion chromatograms were constructed around product ion m/z 

401.2871, which corresponds to the singly charged y3 ion. At a mass extraction window of 

0.5 Da, which simulates the typical settings of a triple quadrupole, the signature peptide 

peak is obscured by a wide range of interfering peaks (Figure 2A-1). This illustrates 

the enormous complexity of the plasma digest and the high similarity of the signature 

peptide to tryptic peptides that are generated from the plasma proteome. Reducing the 

MEW to 0.07 Da results in a slight decrease of the signature peptide peak intensity, but 

more importantly causes a much more pronounced reduction of the interferences (Figure 

2A-2). By further narrowing the MEW to 0.01 Da, an additional decrease of the interfering 

peaks is obtained and although the signature peptide response is also further reduced, the 

resulting signal to noise ratio is more favorable than for the wider MEWs (Figure 2A-3).
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Figure 2: extracted ion chromatograms for signature peptide SNLELLR after digestion of rat plasma 
spiked with somatropin at 25 ng/mL (A) and corresponding product ion mass spectra (m/z 401.2871 (y3

+)) 
at the retention time of the analyte (B); MEW of 0.5 Da (A-1, B-1), 0.07 Da (A-2, B-2) and 0.01 Da (A-3, B-3). 
Arrows indicate retention time (A) or m/z (B) of the analyte. Precursor ion: m/z 422.8.

The cause of this phenomenon is illustrated in Figure 2B. The quadrupole, which operates 

at unit-mass resolution and a MEW of 0.7 Da, selects precursor ions in the m/z range of 

422.8±0.35. After fragmentation of these precursor ions, the TOF mass analyzer, when 

used at a MEW of 0.5 Da (Figure 2B-1), captures all y3 ions of the signature peptide, but at 

the same time also all other matrix product ions in the m/z range of 401.2871±0.25. At the 

retention time of the signature peptide alone, at least two other (mass-resolved) peptides 

contribute to the detection signal and across the entire chromatogram this amounts 

to more than 30 peptides. The mass resolution of the TOF that was used in this work is 

approximately 20,000 and at this value a MEW of 0.07 Da extracts the majority of the 

signature peptide y3 ions. Within the selected m/z range of 401.2871±0.035, it appears that 

one other peptide product ion is partially co-extracted (Figure 2B-2). Optimal selectivity 

is obtained at a MEW of 0.01 Da, or a m/z range of 401.2871±0.005 (Figure 2B-3).
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An interesting feature of HRMS is the fact that the responses that are obtained for different 

analyte-related ions can easily be summated post-acquisition to enhance detection 

sensitivity. Figure 3 illustrates the advantages and disadvantages of this approach. For 

peptide SNLELLR, three product ions (y3, y4 and y5) are generated with useful intensities 

after collision-induced dissociation of the precursor ion, and combining the signals of these 

product ions leads to an increased analyte response. The summation of y3 and y4 causes 

an approximately 50% increase of the peak area compared to capturing only y3 (Figure 

3A and 3B), while after the further inclusion of y5 the final peak area is about 2-fold higher 

than for y3 alone (Figure 3C). However, the summation of ion intensities not only causes 

an increase in analyte peak intensity, but also of the abundance of matrix interferences. 

Clearly, addition of the response corresponding to the y4 ion (m/z range: 530.3328±0.005) 

and of the y5 ion (m/z range: 643.4200±0.005) introduces a number of additional peaks in 

the extracted ion chromatograms. Altogether, this demonstrates that summation of the 

responses of different ions may help improve sensitivity but, depending on the actual m/z 

values and extraction windows used, the signal to noise ratio may not increase or may even 

decrease. In addition, accuracy and precision may or may not be affected. Consequently, 

whether summation of ion intensities is beneficial needs to be determined case by case.

Figure 3: extracted ion chromatograms (MEW 0.01 Da) for signature peptide SNLELLR after digestion of 
rat plasma spiked with somatropin at 25 ng/mL; precursor ion: m/z 422.8, product ions: y3: m/z 401.2871, 
y4: m/z 530.3328, y5: m/z 643.4200. (A) response for y3 only, (B) response for the sum of y3+y4, (C) response 
for the sum of y3+y4+y5. Arrows indicate retention time of the analyte.

Here, two important other remarks have to be made. First, the intensity of the ions 

to be summated should be approximately equal or at least not be too different. At low 

analyte levels, ions with insufficient intensity may otherwise be lost, not included in 

the summation and results may thus be inconsistent with those at higher levels. In the 

current work, this was no issue for any of the peptides of somatropin. Furthermore, if 

different charge states of an ionized analyte are to be summated, it should be realized 
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that the charge state distribution of a peptide or protein can change due to differences 

in experimental conditions (such as pH or ionic strength of the mobile phase, MS source 

settings or analyte concentration) [29]. Although for tryptic peptides not many charge 

states of equal sensitivity typically occur, this effect may also complicate straightforward 

analyte quantification and should be carefully investigated. For the three tryptic peptides 

of somatropin only one charge state was encountered for the precursor ion, so this effect 

did not play a role here.

6.3.3	 Accuracy and precision

The gain in selectivity at lower values of the MEW is directly related to method performance 

in terms of accuracy and precision. Table 2 shows the results for the different product ions 

of peptide SNLELLR at different MEW values, for samples spiked with somatropin at the 

desired LLOQ of 25 ng/ml.

Table 2: summary of precision (CV) and accuracy results for peptide SNLELLR under different HR-MS/
MS settings (MEW); somatropin concentration in plasma: 25 ng/mL, n=6.

Product ion Extraction window (Da) CV (%) Accuracy (%)
y3 (m/z 401.2871) 0.5 61.4 222.0

0.07 6.0 104.2
0.01 19.6 94.4

y4 (m/z 530.3328) 0.5 39.4 106.1
0.07 18.8 108.1
0.01 21.8 109.3

y5 (m/z 643.4200) 0.5 31.0 631.1
0.07 25.0 135.9
0.01 19.3 88.5

y3 + y4 0.5 21.7 209.2
0.07 9.5 97.6
0.01 11.9 103.3

y3 + y5 0.5 19.3 420.8
0.07 23.1 89.3
0.01 24.4 84.0

y4 + y5 0.5 37.8 318.9
0.07 10.4 97.6
0.01 7.3 92.7

y3 + y4 + y5 0.5 33.2 467.6
0.07 12.7 91.5
0.01 8.5 82.6
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For y3, y4 as well as y5, the presence of the interferences at an MEW of 0.5 Da generally 

resulted in unfavorable values for accuracy (up to 630%) and precision (CV up to 60%). The 

responses of the two co-eluting peptides (see Figure 2) led to a considerable overestimation 

of the added analyte concentration, while the high variability in the results was a result of 

the difficulty in consistently integrating the analyte peak in the presence of an elevated 

background.

Narrowing the MEW to 0.07 Da and further to 0.01 Da improved the accuracy 

and precision found for nearly all y-ions or combinations of ions to values that meet 

international acceptance criteria for small molecules of ± 20% at the LLOQ level. Clearly, the 

decrease of the interfering signals caused by these narrower MEW’s resulted in a strongly 

reduced overestimation of analyte levels and a more reproducible peak integration. For 

peptide SNLELLR, we selected the sum of the responses for the y3 and y4 product ions at a 

MEW of 0.01 Da as the final approach for quantitation. Although other combinations also 

resulted in acceptable accuracy and precision, the chromatograms corresponding to this 

setting allowed the most straightforward integration and this was deemed the most robust 

compromise between the required selectivity and sensitivity.

For peptides FDTNSHNDDALLK and LFDNAMLR a comparable situation was found, as 

shown in the supplementary data (Tables 1 and 2). At a MEW of 0.5 Da, the signature peptide 

peak in some cases disappeared into the background signal, leading to underestimation of 

analyte levels (accuracies <75%). The detection sensitivity found for FDTNSHNDDALLK 

was lower than for the other two peptides and reducing the MEW to 0.01 Da resulted in 

peaks that were too small to be accurately quantified. Instead, an MEW of 0.07 Da was used 

as a compromise between sensitivity and selectivity. For this peptide, the combination of 

the two product ions y11 and y12 gave the best results. For peptide LFDNAMLR, summation 

of three product ions y5, y6 and y7 was needed at MEW 0.01 Da to obtain optimal results. 

Because of their higher levels, for all internal standards an MEW of 0.01 Da was sufficient 

and summation of ions was not necessary. Table 3 shows the results for accuracy and 

precision found for all three peptides, obtained using the optimized settings for MEW 

and summation, for concentrations across the anticipated relevant concentration range. 

It demonstrates that the usual acceptance criteria for LC-MS as applied to small-molecule 

quantitation can be met.
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Table 3: LLOQ, summary of precision (CV) and accuracy results for the final HR-MS/MS settings for 
all three peptides; n=6.

Peptide
Precursor 
ion (m/z)

Product ions 
(m/z)

MEW 
(Da)

Concentration 
(ng/mL)

CV 
(%)

Accuracy 
(%)

FDTNSHNDDALLK 497.2
614.3090 (y11) + 
671.8236 (y12)

0.07

25
50
75

1250
8000

15.7
10.6
4.4
5.4
6.4

106.6
103.7
110.1
95.1
88.9

SNLELLR 422.8
401.2871 (y3) + 
530.3328 (y4)

0.01

25
50
75

1250
8000

11.9
10.4
10.9
9.0
6.8

103.3
98.7
99.6
97.3
91.7

LFDNAMLR 490.3
604.3271 (y5) + 
719.3563 (y6) + 
866.4330 (y7)

0.01

25
50
75

1250
8000

11.3
16.3
7.2

12.7
1.8

88.6
80.8

110.2
105.4
108.3

As shown in Fig. 2B-3, at low values for the MEW the mass accuracy of the detector becomes 

very important, since a slight shift in the mass will easily result in a major difference in 

the acquired signal or, in the worst case, in completely missing the signal. It is therefore 

essential that the Q‑TOF system is set in a stable climate, because temperature fluctuations 

can influence the mass calibration due to contraction and expanding of the TOF detector 

tube. To ensure optimal performance, it is good practice to calibrate the system once 

every two to three hours, in our situation by infusing a calibrant solution into the source 

after every six samples. This resulted in an excellent mass accuracy (<2 mDa) as shown in 

supplementary Figure 1. Depending on the instrument type (e.g. orbitrap) and vendor, the 

required frequency of recalibration may be different.

6.3.4	 Comparison to tandem mass spectrometry

In Figure 4, chromatograms are shown for the peptides SNLELLR and FDTNSHNDDALLK, 

recorded upon triple-quadrupole LC-MS/MS (Fig. 4A, 4C) and LC‑HR-MS/MS (Fig. 4B, 

4D) analysis of the same tryptic digest of rat plasma spiked with somatropin at 25 ng/mL.
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Figure 4: chromatograms for two signature peptides after digestion of rat plasma spiked with somatropin 
at 25 ng/mL. (A) LC-MS/MS and (B) LC-HR-MS/MS for SNLELLR, (C) LC-MS/MS and (D) LC-HR-MS/MS for 
FDTNSHNDDALLK, recorded using the final settings as summarized in Tables 3 and 4.

For LC-HR-MS/MS, the optimized settings with regard to MEW and summation of ions were 

used, while for LC-MS/MS the typical approach was followed of quantifying a single product 

ion (optimized with regard to sensitivity and selectivity) at unit-mass resolution (MEW 0.7 

Da). The chromatograms confirm that LC-MS/MS generally gives rise to more interferences 

in the chromatograms and that a lower LLOQ can be attained using LC-HR-MS/MS, although 

the absolute instrument sensitivity for LC-MS/MS is better. It is also evident that the 

degree of improvement varies from peptide to peptide, as FDTNSHNDDALLK suffers more 

from interfering matrix peptides with LC-MS/MS than SNLELLR. The resulting values 

for accuracy and precision that were obtained for LC‑MS/MS are presented in Table 

4. The interferences are clearly causing poor results for accuracy at lower somatropin 

concentrations, just as was observed for LC-HR-MS/MS at a MEW of 0.5 Da. Acceptable 

results for all three peptides were found for somatropin levels at and above 100 ng/mL, 

which was therefore the practical LLOQ for LC-MS/MS.
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Table 4: LLOQ, summary of precision (CV) and accuracy results for the final LC-MS/MS settings for 
all three peptides; n=6.

Peptide
Precursor 
ion (m/z)

Product ions 
(m/z)

Concentration 
(ng/mL)

CV 
(%)

Accuracy (%)

FDTNSHNDDALLK 497.2 671.8 (y12)

25
50
75

100
1250
8000

4.4
4.5
2.2
2.1
0.8
0.8

242.2
143.6
144.9
94.7
93.7

107.1

SNLELLR 422.8 643.4 (y5)

25
50
75

100
1250
8000

8.1
7.3
3.5
5.3
0.4
0.9

230.4
135.8
125.3
87.5
84.0
94.2

LFDNAMLR 490.3 719.4 (y6)

25
50
75

100
1250
8000

3.5
4.5
2.5
0.9
0.5
1.0

226.9
131.6
133.4
93.0
86.6

100.2

6.3.5	 Analysis of preclinical samples

As an example, the pharmacokinetic curves for the three signature peptides, obtained 

by LC‑HR-MS/MS analysis of plasma samples after s.c dosing of somatropin to a rat, are 

shown in Figure 5A. These curves illustrate that the obtained LLOQ of 25 ng/mL for all 

signature peptides is adequate to monitor the relevant plasma somatropin concentrations. 

In Figure 5B, the corresponding curves after analysis of the same samples by LC-MS/MS 

are presented. Comparison of the two curves indicates that for some of the later time-

points unquantifiable concentrations were found by LC-MS/MS because of its higher 

LLOQ, and that the use of HR-MS/MS for detection therefore is an advantage. Otherwise, 

the pharmacokinetic profiles agreed very well. For completeness, the individual plasma 

concentration results for all animals are shown in the supplementary information (Figure 

2).
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Figure 5: somatropin (rhGH) plasma concentration-time curves obtained for the signature peptides 
SNLELLR (○), FDTNSHNDDALLK (◊) and LFDNAMLR (□) after 2 mg/kg s.c. dosing to a rat, obtained with 
LC-HR-MS/MS (A) and LC-MS/MS (B).

The three signature peptides consistently gave dissimilar concentration results in the 

plasma samples of dosed rats, whereas no differences were seen in spiked samples. 

Generally, the highest concentrations were found for the mid-protein peptide SNLELLR. 

The other two peptides, which are located closer to the C- and N-terminus of somatropin, 

respectively, typically yielded lower and also more comparable concentrations. Altogether, 

this suggests an in vivo effect, in which the central part of the protein is less susceptible 

to enzymatic and/or chemical modifications than the C- and N-terminal parts. The fact 

that the concentrations found for FDTNSHNDDALLK and for the methionine-containing 

peptide LFDNAMLR generally were quite similar suggests that oxidation of the methionine 

probably plays a negligible role.

6.4	 CONCLUSION & DISCUSSION

In this work, we show the potential of LC-HR-MS/MS for the quantitation of proteins 

after the digestion of a complex biological matrix. The use of a Q-TOF mass spectrometer 

with a mass resolution of about 20,000 allowed the selection of a relatively large part 

of the product ions that were formed after collision-induced dissociation in a narrow 

mass extraction window. In this way, a good analyte detection signal was obtained, 

while at the same time peptides originating from the digestion of matrix proteins were 

largely excluded from detection. By reducing the MEW from 0.5 to 0.01 Da, the number of 

interfering peaks in the extracted ion chromatograms was considerably reduced which 

facilitated the determination of three different signature peptides. Detection sensitivity 
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was further enhanced by the summation of the responses of multiple product ions for each 

of the signature peptides, allowing quantitation with acceptable accuracy and precision 

down to levels corresponding to 25 ng/mL of the intact protein somatropin in rat plasma.

The conditions for optimal selectivity and sensitivity varied from peptide to peptide and, 

in general, the MEW settings as well as the summation of responses have to be optimized 

for any given signature peptide and product ion. To avoid missing the detection of part 

or all of the product ions when a narrow MEW is used, a high mass accuracy of the mass 

spectrometer is important and frequent calibration of the instrument is advisable. 

Comparison of LC-HR-MS/MS with LC-MS/MS showed that, while the absolute instrument 

sensitivity of the latter typically is better, the possibility of removing interfering peaks 

from the chromatograms by narrowing the MEW on HRMS may finally result in lower LLOQ 

values. Published LC-MS methods for the quantification of somatropin or endogenous hGH 

after digestion use elaborate sample preparation strategies such as immunocapture and 

multi-stage SPE, in combination with nano-LC or two-dimensional LC to achieve LLOQs in 

the 2.7-10 ng/mL-range with sample volumes of 100 to 800 µL of plasma/serum [30-32]. 

The results of the current work demonstrate that LC-HR-MS/MS can be a straightforward 

alternative to reach the same order of sensitivity. Although HRMS may not always 

outperform triple quadrupole MS in terms of selectivity and sensitivity, the results in the 

current paper show that the use of HRMS can be a useful tool to improve the performance 

of bioanalytical LC-MS methods for proteins.

EXECUTIVE SUMMARY

·	 In HRMS, the mass extraction window (MEW) can be reduced from 0.5 Da, which is 

comparable to triple quadrupole MS detection, down to values as low as 0.001 Da.

·	 Reducing the MEW typically results in an increase of selectivity and although reduction 

to values below 0.05 Da will result in a loss of absolute sensitivity, there may be a gain 

in signal to noise ratio.

·	 With HRMS, it is relatively easy to sum the responses of different ions to enhance 

sensitivity, although this summation may also increase the response of background 

interferences.

·	 LC with HR-MS/MS detection may represent a useful to tool for the quantitation of 

proteins after digestion of biological samples and improve method selectivity and 

sensitivity without the need for lengthy experimental extraction procedures.
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FUTURE PERSPECTIVE

With LC-MS now being an established analytical platform for protein quantitation, mass 

spectrometric approaches other than MS/MS on a triple quadrupole are beginning to be 

explored. Because of its potential to improve selectivity and sensitivity of bioanalytical 

methods, as shown in this paper, we expect that HRMS for protein quantitation will grow 

in importance in the next few years and that the technique will find its place in research 

and regulated laboratories, probably next to triple-quadrupole mass spectrometry. 

If technological advances continue to provide more sensitive, robust and affordable 

instruments, LC-HR-MS/MS may in the end be expected to become the technique of first 

choice for protein quantitation in complex biological matrices.
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SUPPLEMENTARY DATA

Supplementary Table 1: summary of precision (CV) and accuracy results for peptide 
FDTNSHNDDALLK under different HR-MS/MS settings (MEW); somatropin concentration in plasma: 
25 ng/mL, n=6.

Product ion Extraction window (Da) CV (%) Accuracy (%)
y11 (m/z 614.3090) 0.5 9.1 90.1

0.07 16.8 66.4
0.01 27.3 67.9

y12 (m/z 671.8236) 0.5 12.7 259.4
0.07 17.4 232.8
0.01 18.2 139.6

y11 + y12 0.5 24.2 134.2
0.07 15.7 106.6
0.01 21.3 106.8

Supplementary Table 2: summary of precision (CV) and accuracy results for peptide LFDNAMLR 
under different HR-MS/MS settings (MEW); somatropin concentration in plasma: 25 ng/mL, n=6.

Product ion Extraction window (Da) CV (%) Accuracy (%)
y5 (m/z 614.3369) 0.5 14.0 328.8

0.07 31.7 311.5
0.01 22.1 265.2

y6 (m/z 729.3678) 0.5 40.0 22.7
0.07 21.1 26.0

0.01 17.2 51.5
y7 (m/z 876.4395) 0.5 19.8 131.8

0.07 34.5 72.2
0.01 17.3 123.3

y5 + y6 0.5 24.1 45.0
0.07 23.1 54.8
0.01 17.4 89.8

y5 + y7 0.5 10.1 160.9
0.07 20.4 173.4
0.01 16.7 201.4

y6 + y7 0.5 39.3 27.6
0.07 17.3 43.0
0.01 16.7 68.7

y5 + y6 + y7 0.5 18.7 53.1
0.07 17.2 54.9
0.01 11.3 88.6



211

IMPROVING SELECTIVITY AND SENSITIVITY OF PROTEIN QUANTITATION BY LC-HR-MS/MS |

Su
pp

le
m

en
ta

ry
 F

ig
ur

e 
1:

 m
as

s a
cc

ur
ac

y 
ac

ro
ss

 a
 b

at
ch

 o
f 8

0 
sa

m
pl

es
. E

ac
h 

tr
ac

e 
re

pr
es

en
ts

 a
 p

ro
du

ct
 io

n 
m

as
s s

pe
ct

ru
m

 (y
3+ , m

/z
 4

01
.2

87
1)

 o
f o

ne
 s

am
pl

e 
fo

r t
he

 s
ig

na
tu

re
 p

ep
tid

e 
SN

LE
LL

R
.

6

C
h

ap
te

r 
V

I



212

| CHAPTER VI

Supplementary Figure 2: somatropin (rhGH) plasma concentration-time curves obtained for the 
signature peptides SNLELLR (○), FDTNSHNDDALLK (◊) and LFDNAMLR (□) after 2 mg/kg s.c. dosing 
to different rats (A-H), obtained with LC-HRMS.
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ABSTRACT

The quantitative determination of intact proteins in biological samples by LC with high-

resolution MS detection can be a useful alternative to ligand-binding assays or LC-MS-based 

quantification of a surrogate peptide after protein digestion. The 22-kDa biopharmaceutical 

protein somatropin (recombinant human growth hormone) was quantified down to 10 ng/

mL (0.45 nM) in 75 μL of rat plasma by the combination of an immunocapture step using an 

anti-somatropin antibody and LC-MS on a quadrupole-time of flight instrument. Accuracy 

and precision of the method as well as its selectivity and sensitivity did not depend on the 

width of the mass extraction window nor on whether only one or a summation of multiple 

charge states of the protein analyte were used as the detection response. Quantification 

based on deconvoluted mass spectra showed equally acceptable method performance but 

with a less favorable lower limit of quantification of 30 ng/mL. Concentrations in plasma 

after dosing of somatropin to rats correlated well for the deconvolution approach and the 

quantification based on the summation of the response of the four most intense charge 

states (14+ to 17+) of somatropin.
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7.1	 INTRODUCTION

Over the past decade, there have been many developments in the field of targeted protein 

quantification by liquid-chromatography-mass spectrometry (LC-MS) and this technique 

has become a viable alternative to the traditional ligand-binding assays (LBAs). Analytical 

advantages of LC-MS for protein quantification include superior accuracy and precision, 

a wider linear dynamic range, the potential to measure multiple analytes simultaneously 

and no, or at least a lesser, dependence on critical immunochemical reagents that may 

be difficult to obtain and/or vary in quality. The major drawback of LC-MS compared to 

LBA is its limited detection sensitivity. Consequently, complicated workflows may be 

needed to allow protein quantification at trace levels in complex matrices. In particular, an 

enzymatic digestion step to convert a protein into a series of peptides is part of most LC-MS 

methods, to reduce the macromolecular analyte to a size that can readily and sensitively 

be quantified by MS/MS detection on a triple-quadrupole mass spectrometer [1-6].

Although this quantification approach via a so-called signature or surrogate peptide 

is being applied with much success in the medical and pharmaceutical sciences, it is 

increasingly recognized that it also has some disadvantages. The selected signature peptide 

may represent as little as a few percent of the original protein analyte and since the rest 

of the molecule is disregarded, important information about the in vivo fate of a dosed 

or endogenously occurring protein may be lost. This can be addressed to some extent by 

including multiple peptides from relevant parts of the protein in an LC-MS assay [7], but 

quantification of the intact protein would be the most direct and most comprehensive 

approach.

In recent years, the proof of principle of intact protein quantification by LC-MS has 

been demonstrated, typically by using high-resolution mass spectrometry (HRMS) on an 

Orbitrap or quadrupole-time of flight (QTOF) system. Initially, the approach was restricted 

to relatively small (< 15 kDa) proteins [8], but more recently molecules as large as protein 

domains [9] and even intact monoclonal antibodies [10,11] were successfully quantified 

in biological samples at the low-µg/mL to high-ng/mL level. Intact protein quantification 

requires a quite different analytical approach than analysis after digestion [12]. Next 

to the need for specific LC stationary phases to separate the intact protein species, 

selective extraction from the biological matrix by means of immunocapture techniques 

is indispensable to avoid interference from endogenous matrix proteins. In addition, data 

handling is more complicated. Electrospray ionization (ESI) leads to complex mass spectra 
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because the ionized protein analyte occurs in multiple charge states (the so-called charge-

state envelope). The number of different charge states depends on the size and shape of the 

protein as well as on the ionization conditions; for large proteins such as antibodies, it can 

be as high as 30 [10,11]. Each of the charge states is further subdivided into several ions 

with different mass-to-charge (m/z) ratios because of the occurrence of different numbers 

of heavy isotopes, notably 13C-atoms, in the protein structure, and these isotopologue ions 

may or may not be mass spectrometrically resolved. All this results in a distribution of 

the MS‑signal over a large number of analyte ions with different m/z values, which leads 

to a limited detection response per ion. Typically, so-called extracted ion chromatograms 

(EIC’s) are created by recording the responses of one or more ions and detection sensitivity 

can be enhanced by summing up the intensities of multiple ions. Alternatively, dedicated 

software can be applied to deconvolute the entire mass spectrum into a much-simplified 

neutral spectrum, which can be used as the basis for quantification. Since all approaches 

have their theoretical pros and cons, careful optimization is required to arrive at a method 

that shows acceptable sensitivity, selectivity, precision and accuracy [13].

To support preclinical research with the 22-kDa recombinant protein somatropin in rats, 

we previously developed and validated an LC-HRMS method which included a digestion 

step and quantification of three peptides from differen5t parts of the molecule [14]. In the 

present report, we describe a complementary method which enables quantification of the 

intact protein in rat plasma down to 10 ng/mL. The importance of an immunocapture step 

and the data handling approach (selection of charge states and deconvolution) is described, 

and a comparison of the pharmacokinetic results for intact somatropin obtained after 

quantitation based on extracted ion chromatograms and obtained after deconvolution is 

provided.

7.2	 EXPERIMENTAL

7.2.1	 Chemicals and materials

Somatropin (recombinant human growth hormone, rhGH; UniProtKB ID ‘P01241’; Phe27- 

Phe217), supplied as a lyophilized sterile powder, was obtained from Ferring (Copenhagen, 

Denmark), its amino acid sequence is given in Figure S-1 (supplementary information). 

The internal standard, N-terminal His-tag labelled rhGH (Cat. No. ABIN1719793; six 

histidine moieties) was purchased from Antibodies-online (Aachen, Germany). The capture 

antibody, mouse anti-human growth hormone monoclonal antibody (Cat. No. ab9821), was 



219

INTACT PROTEIN QUANTIFICATION IN BIOLOGICAL SAMPLES BY LC-HR-MS/MS: SOMATROPIN IN RAT PLASMA |

obtained from Abcam (Cambridge, United Kingdom). A protein biotin labelling kit (Cat. No. 

11418165001; Roche) was purchased from Sigma Aldrich (St. Louis, MO, USA). PierceTM 

streptavidin-coated magnetic beads (Cat No. 88817) were obtained from Thermo Fisher 

Scientific (Waltham, MA, USA). Rat growth hormone binding protein (Cat. No. CYT-933) 

was purchased from ProSpec Protein Specialists (Ness-Ziona, Israel) and catalase (2000-

5000 units/mg, Cat. No. C9322) from Sigma Aldrich. Acetonitrile, formic acid, ammonia 

(25%) and hydrochloric acid (37%) were obtained from Merck (Darmstadt, Germany) 

and Tween-20, citric acid, sodium chloride, hydrogen peroxide (30%) and Tris from Sigma 

Aldrich. HPLC grade water was prepared using a water purification system from Merck-

Millipore. Rat EDTA plasma (Sprague Dawley, hereafter referred to as (blank) rat plasma) 

was obtained from Seralabs (Haywards Heath, UK). ESI positive calibration solution 

for the Q-TOF system (Cat No. 4463272) was obtained from Sciex (Toronto, Canada). 

Oxidized somatropin was prepared in house by incubating a mixture of 475 µL 1.00-µg/

mL somatropin solution in water and 25 µL 5% hydrogen peroxide at 20°C for up to 165 

min. Excess hydrogen peroxide was subsequently removed from the sample by adding 25 

µL catalase solution (the equivalent of 500 units) and further incubating for 5 min at 20°C.

7.2.2	 Preparation of calibration and quality control samples

A somatropin stock solution at 10.0 mg/mL was prepared by dissolving the contents of 

a vial of lyophilized protein (label claim: 10.0 mg) in 1.00 mL of water according to the 

manufacturer’s instructions for use. The stock solution was divided into 0.2 mL aliquots in 

Eppendorf Protein Lo-bind tubes (VWR International, Amsterdam, The Netherlands) and 

stored at ‑80ºC. Two plasma stocks were prepared by diluting the stock solution to 10000 

ng/mL with blank rat plasma. One plasma stock was used to prepare calibration samples in 

rat plasma at 10.0, 20.0, 50.0, 100, 200, 500, 800 and 1000 ng/mL. Similarly, quality control 

(QC) samples were prepared in rat plasma from the other stock at 30.0, 100 and 500 ng/

mL. All samples were stored in Eppendorf Protein Lo-bind tubes at -80°C.

7.2.3	 Pharmacokinetic study

After obtaining ethical approval, Sprague Dawley rats were dosed with a single 

subcutaneous bolus injection of 2 mg/kg somatropin (Zomacton®). Blood samples were 

collected in K3-EDTA tubes before and 0.5, 1, 2, 4, 8 and 24 hours after dosing. Plasma was 

prepared immediately after blood collection and transferred to -80°C until analysis.
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7.2.4	 Sample pretreatment

The capture antibody was biotinylated according to the instructions provided with the 

protein biotin labelling kit. Briefly, 300 µL anti-human rhGH antibody (1.00 mg/mL in 

PBS with 0.1% sodium azide, pH 7.4) was incubated at room temperature and protected 

from light, at 250 rpm for two hours with 20.0 µL freshly prepared Biotin 7-NHS labelling 

solution (0.710 mg/mL in DMSO). After incubation, the mixture was purified by running it 

over a Sephadex G-25 gel filtration column. The concentration of the biotinylated antibody 

was calculated by measuring the optical density (280 nm) of the purified solution against 

a corresponding blank solution and found to be 181 µg/mL. The biotinylated antibody was 

stored in 100 µL aliquots in Protein Lo-bind tubes at -80°C.

Sample analysis was performed as follows. Aliquots of 75 µL of rat plasma were pipetted 

into the 500-µL wells of an Eppendorf Protein Lo-bind 96-well plate (VWR International) 

and 50 µL of a freshly diluted capture antibody solution, at 10.0 µg/mL in water, was added. 

Next, 200 µL of immunocapture buffer (75 mM NaCl and 8.4 mM aqueous Tris buffer at 

pH 7.2), containing 100 ng/mL of internal standard (His-tag labelled rhGH) was added 

to each of the samples. The samples were incubated at 45°C and 900 rpm for 60 minutes 

using an Eppendorf (Hamburg, Germany) Thermomixer® comfort, to allow binding of 

somatropin and internal standard to the biotinylated capture antibody. Simultaneously, 

15-µL aliquots of the streptavidin-coated magnetic bead solution were washed twice 

with 200 µL 0.2% Tween-20 in immunocapture buffer, in a separate Protein Lo-bind 96-

well plate. The magnetic beads were isolated by letting the plate stand for 8 minutes on 

a 96-well magnet plate from Alpaqua Magnum FLX (Beverly, MA, USA) and removing the 

wash solution. Next, the samples were transferred to the plate containing the washed 

magnetic beads and subsequently incubated for 90 minutes at 45°C and 900 rpm, using a 

Thermomixer®, to allow capturing of the antibody-somatropin complex by the magnetic 

beads. The beads were washed twice with 300 µL immunocapture buffer and once with 

300 µL water. Somatropin and internal standard were eluted by mixing the beads for 10 

minutes with 60 µL elution buffer (0.1M citric acid in water : acetonitrile (90 : 10, v/v)) 

at 45°C and 900 rpm, using a Thermomixer®, and subsequent capture of the beads for 5 

minutes (total elution time: 15 minutes). The eluates were transferred into 300-µL glass 

vials and placed in an autosampler or refrigerator at 10°C until analysis.
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7.2.5 	 Chromatography

Processed samples were analyzed using a NexeraX2 (Shimadzu, Tokyo, Japan) LC system. 

Chromatographic separation was performed at 80°C on a 2.1 × 100 mm (particle size 1.7 

µm, pore size 300Å� ) ACQUITY UPLC Protein BEH C4 column (Waters, Milford, MA, USA, Cat 

No. 186004496). Mobile phase A consisted of 0.1% formic acid in water and mobile phase 

B was 0.1% formic acid in acetonitrile. Gradient elution was performed at 0.6 mL/min 

using the following profile: 0.0-10.0 min: 10-45% B; 10.0-10.5 min: 45-85% B; 10.5-12.5 

min: 85% B; 12.5-12.6 min: 85-10% B; 12.6-15.0 min: 10% B. The injection volume was 40 

µL. The mobile phase was diverted to waste between 0 and 6.5 min and between 11.5 and 

15.0 min, after injection, using a VICI (Houston, TX, USA) switching valve, placed between 

the column and the mass spectrometer.

7.2.6	  Mass spectrometry

Detection took place on a Sciex TripleTOF 6600 Q-TOF mass spectrometer equipped with 

a Dual Spray source, which was operated in positive-ion TOF MS mode at a resolution 

of approximately 40,000 at m/z 829. Analyst TF software 1.7.1 in combination with 

MultiQuantTM 2.1.2 including Research Features Software for charge state deconvolution, 

PeakViewTM 3.0.2 and BioPharmaViewTM 3.0 (Sciex) were used for data acquisition and 

processing. For the MS-system the following optimum settings were used: ionspray voltage 

at 5500V, source temperature at 600ºC, declustering potential at 30V, curtain, nebulizer 

and drying gas at 35 psi, 50 psi and 50 psi, respectively. All mass spectra were recorded 

over the range of m/z 550 to m/z 2100. The system was calibrated by application of the 

ESI positive calibration solution through the calibrant delivery system unit prior to every 

batch and during analysis after every 6 injections. Extracted ion chromatograms were 

created by the extraction and subsequent summation of the 14+, 15+, 16+ and 17+ charge 

states of somatropin, each with a mass extraction window (MEW) of ± 0.5 Da around the 

target mass, details of which are presented in Table 1. Deconvolution was performed 

using the integrated, maximum entropy algorithm within MultiQuantTM. The deconvolution 

parameters used are shown in Supplementary Figure S-2. The resulting main peak in 

the reconstructed average mass spectrum was subsequently integrated and the ratio of 

its area over that of the similarly deconvoluted internal standard was used for further 

quantification.
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Table 1: Overview of m/z values and mass extraction windows used for quantification of the different 
charge states of somatropin and internal standard.

Mass extraction window (m/z)

Compound
Charge 

state

Center 
extraction 
mass (m/z)

1.0 Da 0.25 Da 0.0625 Da

Somatropin 14+ 1581.3000
1580.8000 - 
1581.8000

1581.1750 - 
1581.4250

1581.2688 - 
1581.3313

Somatropin 15+ 1476.1000
1475.6000 - 
1476.6000

1475.9750 - 
1476.2250

1476.0688 - 
1476.1313

Somatropin 16+ 1383.9000
1383.4000 - 
1384.4000

1383.7750 - 
1384.0250

1383.8688 - 
1383.9313

Somatropin 17+ 1302.5000
1302.0000 - 
1303.0000

1302.3750 - 
1302.6250

1302.4688 - 
1302.5313

Internal 
Standard

15+ 1530.1750
1529.6750 - 
1529.9250

Internal 
Standard

16+ 1434.6250
1434.1250 - 
1434.3750

Internal 
Standard

17+ 1350.2750
1349.7750 - 
1350.0250

Internal 
Standard

18+ 1275.3250
1274.8250 - 
1275.0750

7.3	 RESULTS AND DISCUSSION

7.3.1	 Immunocapture performance

For the selective LC-MS-based quantification of trace levels of intact proteins in complex 

biological matrices such as plasma and serum, it is important that samples are sufficiently 

cleaned up, to avoid interference of endogenous matrix proteins, many of which are present 

at much higher concentrations than the analytes. Conventional techniques such as solid-

phase extraction (SPE), based on reversed-phase or ion-exchange principles, typically 

do not provide enough discrimination between endogenous proteins and the analyte for 

detection at the ng/mL level in plasma, which was required for supporting the preclinical 

study with somatropin in rats. Therefore, a more selective immunocapture (IC) step 

was optimized using a commercially available anti-somatropin monoclonal antibody. 

Because of its practical ease of use and high sample throughput, a magnetic-bead-based 

approach in a 96-well format was selected. The capture antibody was biotinylated and 
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after incubation with sample, the resulting complex was captured by streptavidin-coated 

beads, which results in an IC complex that is very strongly bound to the beads, because of 

the high affinity of the biotin-streptavidin interaction [5]. The extraction was optimized 

with regard to amount of antibody and magnetic beads, duration and temperature of the 

capture and elution steps, and the composition of the wash and elution solvents (see Table 

S-1 in the supplementary materials for details).

Although various other IC approaches exist [15,16], in our hands pre-incubation of 75 

µL of rat plasma with 50 µL of a capture antibody solution (10 µg/mL) and an incubation 

step, followed by subsequent addition of 15 µL of magnetic beads solution and a second 

incubation step, resulted in high and reproducible extraction recoveries (>80%) with 

good linearity. This indicates that the amounts of IC materials used had adequate binding 

capacity. Endogenous plasma constituents, which could possibly interfere at the retention 

time of somatropin, were sufficiently removed, as judged from the chromatograms obtained 

for blank rat plasma (Fig. 1).

Figure 1: Extracted ion chromatograms for intact somatropin; upper panels: blank rat plasma, lower 
panels: 10.0 ng/mL in rat plasma; quantification by: only 16+ charge state with MEW 1.0 Da (left panels), 
14+ to 17+ summated with MEW 1.0 Da (middle panels), 14+ to 17+ summated with MEW 0.0625 Da (right 
panels).

Of note is the need to include Tween-20 during part of the sample preparation to counter the 

negative effects of non-specific binding of somatropin to the sample preparation materials. 

To avoid interference of Tween-20 in the subsequent LC-MS assay, a final wash step with 

pure water to eliminate Tween-20 was added after IC, and elution was done with a solution 

containing 10% acetonitrile to guarantee sufficient solubility of the analyte in the final 

extract.
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7.3.2 Internal standardization

A challenge of using IC for intact protein extraction is the selection of a proper internal 

standard (IS), which ideally should be added as early as possible in the analytical work-flow 

and, thus, correct for variability in a maximum number of steps: not only for fluctuations in 

chromatography and mass spectrometry, but also for differences in capturing efficiency by 

the antibody. The best choice for an IS in protein quantification is a stable-isotope labelled 

form of the analyte [11,17], but in practice such a compound is often difficult to obtain for 

researchers without access to the cell lines used to produce the recombinant protein of 

interest, or the associated costs may be prohibitive. For somatropin, a protein analogue 

containing six additional histidine moieties at the N-terminus is commercially available, 

and this compound was recognized by the anti-somatropin antibody and, therefore, 

extracted together with the analyte. The mass difference between analyte and internal 

standard was sufficient to distinguish them by mass spectrometry (see Fig. 2), so this 

internal standard could be readily used to correct for losses during sample preparation 

and other variability in the LC-MS assay.

Figure 2: Mass spectra for somatropin (A) and internal standard (B), showing their different charge 
states.

7.3.3	 Impact of in vivo protein binding

Another important aspect to consider is the potential interaction of a protein analyte 

with a macromolecular binding partner that occurs in the biological sample, such as the 

pharmacological target or a specific binding protein. Unbound and bound forms of the 
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analyte exist in equilibrium in vivo, and while only the unbound fraction is initially available 

for extraction, removal of unbound analyte from the sample by the capture antibody may 

shift the equilibrium. In the most extreme case, the equilibrium is completely shifted and 

the total amount of analyte extracted, but, depending on the differences in affinity of the 

two competing binding reactions, a lower recovery may also be obtained [18]. Since an 

extraction recovery of >80% was found for spiked samples, the current method appears 

to extract something close the total concentration of somatropin. Equally importantly, 

unknown concentrations are calculated by reference to calibration samples which are 

assumed to display the same degree of in vivo protein binding, and thus also have a similar 

IC recovery. Therefore, concentrations found will always represent the total analyte 

fraction, even if the IC recovery is incomplete, as long as the matrix of calibrators and 

study samples is the same. To study the effect of potential differences in protein binding 

between samples of the same biological matrix, a recombinant form of the endogenous 

protein possibly involved in somatropin binding (soluble rat growth hormone binding 

protein) was added in a three-fold molar excess to a spiked rat plasma sample (500 ng/

mL of somatropin) and incubated for 2 hours at 37°C. In this way, a study sample with 

an approximately three-fold higher than average concentration of the binding protein 

was generated, to represent a worst-case scenario. Quantification of this sample against 

a calibration curve without additional binding protein resulted in an accurate estimation 

of the added somatropin (bias: -5.8%, n=3), which leads to the conclusion that sample-to-

sample differences in binding protein levels do not impact the accuracy of the method and 

that total somatropin concentration are indeed obtained.

7.3.4	 Selectivity of the immunocapture step

As with most commercial antibodies, the specific antigen-binding sites of the used anti-

somatropin capture antibody are not known (or at least not disclosed), and therefore it is 

unknown which potential isoforms of somatropin the antibody actually recognizes. Very 

little is known about the in vivo fate of somatropin after dosing. In dose formulations, 

oxidized and deamidated forms of the protein have been identified [19] and these may 

potentially be formed in vivo as well. Since protein deamidation typically is a relatively slow 

process under physiological conditions, which occurs to a significant degree only after days 

to weeks [7], it is less likely to be relevant for a protein such as somatropin, with a half-life 

of just a few hours. We therefore focused on the oxidation of somatropin and prepared an 

oxidized form of the protein by treatment with hydrogen peroxide. Analysis by HRMS of a 
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test solution obtained after 165 min of reaction, confirmed the presence of molecules with 

a mass increased by 16 and 32 amu, corresponding to the insertion of one or two oxygen 

atoms in the somatropin structure, at a relative abundance of 47% and 20%, respectively, 

and a low proportion (<3%) of a compound with three oxygen atoms added (mass increase 

of 48 amu). Since somatropin contains three oxidizable methionines, it is likely that two of 

these are readily oxidized upon treatment with hydrogen peroxide and the third only to a 

much lesser extent, because of its location at the inside of the protein molecule making it 

less susceptible to possible modifications. Interestingly, these oxidized forms of somatropin 

– when added to plasma (1000 ng/mL) and subjected to the immunocapture step – were 

not recovered in the eluate at all. This suggests that the used capture antibody does not 

recognize these potential biotransformation products of somatropin, which would mean 

that the binding sites on the somatropin molecule, with this specific antibody, include 

one or more methionine moieties. It could also be that the protein denatures to some 

extent during the oxidation process and that the conformational epitopes necessary for 

immunocapture were lost. On the one hand, this finding shows that the IC step is highly 

selective, which is a positive feature if only concentrations of the dosed drug are required, 

but on the other hand it also demonstrates that these and other proteoforms may easily be 

missed upon IC extraction, which means a loss of potentially important information about 

the in vivo fate of a protein drug.

7.3.5	 Chromatography and detection

Using an analytical LC column with a C4 stationary phase and a pore size of 300Å� , 

proper selectivity, retention and peak shape were found for intact somatropin and 

internal standard, provided that the column was kept at 80°C, with lower temperatures 

resulting in peak broadening. No degradation products were formed at this relatively 

high chromatographic temperature (data not shown), demonstrating the suitability of the 

selected LC conditions. Operating at a linear gradient of acetonitrile increasing from 10% to 

45% at 3.5% per minute, the protein analyte eluted at 9.5 minutes and the His-tag labelled 

internal standard eluted at 9.2 minutes. Including a step gradient at 85% acetonitrile and 

equilibration at the initial mobile phase composition of 10% acetonitrile, the total run time 

was 15 min per injection.

Upon positive-mode electrospray ionization, the intact somatropin molecule was 

converted into multiple ions with different m/z values, as shown in Fig. 2. Most abundant 

were the ions with 14, 15, 16 and 17 positive charges at m/z 1581.376, m/z 1476.008, 
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m/z 1383.815 and 1302.483, respectively. For the internal standard, these were the ions 

with 15, 16, 17 and 18 positive charges at m/z 1530.175, m/z 1434.625, m/z 1350.275 

and 1275.325, respectively. These ions each showed a further subdivision in about 20 

partially resolved ions with different m/z values, which correspond to the masses of ions 

with increasing numbers of natural heavy isotopes, as exemplified in Fig. 3 for the 16-fold 

positively charged form of somatropin.

Figure 3: Mass extraction windows of 1.0 Da (A), 0.25 Da (B) and 0.0625 Da (C) for the 16+ charge state 
of somatropin.

Rather than selecting just one m/z value for detection, it is an option to summate the 

responses of several charge states and increase the total detection intensity. In addition, 

the so-called mass extraction window (MEW) can be increased around each of the selected 

m/z values to include more ions per charge state. Using these approaches, the total MS 

response will increase and, consequently, the detection sensitivity will improve, provided 

that background noise remains constant. The potential disadvantage is that, because a 

larger m/z range is included, matrix components with m/z values within this extended 

range will also generate responses that might interfere in the chromatograms.

To determine the effect of the summation of several charge states and of the width 

of the MEW on method performance, rat plasma samples spiked with somatropin at four 

levels (10.0, 30.0, 100 and 500 ng/mL) were analyzed and chromatograms recorded with 

different detection settings. Responses for somatropin were determined for each of the 

four most intense charge states (14+, 15+, 16+ and 17+) alone and for two, three and four 

charge states combined. In all cases, a MEW of 1.0 Da was used which corresponds to 

the inclusion of nearly all different isotopologues per charge state. For the situation in 

which the four most abundant charge states were summated, chromatograms were also 

recorded for MEW values reduced to 0.25 Da (corresponding to the four most intense ions 

of each charge state) and to 0.0625 Da (corresponding to only the most intense single ion 

per charge state). Example chromatograms recorded for somatropin in plasma at 10.0 ng/
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mL are depicted in Fig. 1. Although the absolute detection response increases when more 

charge states are included and when the MEW is larger, the signal to noise ratio in the 

chromatograms is essentially unaffected, which indicates that along with more analyte 

signal more background noise is also extracted. Furthermore, there is no clear indication 

of the appearance of additional peaks in the chromatograms when the number of charge 

states or the MEW is increased. This means that no endogenous matrix components are 

present in the plasma extracts with m/z values falling in the ranges used for the detection 

of somatropin.

7.3.6	 Method performance

All spiked samples were analyzed in six-fold on three separate days. Results were 

calculated against a spiked calibration curve in rat plasma, which was analyzed using the 

same settings, and precision and accuracy were determined. An overview of the results 

is included in Table S-2 in the supplementary material with a summary shown below in 

Table 2.

Table 2: Summary of accuracy and precision results (n=18) obtained for four different detection 
settings. ND: not detectable

Charge State(s) MEW (Da)
Nominal 

Concentration 
(ng/mL)

Measured 
Concentration 

(ng/mL)
CV (%) Accuracy (%)

16 1.0 10.0 8.54 11.9 85.4
17 - 16 - 15 – 14 1.0 10.0 8.61 10.6 86.1
17 - 16 - 15 – 14 0.0625 10.0 8.70 10.6 87.0
Deconvoluted N.a. 10.0 ND - -

16 1.0 30.0 27.6 13.4 92.1
17 - 16 - 15 – 14 1.0 30.0 26.9 13.1 89.7
17 - 16 - 15 – 14 0.0625 30.0 27.5 13.0 91.7
Deconvoluted N.a. 30.0 26.9 12.0 89.8

16 1.0 100 103.9 7.0 103.9
17 - 16 - 15 – 14 1.0 100 102.9 7.2 102.9
17 - 16 - 15 – 14 0.0625 100 103.5 6.6 103.5
Deconvoluted N.a. 100 107.0 11.2 107.0

16 1.0 500 524.2 14.4 104.8
17 - 16 - 15 – 14 1.0 500 529.7 14.0 105.9
17 - 16 - 15 – 14 0.0625 500 505.3 18.7 101.1
Deconvoluted N.a. 500 531.8 8.1 106.4



229

INTACT PROTEIN QUANTIFICATION IN BIOLOGICAL SAMPLES BY LC-HR-MS/MS: SOMATROPIN IN RAT PLASMA |

For all detection settings, the values for precision (expressed as coefficient of variation) 

were below 15%, except for the highest concentration that was measured with a reduced 

MEW, where it was between 15% and 20%. Values for accuracy (average result found 

relative to the nominal spiked concentration) were between 85% and 115%. These 

results show that method performance in terms of selectivity, obtainable concentration 

sensitivity, accuracy and precision is essentially independent of the MEW and the number 

of charge states used. This is unlike what we found earlier for the signature peptides of 

digested somatropin [14], where interference in the chromatograms was greatly reduced 

and accuracy and precision were much improved by narrowing the MEW. Very probably, 

this is due to the extensive clean-up of the plasma sample by the immunocapture step 

and the virtual absence of interfering compounds in the extracts in the current method, 

while the direct analysis of a plasma digest in the digestion-based method leads to 

generation of a large number of interfering peptides and their subsequent introduction 

into the LC-MS system. Altogether, the use of a MEW of 1.0 Da gives acceptable results. It 

could therefore be speculated that analysis of intact somatropin on a low-resolution mass 

spectrometer, such as a triple quadrupole or ion-trap, may be a possibility, if such a system 

allows measurement of ions with m/z values up to about 2000 and as long as samples are 

pretreated by immunocapture.

Deconvolution of mass spectra leads to reconstructed spectra showing the calculated 

mass of the neutral protein (see Fig. 4). The ratio of the area of this deconvoluted neutral 

mass peak (22124 Da) to that of the corresponding internal standard was used as the 

analytical response for each of the samples. The results for accuracy and precision are 

included in Table 2 and show that the performance of the deconvolution approach is 

comparable to using a limited number of charge states. The detection sensitivity of the 

deconvolution approach, however, is less favorable than that of using EICs (Fig. 4).
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Figure 4: Extracted ion chromatograms, 14+ to 17+ charge states summated with MEW 1.0 Da (upper 
panels) and deconvoluted mass spectra (lower panels) for extracted rat plasma samples: spiked plasma 
standard at 30.0 ng/mL (left panels), pre-dose samples (middle panels) and 0.5 h post-dose samples 
(right panels).

For the current method, the sample at 10 ng/mL was undetectable but the 30-ng/mL level 

showed acceptable performance in terms of precision and accuracy (CV and bias <15%) 

and this level was therefore selected as a workable LLOQ with the deconvolution approach.

7.3.7	 Analysis of preclinical samples

Based on the results described above, it was decided to select the summation of the four 

most intense charge states, extracted with a MEW of 1.0 Da, as the final detection setting 

for further analysis. Fig. 5 shows an example of a pharmacokinetic curve as obtained for 

intact somatropin after subcutaneous 2 mg/kg dosing to a rat, by immunocapture and 

LC–HRMS analysis. The figure demonstrates that the LLOQ of 10 ng/ml is sufficient to 

monitor the relevant somatropin concentrations in rat plasma after this dose up to 4 hours 

post-dose. The results obtained in the same samples by deconvolution of the detection 

signals are included in Fig. 5.
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Figure 5: Intact somatropin concentrations in rat plasma after a single 2-mg/kg subcutaneous dose.

The latest time-point is unquantifiable because of the higher LLOQ after deconvolution, but 

otherwise the data of both quantification approaches agree quite well. When comparing the 

concentration data (obtained after analysis of all rat plasma samples) of the EIC approach to 

those of the deconvolution approach, a good correlation (R2 > 0.97) was found. On average, 

the results after summation of the four most abundant ions were 12% lower than when 

using deconvolution (Fig. 6). This is somewhat surprising, because the concentrations in 

the preclinical samples were calculated against calibrators whose raw data were processed 

in the same way. Therefore, it would imply that a systematically higher response is found 

in the preclinical samples than in the corresponding spiked calibration samples with the 

deconvolution approach but not with the EIC approach. The spiked validation samples did 

not show this discrepancy (see: Table 2), so the reason for this (slight) deviation remains 

unclear.
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Figure 6: Comparison of somatropin concentrations (n=23) found in rat plasma after a single 2‑mg/kg 
subcutaneous dose: Bland-Altman plot with mean and 95% limits of agreement (mean bias (%) ± 1.96 
standard deviation).

7.4	 CONCLUSION

LC-HRMS can be successfully used for the quantitation of intact proteins down to the low 

ng/mL level in a complex, protein-rich biological matrix, when used in combination with 

immunocapture extraction as a selective sample preparation step. For the 22-kDa protein 

somatropin, an LLOQ of 10 ng/mL (0.45 nM) was obtained in 75 µL of rat plasma, using 

a Q‑TOF mass spectrometer with a mass resolution of about 40,000. The summation of 

the responses of the four most abundant charge states and the use of a relatively large 

mass-extraction window of 1.0 Da increased the absolute detection sensitivity but did 

not substantially improve the LLOQ because the signal to noise ratio remained the same. 

Deconvolution of the mass spectra and using the resulting processed data for quantification 

gave equally acceptable results, although the obtainable LLOQ was less favorable at 30 ng/

mL. A previously published LC-MS/MS method for somatropin, which involved digestion 

of the plasma sample and quantification of three surrogate peptides, had an LLOQ of 25 

ng/mL [12]. This shows that intact protein quantification by LC‑HRMS has the potential 

of better sensitivity, if it is used in combination with a thorough sample clean-up by 

immunocapture extraction. Here, it should be realized that somatropin is a relatively 

small protein with rather straightforward chromatographic and mass spectrometric 
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properties. It is structurally less complex than monoclonal antibodies, the most widely 

used class of biopharmaceuticals, for which other conclusions have been drawn [13]. The 

effect of a potentially variable binding of somatropin to endogenous plasma proteins on 

immunocapture recovery was found to be negligible. Although a good protein internal 

standard was commercially available for this particular analyte, finding an adequate 

internal standard remains a potential challenge for intact protein analysis in general.
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SUPPORTING INFORMATION FOR:

Intact Protein Quantification in Biological Samples by Liquid Chromatography – 

High-Resolution Mass Spectrometry: Somatropin in Rat Plasma

Peter Bults1,2, Anders Sonesson3, Magnus Knutsson3, Rainer Bischoff1,
Nico C. van de Merbel1,2

1 Department of Analytical Biochemistry, Groningen Research Institute of Pharmacy, University of 
Groningen, Antonius Deusinglaan 1, 9713 AV, Groningen, The Netherlands
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3 Ferring Pharmaceuticals, Kay Fiskers Plads 11, DK-2300 Copenhagen, Denmark.

Content

·	 Figure S-1: Amino acid sequence of somatropin with intra-molecular disulfide bridges 

indicated.

·	 Figure S-2: Deconvolution parameters.

·	 Table S-1: Overview of experimental parameters optimized for the immunocapture 

step.

·	 Table S-2: Summary of accuracy and precision results (n=18) for all tested detection 

settings.
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Figure S-1: Amino acid sequence of somatropin with intra-molecular disulfide bridges indicated.

Figure S-2: Deconvolution parameters.
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Table S-1: Overview of experimental parameters optimized for the immunocapture step.

Parameter Test range/condition Optimum

Plate coating

Molar ratio somatropin : Antibody 1:1 / 1:2 / 1:3 1:3

Magnetic beads amount (µL) 15 / 25 / 35 15

Binding sequence

1. Antibody + rhGH (sample)  Antibody 
complex + Beads

2.	Beads + Antibody  Bead complex + rhGH 
(sample)

1.

Incubation duration, Antibody + 
sample (minutes)

30 / 60 / 90 / 120 60

Incubation temperature (°C) 37 / 45 45

Capture duration, Antibody complex 
+ beads (minutes)

30 / 60 / 90 / 120

Capture temperature (°C) 37 / 45 45

Bead Washing after capture

Wash buffer cycles followed by water 1 / 2 / 3 2

Detergent addition None / 0.1% Tween-20 None

Bead elution

Elution buffer

1. 0.1% Formic acid in water
2. 1.0% Formic acid in water

3. 0.1M citric acid in water
4. 0.1M citric acid in water : acetonitrile (90 

: 10, v/v))

4.

Elution time (minutes) 5 / 10 / 15 / 20 15

Elution temperature (°C) RT / 37 / 45 45



239

INTACT PROTEIN QUANTIFICATION IN BIOLOGICAL SAMPLES BY LC-HR-MS/MS: SOMATROPIN IN RAT PLASMA |

Table S-2: Summary of accuracy and precision results (n=18) for all tested detection settings.

Charge 
State(s)

MEW 
(Da)

Nominal somatropin 
concentration (ng/mL)

Mean somatropin 
concentration (ng/

mL)
CV (%)

Accuracy 
(%)

17 1.00 10.0 8.51 11.0 85.1
16 1.00 10.0 8.54 11.9 85.4
15 1.00 10.0 8.57 11.6 85.7
14 1.00 10.0 8.77 8.9 87.7

17 - 16 1.00 10.0 8.54 12.0 85.4
17 - 15 1.00 10.0 8.68 11.0 86.8
17 - 14 1.00 10.0 8.74 10.7 87.4
16 - 15 1.00 10.0 8.61 11.8 86.1
16 - 14 1.00 10.0 8.73 10.1 87.3
15 - 14 1.00 10.0 8.66 9.8 86.6

17 - 16 - 15 1.00 10.0 8.59 10.8 85.9
17 - 16 - 14 1.00 10.0 8.64 9.5 86.4
17 - 15 - 14 1.00 10.0 8.74 10.3 87.4
16 - 15 - 14 1.00 10.0 8.73 11.1 87.3

17 - 16 - 15 - 14 1.00 10.0 8.61 10.6 86.1
17 - 16 - 15 - 14 0.250 10.0 8.71 11.4 87.1
17 - 16 - 15 - 14 0.0625 10.0 8.70 10.6 87.0
Deconvoluted N.a. 10.0 ND - -

Charge State(s)
MEW 
(Da)

Nominal somatropin 
concentration (ng/mL)

Mean somatropin 
concentration (ng/

mL)
CV (%)

Accuracy 
(%)

17 1.00 30.0 25.0 15.8 83.3
16 1.00 30.0 27.6 13.4 92.1
15 1.00 30.0 27.8 12.6 92.6
14 1.00 30.0 26.2 12.2 87.5

17 - 16 1.00 30.0 26.8 14.1 89.5
17 - 15 1.00 30.0 26.9 13.6 89.7
17 - 14 1.00 30.0 26.0 13.5 86.5
16 - 15 1.00 30.0 27.5 12.9 91.6
16 - 14 1.00 30.0 27.0 12.4 90.0
15 - 14 1.00 30.0 27.2 12.3 90.7

17 - 16 - 15 1.00 30.0 27.1 13.4 90.4
17 - 16 - 14 1.00 30.0 26.7 13.6 88.9
17 - 15 - 14 1.00 30.0 26.8 13.0 89.5
16 - 15 - 14 1.00 30.0 27.3 12.4 90.9

17 - 16 - 15 - 14 1.00 30.0 26.9 13.1 89.7
17 - 16 - 15 - 14 0.250 30.0 27.7 12.5 92.3
17 - 16 - 15 - 14 0.0625 30.0 27.5 13.0 91.7
Deconvoluted N.a. 30.0 26.9 12.0 89.8
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Charge State(s)
MEW 
(Da)

Nominal somatropin 
concentration (ng/mL)

Mean somatropin 
concentration (ng/mL)

CV (%)
Accuracy 

(%)
17 1.00 100 97.8 7.7 97.8
16 1.00 100 103.9 7.0 103.9
15 1.00 100 104.0 7.3 104.0
14 1.00 100 103.0 8.2 103.0

17 - 16 1.00 100 102.2 7.2 102.2
17 - 15 1.00 100 102.7 7.4 102.7
17 - 14 1.00 100 101.6 7.8 101.6
16 - 15 1.00 100 103.6 7.0 103.6
16 - 14 1.00 100 103.4 7.2 103.4
15 - 14 1.00 100 104.0 7.5 104.0

17 - 16 - 15 1.00 100 102.8 7.0 102.8
17 - 16 - 14 1.00 100 102.3 7.2 102.3
17 - 15 - 14 1.00 100 102.9 7.5 102.9
16 - 15 - 14 1.00 100 103.6 7.2 103.6

17 - 16 - 15 - 14 1.00 100 102.9 7.2 102.9
17 - 16 - 15 - 14 0.250 100 103.5 6.8 103.5
17 - 16 - 15 - 14 0.0625 100 103.5 6.6 103.5
Deconvoluted N.a. 100 107.0 11.2 107.0

Charge State(s)
MEW 
(Da)

Nominal somatropin 
concentration (ng/mL)

Mean somatropin 
concentration (ng/mL)

CV (%)
Accuracy 

(%)
17 1.00 500 543.1 11.9 108.6
16 1.00 500 524.2 14.4 104.8
15 1.00 500 519.3 15.9 103.9
14 1.00 500 536.3 14.2 107.3

17 - 16 1.00 500 532.1 13.4 106.4
17 - 15 1.00 500 530.5 14.1 106.1
17 - 14 1.00 500 540.5 13.0 108.1
16 - 15 1.00 500 521.9 14.9 104.4
16 - 14 1.00 500 528.0 14.4 105.6
15 - 14 1.00 500 526.5 15.4 105.3

17 - 16 - 15 1.00 500 528.8 14.0 105.8
17 - 16 - 14 1.00 500 533.5 13.5 106.7
17 - 15 - 14 1.00 500 532.3 14.2 106.5
16 - 15 - 14 1.00 500 524.9 14.8 105.0

17 - 16 - 15 - 14 1.00 500 529.7 14.0 105.9
17 - 16 - 15 - 14 0.250 500 507.9 18.3 101.6
17 - 16 - 15 - 14 0.0625 500 505.3 18.7 101.1
Deconvoluted N.a. 500 531.8 8.1 106.4
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The development of protein-based drugs has grown extensively over the past twenty years 

and this has resulted in the availability of a broad range of so-called biopharmaceuticals 

for the treatment of a wide variety of diseases. Along with the growing interest for 

biopharmaceutical drugs and their potential, there has been an increasing need for reliable 

analytical methods to accurately quantify their concentrations in samples of biological 

origin. Compared to the quantitative bioanalysis of traditional, small-molecule drugs, the 

quantification of the large and structurally complex biopharmaceuticals is by no means 

straightforward.

Historically, ligand binding assays (LBAs) have developed into the gold standard for 

the analysis of these biomolecules. Despite a number of clear advantages, like their high 

specificity, sensitivity and ease of use, there are also several down-sides to the use of LBAs, 

such as the limited possibility to quantify more than one analyte at the same time, the 

relatively limited linear dynamic ranges and, especially, the need for (expensive) critical 

reagents which may be difficult or even impossible to obtain and regularly suffer from poor 

lot-to-lot consistency. To overcome some of these limitations, liquid chromatography-mass 

spectrometry (LC-MS) has emerged and matured as a complementary technique for the 

quantification of biopharmaceuticals in biological matrices over the past ten years. This 

technology has been the cornerstone of small-molecule bioanalysis for over 25 years and, 

with some adaptations, it is also very suitable for the quantitative determination of protein 

concentrations in biological samples. Over the last decade there has been much attention for 

the technical aspects of protein quantification by LC-MS and this has resulted in the typical 

approach of extensive sample cleanup in combination with digestion of a protein analyte 

into a set of peptides and the selection of (at least) one of these for detection by LC with a 

triple quadrupole mass spectrometer. Although this often results in reliable bioanalytical 

assays, some aspects of biopharmaceutical analysis have been somewhat neglected and 

deserve more attention. This thesis aims at contributing to the field of biopharmaceutical 

quantification by focusing on some of these aspects.

After a short general introduction in Chapter I, the first part of the thesis, consisting 

of chapters II – IV, addresses some conceptual aspects of protein bioanalysis and pays 

attention to the biotransformation of biopharmaceuticals and its impact on the quantitative 

results obtained using different bioanalytical technologies. Part two of the thesis, chapters 

V – VII, is more technically and instrumentally oriented and focuses on the possibilities of 

protein analysis using high-resolution mass spectrometry.
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Unlike the current situation for small-molecule drugs, the biotransformation of 

biopharmaceuticals is a largely unexplored field. Although much attention is paid to 

(the prevention of) degradation and structural alteration of protein-based drugs in 

pharmaceutical formulations, almost nothing is known about what happens to such a drug 

once it is dosed to a patient. An important reason for this is the fact that it is virtually 

impossible to investigate biotransformation using LBAs, because they typically cannot 

distinguish unchanged and biotransformed versions of the drug. With the increasing 

use of LC-MS/MS for protein quantification, it is now becoming more and more evident 

that in vivo chemical and enzymatic reactions of biopharmaceuticals are very common. 

Pharmacologically, biotransformation may affect the activity of a protein drug and, from 

an analytical perspective, it can also have a large influence on the concentration result 

that is reported. Chapters II to IV aim at providing more information about these aspects 

of biopharmaceutical analysis.

Chapter II gives an overview of the origin of protein heterogeneity and of possible 

biotransformation reactions within proteins, and it compares the analytical performance of 

the two main approaches for protein quantification: LBA and LC-MS in the selected reaction 

monitoring (SRM) mode. Both LC-MS (based on trypsin digestion and subsequent signature 

peptide analysis) and LBA methods, by nature of the techniques, only look at specific parts 

of a protein analyte. In addition, unlike a small molecule, a protein often is not a single, well-

defined molecular species but rather a series of closely related isoforms, all of which may or 

may not give a response in an analytical method. In vivo protein biotransformation, caused 

by chemical or enzymatic reactions, and interaction with endogenous binding partners 

such as circulating targets and anti-drug antibodies further complicate the situation. 

Each analytical technique will therefore give information about one or a limited number 

of the many aspects of the protein of interest. Depending on the question that needs to 

be answered and on the underlying principle of the analytical approach, either LC-MS or 

LBA will give the most relevant and meaningful readout. A discrepancy between results 

obtained by LBA and LC-MS is, therefore, not uncommon and should not be seen as a 

disqualification of either technique; it should be realized that two different LC-MS assays 

or two different LBA’s for a protein analyte may very well also give different results, as 

shown for a number of examples from the scientific literature in this chapter. It is concluded 

that LC-MS will likely be increasingly used in the bioanalysis of biopharmaceuticals and 

biomarkers, providing a richer chemical knowledge about these molecules, their in vivo 

fate and the relation between activity and concentration.

8
C

h
ap

te
r 

V
II

I



246

| CHAPTER VIII

Chapter III takes a deeper look into biotransformation reactions occurring in vitro and 

in vivo and specifically into the deamidation of the biopharmaceutical monoclonal antibody 

(mAb) trastuzumab at a crucial position in its complementarity determining region (CDR). 

The amino acid asparagine at position 55 (Asn55), located in the CDR2 of the heavy chain 

of trastuzumab, is potentially deamidation sensitive, but since Asn55 deamidation does 

not appear to occur to a large extent in pharmaceutical preparations, it has not been 

studied as closely as other reactions. Because of the central position of Asn55 in the CDR2 

of trastuzumab, its conversion to aspartic acid (Asp55) or iso-aspartic acid (isoAsp55) may 

very well affect receptor binding affinity and ultimately the pharmacological activity of 

trastuzumab. In this chapter, a multiplexed LC-MS/MS assay is described that allows the 

simultaneous quantitation of five molecular species derived from trastuzumab after tryptic 

digestion: a stable signature peptide (FTISADTSK), a deamidation-sensitive signature 

peptide (IYPTNGYTR), its deamidated products (IYPTDGYTR and IYPTisoDGYTR) and 

a succinimide intermediate (IYPTsuccGYTR). Digestion of a 50 μL plasma sample is 

performed at pH 7.0 for three hours at 37°C, which combines a reasonable (>80%) digestion 

efficiency with a minimal (<1%) formation of deamidation products during digestion. Rapid 

in vitro deamidation was observed at higher pH values, leading to a (large) overestimation 

of the concentrations of deamidation products in the original plasma sample. The LC-MS/

MS method was validated in accordance with international bioanalytical guidelines over 

the clinically relevant range of 0.5 to 500 µg/mL. Also, an ELISA method was developed 

and validated for the determination of trastuzumab in plasma samples with a range 

of 60 to 4000 ng/mL, which allowed analysis of the same samples after dilution with 

blank plasma. Both methods were used to analyze samples from a 56-day in vitro forced 

degradation study and deamidation of trastuzumab was observed by LC-MS/MS: while 

the concentration of the stable peptide remained unchanged, the deamidation-sensitive 

peptide levels dropped by up to 37%. The ELISA results decreased exactly two-fold faster 

than the LC-MS/MS results for the deamidation-sensitive peptide, which was concluded to 

be due to the occurrence of two IYPTNGYTR sequences within the trastuzumab molecule. 

Since the sandwich ELISA uses two anti-idiotypic antibodies, it is very likely that both 

IYPTNGYTR sequences need to remain intact to form a detectable immune-complex with 

trastuzumab. To further investigate deamidation of trastuzumab, both the LC-MS/MS 

and ELISA methods were applied to plasma samples obtained from breast cancer patients 

during treatment with the drug for several months. LC-MS/MS analysis revealed up to 25% 

deamidation and isomerization of Asn55, while the concentrations found by ELISA were 
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more than two-fold lower than the total trastuzumab concentrations by LC-MS/MS. Since 

the degree of deamidation also varied considerably between patients, it is clear that protein 

biotransformation is complicated and that more research is needed to fully understand the 

in vivo fate of biopharmaceuticals and the consequences for their pharmacological activity. 

In this respect, properly designed analytical methods and notably multiplexed LC-MS/MS 

will be indispensable.

Nowadays, trastuzumab is often co-administered with the monoclonal antibody 

pertuzumab as a first-line therapy for some forms of breast cancer. Pertuzumab and 

trastuzumab bind to different sites on the same receptor (HER2) without competition 

and their combination gives enhanced antitumor activity as compared to single mAb 

treatment. As pertuzumab also contains a deamidation-sensitive asparagine in a CDR of 

the heavy chain, the deamidation of this biopharmaceutical protein could also lead to loss 

of efficacy. Therefore, in Chapter IV, we describe the results of a further investigation 

into the occurrence and pharmacological consequences of in vitro and in vivo deamidation 

of trastuzumab and pertuzumab, at the positions HC‑Asn55 and HC-Asn54, respectively. 

Both protein analytes were enzymatically digested by trypsin into series of peptides and 

several of these were subsequently quantified by multiplexed LC-MS/MS as a surrogate 

for the intact forms. By quantifying the peptides comprising HC-Asn55 or HC-Asn54, a 

measure is obtained for the (remaining) amount of trastuzumab or pertuzumab which 

is non-deamidated at that position. In addition, the total concentration of the protein 

analytes is estimated by reference to peptides from a part of the protein which does not 

undergo any known in vivo modification. Using a plasma volume of just 10 µL and a 2-hour 

digestion at pH 7.0, concentrations between 2 and 1000 µg/mL can be determined for the 

various protein forms. A validation of the method showed values for bias and CV below 15% 

and no unacceptable deamidation taking place during sample storage or analysis. A large 

difference between the total and non-deamidated concentrations, and thus a substantial 

degree of deamidation, was observed in plasma for both trastuzumab and pertuzumab 

in vitro and in vivo. After a 56-day forced degradation test 40% of trastuzumab and 68% 

of pertuzumab was deamidated, while trastuzumab and pertuzumab showed up to 47% 

and 35% of deamidation, respectively, in samples collected from a clinical study in breast 

cancer patients during treatment with a combination of both drugs. Next to this LC-MS 

method, a receptor binding assay was also developed and validated to study the binding of 

the non-deamidated and deamidated forms of the protein analytes to the HER2 receptor. 

The analytical principle of the receptor binding assay is that trastuzumab or pertuzumab 

8
C

h
ap

te
r 

V
II

I



248

| CHAPTER VIII

is captured by a recombinant form of the extracellular domain of the HER2 receptor and 

subsequently detected using a generic human IgG-directed detection antibody. It should 

be noted that, in contrast to the LC-MS/MS method, the receptor binding assay does not 

provide separate read-outs for the two analytes, since both are captured by the HER2 

receptor and both are also recognized by the detection antibody. Therefore, it cannot be 

used for samples that contain both analytes, such as plasma collected from patients after 

combined dosing with these biopharmaceuticals.

The trastuzumab and pertuzumab concentrations in the plasma samples from the 

in vitro degradation test, as obtained by the receptor binding assay, correlated quite 

well with the concentrations found using the LC-MS assay for the deamidation-sensitive 

peptides, which seems to imply that once trastuzumab is deamidated at HC-Asn55 and 

pertuzumab at HC-Asn54 the mAbs no longer give a response in the receptor binding assay 

and therefore, very likely, do not bind to the recombinant extracellular domain of the HER2 

receptor anymore. The pharmacological consequences of deamidation for the efficacy of 

both mAbs were assessed by a cell viability assay with the human HER2-positive breast 

cancer cell line BT474. While unmodified trastuzumab effectively inhibited the growth of 

these breast cancer cells, it was found that the deamidated form lost its capability to do so, 

suggesting that there could be a relation between the degree of deamidation and the loss 

of pharmacological activity. In contrast, cultivation of this breast cancer cell line in the 

presence of unmodified pertuzumab did not result in any decrease of cell survival in our 

hands and was not suitable to assess the biological activity of pertuzumab. Concluding, for 

monitoring purposes in patients, LC-MS/MS measurement of the remaining non-deamidated 

concentration at HC-Asn55 and HC‑Asn54 of trastuzumab and pertuzumab is likely to give 

the best representation of the pharmacologically active drug fraction. As other structural 

modifications very probably also occur, future studies should address those as well to 

obtain a more detailed picture of the in vivo biotransformation of these biopharmaceutical 

proteins and LC-MS/MS with proper surrogate peptides is a straightforward and reliable 

way of doing this in a multiplexed assay.

In Chapters V-VII we look at biopharmaceutical analysis from a more technical and 

instrumental point of view. So far, most protein LC-MS methods are being performed 

using triple-quadrupole mass spectrometry after sample digestion and further sample 

processing. This type of mass spectrometry has unit-mass resolution and its use for protein 

quantification essentially is an extension of the typical approach for small-molecule 

analysis. Very little is known about the quantitative possibilities of other high-resolution 
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mass spectrometry (HRMS) approaches for biopharmaceuticals. HRMS is extensively used 

for qualitative purposes, such as the structural elucidation or confirmation of both small 

and large molecules, because of its high mass accuracy, but it also offers the option for 

quantitative analysis and extensive data re-processing. It can thus be used as an alternative 

detection technique for digested protein analysis with improved selectivity compared 

to unit-mass MS and it also is capable of quantifying intact proteins, which is virtually 

impossible on triple-quadrupole instrumentation.

In Chapter V, a second review paper is presented which explores the (theoretical) 

options for intact protein quantification by HRMS. This field is still clearly in its infancy 

and although the first reports have started to appear, many aspects need to be further 

developed, from sample preparation to the separation of protein species and the use and 

interpretation of the highly complex mass spectra. Some key-points are that enrichment 

strategies for intact proteins are typically based on selectively capturing the protein 

of interest with an affinity ligand such as an antibody, receptor or another affinity 

binder. More generic enrichment techniques, such as solid-phase extraction (SPE) using 

electrostatic or hydrophobic interactions, immobilized metal affinity columns (IMAC) or 

fractionated protein precipitation can also be applied but they require careful optimization 

based on the physical-chemical properties of the target protein to obtain sufficient 

selectivity. The sample preparation for intact protein analysis by LC-MS, and specifically 

affinity-based enrichment, depends on the specificity of the affinity ligand. Monoclonal-, 

polyclonal- or engineered recombinant antibodies as well as biological receptors are 

widely used as capturing agents. For each type of ligand, it is important to know against 

which part of the protein analyte it is directed and which proteoform of the protein is 

captured, to allow proper interpretation of the results. Another challenge and point of 

interest is the setup of the liquid chromatography part of the assay. Due to their large 

size, intricate higher order structure and heterogeneity, chromatographic separation of 

proteins is extremely challenging. While sample preparation is a crucial and indispensable 

step to achieve sensitivity and selectivity in protein bioanalysis, it would not be possible 

to address protein heterogeneity to any appreciable extent without efficient LC separation 

prior to mass spectrometry. Recent improvements have been made by analytical column 

manufactures with regards to stationary phase composition/chemistry and particle sizes. 

Examples are organic polymer-based monolithic columns, higher temperature resistant 

stationary phases, titanium column bodies and wide pore (>300 Å� ) core-shell particles. Also 

the addition of so-called superchargers and other additives to the mobile phases improved 

8
C

h
ap

te
r 

V
II

I



250

| CHAPTER VIII

selectivity and sensitivity of intact protein analysis. In the field of mass-spectrometry, most 

widely used are triple quadrupole instruments, which initially focused on the analysis of 

small molecules. More recent developments and advances in the field of HRMS have opened 

new possibilities in the field of protein analysis. Most commonly used HRMS-systems 

are based on quadrupole time-of-flight (QTOF) and Orbitrap mass analyzers combined 

with ‘soft ionization’ modes like electrospray ionization (ESI) and matrix-assisted laser 

desorption ionization (MALDI). Recently the use of ion mobility spectrometry (IMS) has 

entered the field of protein analysis. IMS may be described as ‘gas-phase electrophoresis’ 

and introduces an extra separation dimension after the LC separation and ahead of the 

actual mass analyzer. Separation is based on the physical characteristics of proteins such 

as lipophilicity, shape and charge. IMS is of utmost interest for the field of ‘native’ mass 

spectrometry.

In Chapter VI, we describe the development and evaluation of a quantitative LC-HR-MS/

MS method for the determination of the 22-kDa biopharmaceutical protein somatropin 

(recombinant human growth hormone, rhGH)) in rat plasma. To achieve good sensitivity 

and selectivity on a triple-quadrupole mass spectrometer extensive sample clean-up is 

needed to remove interfering tryptic peptides that appear in the chromatograms of the 

signature peptide, because of a rather wide mass extraction window (MEW) of 0.7 Da 

that is used to select analyte ions for detection. The high mass resolution of HRMS allows 

the application of a much narrower MEW, which can considerably reduce the number of 

tryptic peptides that are extracted during data processing. For an extensive evaluation 

of the applicability of HRMS for the analysis of plasma digests, we set up an LC-HR-MS/

MS method on a QTOF instrument with which we quantified three peptides, originating 

from rhGH after trypsin digestion: LFDNAMLR (amino acids 9-16), SNLELLR (71-77) and 

FDTNSHNDDALLK (146-158). After selecting the peptide precursor ions using a quadrupole 

with unit-mass resolution and subsequent collision induced dissociation, fragment ions 

were selected during data processing, on which the MEW was reduced from 0.5 to 0.01 Da. 

The number and intensity of interfering peaks in the extracted ion chromatograms was 

considerably reduced upon decreasing the MEW, which facilitated the determination of 

the three different signature peptides. Detection sensitivity was further enhanced by the 

summation of the responses of multiple product ions for each of the signature peptides. This 

allowed quantitation with acceptable accuracy and precision down to levels corresponding 

to 25 ng/mL of the intact protein somatropin in rat plasma, which is four-fold lower than 

on a triple-quadrupole mass spectrometer at unit-mass resolution. The conditions for 
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optimal selectivity and sensitivity varied from peptide to peptide and, in general, the 

MEW settings as well as the summation of responses have to be optimized for any given 

signature peptide and product ion. In conclusion, while the absolute instrument sensitivity 

of a triple quadrupole MS typically is better, the possibility of removing interfering peaks 

from the chromatograms by narrowing the MEW on HRMS may finally result in better 

sensitivity. This opens up the possibility to perform protein analysis with less rigorous 

sample preparation and it may prevent the need to use of extraction materials and reduce 

the time used for sample preparation.

The possibility to quantify intact rhGH in plasma by LC-HRMS is the subject of Chapter 

VII. It compares quantitation based on the generation of extracted-ion chromatograms 

(EICs), which are recorded by using the detection responses at one or more m/z values for 

the charged protein analyte, to those of the deconvolution approach, which constructs a 

theoretical uncharged mass spectrum as the basis for quantitation. In addition, the effect 

of the width of the MEW around each of the selected m/z values on method sensitivity 

and selectivity is evaluated. To this end, rat plasma samples spiked with somatropin at 

four levels (10.0, 30.0, 100 and 500 ng/mL) were analyzed and chromatograms recorded 

with different detection settings. EIC responses were determined for each of the four most 

intense charge states (14+, 15+, 16+ and 17+) of somatropin alone and for two, three and 

four charge states combined. In all cases, a MEW of 1.0 Da was used which corresponds to 

the inclusion of nearly all different isotopologues per charge state. When summating the 

four most abundant charge states, chromatograms were also recorded for MEW values 

reduced to 0.25 Da (corresponding to the four most intense ions of each charge state) and 

to 0.0625 Da (corresponding to only the most intense single ion per charge state). Although 

the absolute detection response increased when more charge states were included and 

when the MEW was larger, the signal-to-noise ratio in the chromatograms was essentially 

unaffected, indicating that along with more analyte signal more background noise is 

also extracted. With optimized instrumental and processing settings, the method was 

validated for the EIC approach and these results show that method performance in terms 

of selectivity, obtainable concentration sensitivity, accuracy and precision is independent 

of the MEW and the number of charge states used. Deconvolution of the same data to 

a reconstructed mass spectrum of the neutral protein (22124 Da) was also used as the 

analytical approach. The results for accuracy and precision show that its performance is 

comparable to using EICs, but the detection sensitivity is less favorable: 30 ng/mL as an 

acceptable LLOQ against 10 ng/mL for the EIC approach. Both methods of data processing 
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were subsequently used for the analysis of samples originating from a pre-clinical study and 

showed that both approaches are suitable for intact protein analysis with a good correlation 

(R2 > 0.97) between the two. Altogether, this shows that intact protein quantification by 

LC‑HRMS has the potential of even better sensitivity than digested protein analysis, if it 

is used in combination with a thorough sample clean-up by immunocapture extraction.
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NEDERLANDSE SAMENVATTING

De ontwikkeling van eiwitten voor de toepassing als geneesmiddel is in de afgelopen twintig 

jaar enorm toegenomen en dit heeft geleid tot de beschikbaarheid van een groot aantal 

zogenaamde biofarmaceutica voor de behandeling van zeer diverse ziektebeelden. Deze 

groeiende interesse voor biofarmaceutica gaat gepaard met een eveneens toenemende 

behoefte aan betrouwbare analytische methoden om de concentraties van deze eiwitten 

nauwkeurig te kunnen bepalen in monsters van biologische oorsprong. Vergeleken met 

de kwantitatieve bioanalyse van de traditionele kleine moleculen als geneesmiddel, is het 

meten van de concentraties van eiwitten zeker niet eenvoudig, mede vanwege hun grootte 

en structurele complexiteit. Van oudsher worden hiervoor ligand-binding assays (LBA’s) 

gebruikt. Ondanks een aantal duidelijke voordelen, zoals gebruiksgemak en een hoge 

specificiteit en gevoeligheid, hebben LBA’s zeker ook tekortkomingen, b.v. de beperkte 

mogelijkheid om meer dan één analiet tegelijk te meten, het relatief korte lineair dynamische 

bereik en vooral de afhankelijkheid van (dure) kritische reagentia die moeilijk of soms 

zelfs onmogelijk te verkrijgen zijn en waarvan de kwaliteit niet altijd gegarandeerd is. 

Om deze nadelen te omzeilen is er in de afgelopen tien jaar veel aandacht besteed aan 

de ontwikkeling van vloeistofchromatografie met massaspectrometrische detectie (LC-

MS) als een alternatieve meetmethode voor biofarmaceutica in complexe biologische 

monsters. Deze technologie is al meer dan 25 jaar de hoeksteen van de bioanalyse van 

kleine moleculen en, met enige aanpassingen, is zij ook zeer geschikt voor het meten van 

eiwitconcentraties. Er is in die tien jaar vooral veel aandacht geweest voor de technische 

aspecten van eiwitkwantificering en dit heeft geleid tot een standaardaanpak waarbij het 

monster grondig wordt opgezuiverd en het eiwit wordt gedigesteerd (geknipt) tot een serie 

peptiden waarvan er (tenminste) één wordt geselecteerd voor detectie door middel van een 

combinatie van LC met een triple-quadrupole massaspectrometer. Hoewel dit vaak leidt 

tot betrouwbare bioanalytische methoden, zijn er toch enkele aspecten van deze manier 

van eiwitkwantificatie onderbelicht gebleven. Dit proefschrift heeft als doel een bijdrage 

te leveren aan het veld van de analyse van biofarmaceutica door enkele van deze aspecten 

nader te onderzoeken.

Na een korte algemene inleiding in hoofdstuk I, richt het eerste deel van het proefschrift 

(hoofdstukken II t/m IV) zich op de biotransformatie van biofarmaceutica en de betekenis 

daarvan voor de kwantitatieve resultaten van diverse analytische methoden. Deel 



257

NEDERLANDSE SAMENVATTING |

twee (hoofdstukken V t/m VII) hebben een meer technische focus en beschrijven de 

mogelijkheden van hoge-resolutie massaspectrometrie voor eiwitanalyse.

In tegenstelling tot de situatie voor kleine moleculen als geneesmiddel is de 

biotransformatie van biofarmaceutica een grotendeels onontgonnen terrein. Hoewel veel 

aandacht wordt besteed aan (het voorkómen van) degradatie en structurele veranderingen 

van deze eiwitten in farmaceutische formuleringen is er vrijwel niets bekend over wat er 

gebeurt als zo’n geneesmiddel wordt toegediend aan een patiënt. Een belangrijke reden 

hiervoor is het feit dat het zo goed als onmogelijk is om met een LBA biotransformatie te 

onderzoeken, aangezien deze techniek geen onderscheid maakt tussen de onveranderde 

en de omgezette vormen van het geneesmiddel. Door het toenemende gebruik van LC-MS/

MS voor eiwitkwantificering wordt het steeds duidelijker dat biofarmaceutica ook in vivo 

chemische en enzymatische reacties ondergaan. Vanuit farmacologisch oogpunt kan dit 

betekenen dat de activiteit van het geneesmiddel verandert en, analytisch gezien, kan het ook 

een grote invloed hebben op het concentratieresultaat dat uiteindelijk wordt gerapporteerd. 

De hoofdstukken II tot IV hebben als doel meer informatie over dit fenomeen te geven.

Hoofdstuk II geeft een overzicht van de oorzaken van de heterogeniteit van eiwitten 

en van de mogelijke biotransformatiereacties in eiwitten, en vergelijkt de analytische 

prestaties van de twee belangrijkste kwantitatieve meetmethoden voor eiwitten: LBA 

en LC-MS in de zogenaamde selected reaction monitoring (SRM) modus. Zowel LBA als 

LC-MS zijn gericht op slechte een gedeelte van een eiwit (als deze laatste techniek gebruik 

maakt van digestie en kwantificatie van een signature peptide). Daarnaast is het zo dat, 

in tegenstelling tot een klein molecuul, een eiwit geen enkelvoudige, goed-gedefinieerde 

moleculaire structuur is, maar eerder een serie van structureel verwante isovormen. In 

vivo biotransformatie van een eiwit, door chemische of enzymatische reacties, en interactie 

met endogene bindingseiwitten, zoals receptoren of zogenaamde anti-drug antibodies, 

compliceren de situatie nog verder. Elke analytische techniek geeft daarom informatie 

over slechts één of een beperkt aantal van de vele aspecten van het eiwit van interesse. 

Afhankelijk van de vraag die moet worden beantwoord en van het onderliggende principe 

van de analytische meettechniek, zal ofwel LC-MS ofwel LBA het meest relevante en 

betekenisvolle resultaat geven. Een verschil in het resultaat verkregen met LC-MS of met 

LBA is daarom niet ongewoon en ook niet perse een teken dat één van beide resultaten 

incorrect is. Ook twee verschillende LC-MS methoden of twee verschillende LBA’s kunnen 

verschillende resultaten geven, zoals in dit hoofdstuk wordt geï�llustreerd aan de hand van 

een aantal voorbeelden uit de wetenschappelijke literatuur. De conclusie van dit hoofdstuk 

C
h

ap
te

r 
IX

9



258

| CHAPTER IX

is dat LC-MS waarschijnlijk in toenemende mate zal worden gebruikt voor de bioanalyse 

van biofarmaceutica, omdat het meer gedetailleerde chemische kennis kan verschaffen 

over deze moleculen, hun in vivo lotgevallen en de relatie tussen activiteit en concentratie.

In hoofdstuk III wordt in meer detail gekeken naar biotransformatiereacties die optreden 

in vitro en in vivo, en specifiek naar de deamidatie van het biofarmaceutische monoclonale 

antilichaam trastuzumab op een cruciale positie in zijn zogenaamde complementarity 

determining region (CDR). Het aminozuur asparagine op positie 55 (Asn55) in het CDR2 

van de zware keten van trastuzumab is potentieel deamidatiegevoelig, maar omdat Asn55 

deamidatie niet veel lijkt voor te komen in farmaceutische preparaten is er minder studie 

naar gedaan dan naar sommige andere reacties. Vanwege de centrale positie van Asn55 in 

CDR2 van trastuzumab, zou omzetting naar aspartaat (Asp55) of iso-aspartaat (isoAsp55) 

de binding van trastuzumab aan zijn receptor kunnen beï�nvloeden en uiteindelijk ook 

de farmacologische activiteit. In dit hoofdstuk wordt daarom een multiplex LC-MS/MS 

methode beschreven, die de gelijktijdige kwantificatie mogelijk maakt van vijf peptiden die 

gevormd kunnen worden na digestie van trastuzumab: een stabiel peptide (FTISADTSK), het 

deamidatiegevoelige peptide met daarin Asn55 (IYPTNGYTR), de gedeamideerde producten 

(IYPTDGYTR en IYPTisoDGYTR) en een succinimide intermediair (IYPTsuccGYTR). Digestie 

van 50 µl plasma wordt uitgevoerd bij pH 7 gedurende drie uur bij 37˚C, hetgeen resulteert 

in een goede digestie-opbrengst (>80%) en tegelijk een minimale (<1%) vorming van de 

deamidatieproducten tijdens de digestie. Bij hogere pH-waarden werd een snelle in vitro 

deamidatie gezien, leidend tot een (soms grote) overschatting van de oorspronkelijke 

concentraties van de gedeamideerde peptiden. De LC-MS/MS methode is gevalideerd volgens 

de meest recente internationale bioanalytische richtlijnen over het klinisch relevante bereik 

0.5 tot 500 µg/ml. Ook werd een ELISA methode ontwikkeld en gevalideerd voor de bepaling 

van trastuzumab in plasma met een bereik van 60.1 tot 4000 ng/ml, wat analyse van 

dezelfde monsters mogelijk maakt na een verdunning. Beiden methoden werden toegepast 

om plasmamonsters te meten afkomstig van een 56-daagse geforceerde degradatiestudie, 

en deamidatie van trastuzumab trad inderdaad op: terwijl de concentratie van de stabiele 

peptide gelijk bleef daalde de spiegels van het deamidatiegevoelige peptide met 37%. De 

ELISA resultaten namen precies twee keer zo snel af, hetgeen waarschijnlijk verklaard 

kan worden door het voorkomen van twee IYPTNGYTR-sequenties in trastuzumab. 

Aangezien de sandwich ELISA twee anti-idiotypische antilichamen gebruikt, is het heel 

waarschijnlijk dat er twee niet-gedeamideerde IYPTNGYTR-sequenties nodig zijn voor het 

vormen van een detecteerbaar immuuncomplex met trastuzumab. Voor verder onderzoek 
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naar de deamidatie van trastuzumab werden de LC-MS/MS en de ELISA methode gebruikt 

voor het analyseren van plasmamonsters, afgenomen van borstkankerpatiënten tijdens 

behandeling met trastuzumab gedurende meerdere maanden. LC-MS/MS analyse liet zien 

dat in die periode tot wel 25% deamidatie en isomerisatie van Asn55 optreedt, terwijl 

een zelfs sterkere reductie van de trastuzumab concentraties werd verkregen met ELISA 

dan verwacht op basis van de in vitro experimenten. Ook verschilde de mate van Asn55 

deamidatie sterk tussen patiënten, wat benadrukt dat biotransformatie een complex proces 

is en dat meer onderzoek nodig is voor het volledig begrijpen van de in vivo lotgevallen van 

biofarmaceutica en de consequenties voor hun farmacologische activiteit. In dat opzicht zijn 

goede bioanalytische methoden en zeker ook LC-MS/MS een nuttig hulpmiddel.

Tegenwoordig wordt trastuzumab vaak gecombineerd met een ander monoclonaal 

antilichaam, pertuzumab, als standaardbehandeling van sommige vormen van borstkanker. 

Pertuzumab en trastuzumab binden in het lichaam aan dezelfde receptor (HER2) en het 

combineren van deze twee eiwitten geeft een betere anti-tumor werking dan de toediening 

van één van beide. Aangezien ook pertuzumab een deamidatie gevoelige asparagine bevat 

in een CDR in de zware keten zou deamidatie ook voor dit biofarmaceuticum kunnen leiden 

tot een verlies aan activiteit. In hoofdstuk IV beschrijven we daarom de resultaten van een 

nader onderzoek naar het vóórkomen en de farmacologische consequenties van de in vitro 

en in vivo deamidatie van trastuzumab en pertuzumab, en wel op posities Asn55 resp. 

Asn54 in de zware ketens. Hiertoe worden beide eiwitten gedigesteerd met trypsine en een 

aantal van de gevormde peptiden vervolgens gekwantificeerd met een multiplex LC-MS/MS 

methode, als surrogaat voor de beide intacte eiwitten. De peptiden, die Asn55 resp. Asn54 

bevatten, zijn een maat voor de (resterende) concentratie trastuzumab of pertuzumab wat 

niet is gedeamideerd. Daarnaast geeft een peptide uit een ongemodificeerd deel van elk 

eiwit de totale concentratie van trastuzumab of pertuzumab weer. Met een plasmavolume 

van slechte 10 µl en een 2-uur durende digestie bij pH 7.0 kunnen concentraties tussen 2 

en 1000 µg/ml worden bepaald voor de verschillende eiwitvormen. Tijdens een formele 

validatie werden waarden voor bias en CV van beneden de 15% gevonden en aangetoond dat 

geen onacceptabele deamidatie plaatsvindt tijdens opslag of analyse van de monsters. Een 

groot verschil tussen de totale en niet-gedeamideerde concentraties voor trastuzumab en 

pertuzumab werd gezien zowel in vitro als in vivo. Na een 56-daagse geforceerde degradatie 

in vitro was 40% van trastuzumab en 68% van pertuzumab gedeamideerd, terwijl tot 

47% resp. 35% deamidatie werd gevonden in plasma van borstkankerpatiënten tijdens 

behandeling met een combinatie van beide geneesmiddelen. Naast de LC-MS methode werd 
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ook een receptorbindingsassay opgezet en gevalideerd om de binding van de gedeamideerde 

en niet-gedeamideerde vormen van de beide biofarmaceutica aan de HER2 receptor te 

bestuderen. Het analytische principe is dat trastuzumab of pertuzumab wordt gebonden aan 

een recombinante vorm van het extracellulaire domein van de HER2 receptor, en vervolgens 

gedetecteerd met een generiek humaan IgG-gericht detectie-antilichaam. Deze methode kan 

daarom niet worden gebruikt voor monsters waar beide analieten tegelijk in voorkomen, 

zoals plasma afkomstig van patiënten die een combinatietherapie met beide biofarmaceutica 

krijgen. De trastuzumab en pertuzumab concentraties in plasmamonsters van de in vitro 

degratatietest, verkregen met de receptorbindingsassay, vertoonden een goede correlatie 

met de concentraties van de deamidatiegevoelige peptiden zoals bepaald met LC-MS. Dit 

suggereert dat, zodra trastuzumab of pertuzumab zijn gedeamideerd op Asn55 resp. 

Asn54, deze eiwitten geen respons meer geven in de receptorbindingsassay en daarom 

waarschijnlijk niet meer binden aan het (recombinante) extracellulaire domein van de HER2 

receptor. De farmacologische consequenties van de deamidatie voor de werking van de beide 

mAbs zijn verder onderzocht m.b.v. een cell viability assay met de humane HER2-positieve 

borstkankercellijn BT474. Hierbij werd gevonden dat ongemodificeerd trastuzumab de groei 

van deze tumorcellen effectief remde, terwijl de gedeamideerde vorm dit niet langer kon, 

hetgeen erop wijst dat er mogelijk een relatie is tussen de mate van deamidatie en het verlies 

van farmacologische activiteit. Voor ongemodificeerd pertuzumab werd door ons met deze 

cellijn overigens geen remming van de tumorcelgroei gevonden. Concluderend, de LC-MS/

MS meting van de resterende ongedeamideerde concentratie Asn-55 voor trastuzumab 

en Asn-54 voor pertuzumab geeft waarschijnlijk het beste beeld van de farmacologisch 

actieve fracties van deze geneesmiddelen in plasma van patiënten. Omdat er ongetwijfeld 

ook andere structurele modificaties plaatsvinden is het van belang dat hier in toekomstige 

studies verder naar wordt gekeken, om een gedetailleerd beeld te krijgen van de in vivo 

biotransformatie van deze biofarmaceutica. LC-MS/MS met goed gekozen surrogaatpeptiden 

biedt hiervoor een eenduidige en betrouwbare mogelijkheid.

In de hoofdstukken V tot VII kijken we naar biofarmaceutische analyse vanuit 

een meer technisch en instrumenteel oogpunt. Tot nu toe worden de meeste LC-MS 

methoden uitgevoerd met triple-quadrupole massaspectrometrie na digestie en verdere 

monsteropwerking. Dit type massaspectrometrie heeft unit-mass resolutie en het gebruik 

voor eiwitkwantificering is eigenlijk een uitbreiding van de typische aanpak voor het meten 

van kleine moleculen. Er is verder weinig kennis over de kwantitatieve mogelijkheden 

van hoge-resolutie massaspectrometrie (HRMS) voor biofarmaceutica. Vanwege de 
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hoge massa-accuraatheid wordt HRMS veel gebruikt voor kwalitatieve doeleinden, zoals 

structuuropheldering of -bevestiging van zowel kleine als grote moleculen, maar het biedt 

ook mogelijkheden voor kwantitatieve analyse. Het kan worden gebruikt als alternatieve 

detectietechniek voor eiwitanalyse na digestie en kan dan een betere selectiviteit geven 

dan unit-mass MS. Tevens kunnen er ook intacte eiwitten mee worden gekwantificeerd, wat 

vrijwel onmogelijk is op een triple-quadrupole instrument.

In hoofdstuk V wordt een tweede overzichtsartikel gepresenteerd waarin de 

(theoretische) mogelijkheden worden beschreven voor de analyse van intacte eiwitten met 

HRMS. Dit veld staat duidelijk nog in de kinderschoenen en hoewel de eerste rapporten zijn 

verschenen moeten veel aspecten nog verder worden ontwikkeld, van monsteropwerking 

tot de scheiding van eiwitten en het gebruik en de interpretatie van de zeer complexe 

massaspectra die bij deze aanpak worden verkregen. Een belangrijk punt van aandacht is 

dat de succesvolle verrijking van eiwitten vooral plaatsvindt door de selectieve extractie 

uit het monster met een affiniteitsligand zoals een antilichaam, receptor of andere 

bindingspartner. Generieke verrijkingsmethoden zoals vaste-fase extractie (SPE) op 

basis van elektrostatische of hydrofobe interacties, geï�mmobiliseerde metalen (IMAC) of 

gefractioneerde neerslagreacties kunnen ook worden gebruikt, maar deze vereisen een 

zorgvuldige optimalisering om voldoende selectiviteit te verkrijgen. Een andere uitdaging is 

de opzet van het vloeistofchromatografische (LC) deel van de methode. Vanwege hun grootte 

en complexe, heterogene structuur is een goede chromatografische scheiding van eiwitten 

uiterst uitdagend. Al is de monsteropwerking een cruciale stap om voldoende selectiviteit en 

gevoeligheid te verkrijgen in de bioanalyse van eiwitten, zonder een efficiënte LC scheiding 

zou het onmogelijk zijn eiwitheterogeniteit te bestuderen. Recente ontwikkelingen in de 

samenstelling en eigenschappen van stationaire fases betreffen b.v. monolytische kolommen 

op basis van organische polymeren, hittebestendige fasen en deeltjes met wijdere poriën. 

Ook de toevoeging van zogenaamde superchargers en andere additieven aan mobiele fases 

dragen bij aan de verbetering van de gevoeligheid en selectiviteit van intacte eiwit analyse. 

Op het gebied van de massaspectrometrie worden triple-quadrupole instrumenten het meest 

gebruikt, maar recente ontwikkelingen in HRMS hebben nieuwe mogelijkheden geschapen 

voor het kwantificeren van intacte eiwitten, zoals het gebruik van quadrupole time-of-flight 

(QTOF) en Orbitrap massa-analysatoren, in combinatie met ‘zachte ionisatie’ technieken 

zoals electrospray ionisatie (ESI) en matrix-assisted laser desorptie ionisatie (MALDI). 

Recent is ook ionmobiliteitsspectrometrie (IMS) geï�ntroduceerd voor eiwitanalyse. IMS 

kan worden gezien als gas-fase electroforese en voegt een extra scheidingsdimensie toe 
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na de LC en voor de eigenlijke MS detectie. Vanwege de scheiding op basis van de fysische 

eigenschappen van een eiwit zoals lipofiliciteit, vorm en lading is IMS zeer interessant voor 

de analyse van eiwitten in hun natieve vorm.

In hoofdstuk VI beschrijven we de ontwikkeling en evaluatie van een kwantitatieve 

LC-HR-MS/MS methode voor de bepaling van het 22-kDa grote biofarmaceutische eiwit 

somatropine (recombinant humaan groeihormoon, rhGH) in rattenplasma. Om op een triple-

quadrupole massaspectrometer een goede gevoeligheid en selectiviteit te verkrijgen is een 

grondige monsteropwerking nodig om interfererende tryptische peptiden te verwijderen 

die in de chromatogrammen van het signature peptide verschijnen vanwege het tamelijke 

wijde massa-extractie window (MEW) van 0.7 Da dat wordt gebruikt om ionen te 

selecteren voor detectie. De hogere massaresolutie van HRMS maakt het gebruik mogelijk 

van een veel nauwer MEW, wat het aantal tryptische peptiden dat wordt geselecteerd 

in de massaspectrometer sterk kan beperken. Voor een uitvoerige evaluatie van de 

toepasbaarheid van HRMS voor de analyse van plasmadigesten hebben we een LC-HR-MS/

MS methode opgezet op een QTOF instrument waarmee we drie peptiden kwantificeerden 

na digestie van somatropine met trypsine: LFDNAMLR (aminozuren 9-16), SNLELLR 

(71-77) and FDTNSHNDDALLK (146-158). Na selectie van de precursorionen van deze 

peptiden door een quadrupool met unit-mass resolutie en daarna fragmentatie, werden de 

productionen softwarematig geselecteerd uit het opgenomen spectrum, waarmee we het 

MEW verkleinden van 0.5 tot 0.01 Da. Het aantal en de intensiteit van de interfererende 

pieken in de chromatogrammen werd daarmee sterk gereduceerd, hetgeen de bepaling van 

de drie signature peptides duidelijk vergemakkelijkte. De detectiegevoeligheid kon verder 

worden verbeterd door de meetsignalen van meerdere productionen van elk signature 

peptide te sommeren. Dit maakte kwantificering met acceptabele accuraatheid en precisie 

mogelijk tot 25 ng/ml somatropine in rattenplasma, wat vier keer lager is dan met een 

vergelijkbare methode op een triple-quadrupole MS. De omstandigheden voor optimale 

selectiviteit en gevoeligheid varieerden van peptide tot peptide en in zijn algemeenheid moet 

de MEW instellingen en ook de sommering van meetsignalen worden geoptimaliseerd voor 

ieder nieuw signature peptide en bijbehorende product ionen. Samenvattend, hoewel de 

absolute instrumentele detectiegevoeligheid op een triple-quadrupole MS vaak beduidend 

beter is, kan het gebruik van HRMS toch leiden tot een gevoeliger methode, vanwege de 

mogelijkheid om interfererende peptiden uit de chromatogrammen te verwijderen door 

een nauwere MEW. Dit schept mogelijkheden om eiwitanalyse uit te voeren met een minder 
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uitgebreide monsteropwerking en kan de noodzaak tot het gebruik van extractiematerialen 

voorkomen en de benodigde tijd voor monstervoorbereiding reduceren.

De mogelijkheid om intact somatropine in plasma te kwantificeren met LC-HRMS 

is het onderwerp van hoofdstuk VII. Het vergelijkt kwantificering m.b.v. extracted-ion 

chromatogrammen (EIC’s), die worden opgenomen met de detectieresponses van één of 

meerdere m/z waarden van het geladen eiwit, met deconvolutie: het construeren van een 

theoretisch ongeladen massaspectrum als basis voor de kwantificering. Tevens wordt 

de waarde van de MEW rond elk van de gekozen m/z waarden geëvalueerd. Hiertoe 

werd rattenplasma gespiket met somatropine op vier niveaus (10.0, 30.0, 100 en 500 

ng/ml), de monsters geanalyseerd en chromatogrammen opgenomen met verschillende 

detectie-instellingen. EIC signalen werden bepaald voor elk van de vier meest intense 

ladingstoestanden (14+, 15+, 16+ and 17+) van somatropine alleen en voor de combinaties 

van twee, drie en vier ladingstoestanden. In alle gevallen werd hier een MEW gebruikt van 

1.0 Da, wat overeenkomt met de inclusie van vrijwel alle isotopologen per ladingstoestand. 

Bij het gebruik van de som van de vier ladingstoestanden werd de MEW ook gereduceerd 

tot 0.25 Da (overeenkomend met de vier meest intense ionen) en tot 0.0625 Da (alleen het 

meest intense ion per ladingstoestand). Hoewel de absolute detectierespons het hoogste 

was als alle ladingtoestanden werden gebruikt en als de MEW het grootst was, bleek de 

signaal-ruis verhouding in alle gevallen ongeveer gelijk, wat betekent dat naast meer 

meetsignaal voor de analiet ook meer achtergrondruis wordt meegenomen. Bij de optimale 

instellingen werd de methode gevalideerd voor de EIC aanpak en de resultaten lieten zien 

dat de selectiviteit, gevoeligheid, accuraatheid en precisie van de methode onafhankelijk 

zijn van de MEW en het aantal gebruikte ladingstoestanden. Het deconvolueren van dezelfde 

data naar een gereconstrueerd massaspectrum van het neutrale eiwit (22124 Da) werd 

gebruikt als alternatieve aanpak. De resultaten voor precisie en accuraatheid lieten zien 

dat de prestatie van deze aanpak vergelijkbaar is met die van het gebruik van EIC’s, maar 

dat de detectiegevoeligheid minder goed is: 30 ng/ml als acceptabele LLOQ tegenover 10 

ng/ml voor de EIC aanpak. Beide methoden werden vervolgens gebruikt voor de analyse 

van plasmamonsters uit een preklinisch onderzoek en toonden aan dat ze beide bruikbaar 

zijn voor intacte-eiwitanalyse, met een goede correlatie (R2>0.97) tussen de twee. Al met al 

laat dit onderzoek zien dat de kwantificering van intacte eiwitten met LC-HRMS potentieel 

zelfs gevoeliger kan zijn dan de analyse van eiwitten na digestie, als het wordt toegepast in 

combinatie met immunocapture als opwerkingstechniek.
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