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Uncontrolled tumor growth is a characteristic feature of malignancy, which is 

related to deregulated apoptosis.1,2 A strategy of interest for cancer drug 

discovery is restoring apoptosis in tumor cells leading to controlled, 

programmed cell death while minimizing cytotoxic effects on healthy tissues. 

Wild type recombinant human Tumor necrosis factor-Related Apoptosis-

Inducing Ligand (rhTRAIL) and death-receptor-specific variants are promising 

in this respect and are currently being developed as novel anti-cancer 

biotherapeutics.3–6  

 

TRAIL induces the extrinsic pathway of apoptosis by triggering death receptors 

DR4 and DR5 with a strong preference for tumor cells over healthy cells. 

TRAIL interacts not only with the two death receptors DR4 and DR5, but binds 

also to three decoy receptors DcR1, DcR2 and OPG. Since the decoy receptors 

do not have a functional death domain required to form the so-called death 

inducing signaling complex (DISC), they are unable of transmitting an 

apoptotic signal and thus neutralize the apoptotic activity of TRAIL. The 

presence of decoy receptors was the presumed reason that the efficacy of 

chemotherapy was not improved in phase I and II studies of patients that were 

treated with rhTRAIL (Dulanermin). Still, these studies showed that rhTRAIL 

had no additional toxicity or adverse effects.7–11 A strategy to improve efficacy 

could be the design and optimization of DR4- and DR5- specific rhTRAIL 

variants, which showed promising results in cancer cells (in vitro) and in tumor-

bearing animals (in vivo).12–15 To develop such variants, it is necessary to have 

variant-specific quantitative bioanalytical methods. 

 

Currently, the analytical golden standard for the quantification of 

biopharmaceuticals is the enzyme-linked immune-sorbent assay (ELISA), but 

LC-MS/MS is being developed into a more and more attractive alternative.16–18 

The reasons for this are that ELISAs require extensive method development and 

that the antibodies used may not be specific, which could lead to inaccurate and 

possibly poorly reproducible results.19 Even though ELISA is currently still 

more sensitive than LC-MS/MS, this picture is changing due to developments in 

instrumentation. ELISAs also suffer from a lower precision than LC-MS/MS 

and a rather limited linear dynamic range.20,21  
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Scope of the thesis 

 

The research described in this thesis focuses on the development of targeted 

LC-MS/MS methodologies to support quantification of different forms of 

TRAIL in biological fluids. The main theme of method development was the 

use of generic, antibody-free sample preparation strategies, making use of the 

physico-chemical properties of the protein/peptides of interest.   

 

Chapter 2 provides an introduction to the use of antibody-free workflows for 

LC-MS/MS-based protein quantification by reviewing the scientific literature. 

Limitations and advantages of the antibody-free approach are discussed and 

compared to conventional antibody-based workflows.     

 

Chapter 3 presents an antibody-free LC-MS/MS method that is able to 

discriminate wild type recombinant human TRAIL (rhTRAIL) from its closely 

related DR4-specific variant rhTRAIL4C7 reaching a lower limit of quantitation 

(LLOQ) of 20 ng/mL for both forms in 100 µL of human and mouse serum. 

Antibody-free sample enrichment is based on immobilized metal affinity 

chromatography (IMAC) solid phase extraction (SPE) at the protein level 

followed by tryptic digestion and quantification of two signature peptides. The 

method is suitable for supporting pharmacokinetic (PK) studies in mice that are 

dosed with both rhTRAIL forms simultaneously.      

 

Chapter 4 describes an extension of the above-mentioned methodology with a 

strong cation-exchange (SCX) SPE step prior to IMAC enrichment and 

miniaturization to a micro liquid chromatography (µLC) separation. Due to this 

adjustment, sensitivity is increased to 0.5 ng/mL in human and mouse serum, 

which is close to the LLOQ of a validated ELISA used in clinical studies. It also 

offers the option of reducing sample volume to 20 µL, which is beneficial for 

PK studies in mice.  
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Chapter 5 describes a methodology to quantify endogenous levels of soluble 

TRAIL by LC-MS/MS down to the sub-ng/mL level in human saliva and 

induced sputum. In this approach, next to IMAC at the protein level, SCX 

enrichment is performed after digestion, at the peptide level. This method 

proves suitable for supporting biomarker studies with sTRAIL.   

 

Chapter 6 summarizes the results and discusses the future perspectives of 

antibody-free LC-MS/MS methodologies for protein quantification.    



11 

 

References 

(1)  Fesik, S. W. Nat. Rev. Cancer 2005, 5, 876–885. 

(2)  Russo, A.; Terrasi, M.; Agnese, V.; Santini, D.; Bazan, V. Ann. Oncol. 
2006, 17 Suppl 7, vii115–vii123. 

(3)  Ashkenazi, A.; Holland, P.; Eckhardt, S. G. J. Clin. Oncol. 2008, 26, 
3621–3630. 

(4)  Ashkenazi, A.; Pai, R. C.; Fong, S.; Leung, S.; Lawrence, D. A.; 
Marsters, S. A.; Blackie, C.; Chang, L.; McMurtrey, A. E.; Hebert, A.; 
DeForge, L.; Koumenis, I. L.; Lewis, D.; Harris, L.; Bussiere, J.; 
Koeppen, H.; Shahrokh, Z.; Schwall, R. H. J. Clin. Invest. 1999, 104, 
155–162. 

(5)  Reis, C. R.; van der Sloot, A. M.; Natoni, A.; Szegezdi, E.; Setroikromo, 
R.; Meijer, M.; Sjollema, K.; Stricher, F.; Cool, R. H.; Samali, A.; 
Serrano, L.; Quax, W. J. Cell Death Dis. 2010, 1, e83. 

(6)  Van der Sloot, A. M.; Tur, V.; Szegezdi, E.; Mullally, M. M.; Cool, R. 
H.; Samali, A.; Serrano, L.; Quax, W. J. Proc. Natl. Acad. Sci. U. S. A. 
2006, 103, 8634–8639. 

(7)  Fulda, S. Eur. J. Clin. Pharmacol. 2015, 71, 525–527. 

(8)  Herbst, R. S.; Eckhardt, S. G.; Kurzrock, R.; Ebbinghaus, S.; O’Dwyer, 
P. J.; Gordon, M. S.; Novotny, W.; Goldwasser, M. A.; Tohnya, T. M.; 
Lum, B. L.; Ashkenazi, A.; Jubb, A. M.; Mendelson, D. S. J. Clin. 

Oncol. 2010, 28, 2839–2846. 

(9)  Soria, J.-C.; Smit, E.; Khayat, D.; Besse, B.; Yang, X.; Hsu, C.-P.; 
Reese, D.; Wiezorek, J.; Blackhall, F. J. Clin. Oncol. 2010, 28, 1527–
1533. 

(10)  Wainberg, Z. A.; Messersmith, W. A.; Peddi, P. F.; Kapp, A. V; 
Ashkenazi, A.; Royer-Joo, S.; Portera, C. C.; Kozloff, M. F. Clin. 

Colorectal Cancer 2013, 12, 248–254. 

 



12 

 

(11)  Soria, J.-C.; Márk, Z.; Zatloukal, P.; Szima, B.; Albert, I.; Juhász, E.; 
Pujol, J.-L.; Kozielski, J.; Baker, N.; Smethurst, D.; Hei, Y.; Ashkenazi, 
A.; Stern, H.; Amler, L.; Pan, Y.; Blackhall, F. J. Clin. Oncol. 2011, 29, 
4442–4451. 

(12)  Yu, R.; Albarenque, S. M.; Cool, R. H.; Quax, W. J.; Mohr, A.; Zwacka, 
R. M. Cancer Biol. Ther. 2014, 15, 1658–1666. 

(13)  Szegezdi, E.; Reis, C. R.; van der Sloot, A. M.; Natoni, A.; O’Reilly, A.; 
Reeve, J.; Cool, R. H.; O’Dwyer, M.; Knapper, S.; Serrano, L.; Quax, 
W. J.; Samali, A. J. Cell. Mol. Med. 2011, 15, 2216–2231. 

(14)  Duiker, E. W.; de Vries, E. G. E.; Mahalingam, D.; Meersma, G. J.; 
Boersma-van Ek, W.; Hollema, H.; Lub-de Hooge, M. N.; van Dam, G. 
M.; Cool, R. H.; Quax, W. J.; Samali, A.; van der Zee, A. G. J.; de Jong, 
S. Clin. Cancer Res. 2009, 15, 2048–2057. 

(15)  Yu, R.; Deedigan, L.; Albarenque, S. M.; Mohr, A.; Zwacka, R. M. Cell 

Death Dis. 2013, 4, e503. 

(16)  Bischoff, R.; Bronsema, K. J.; van de Merbel, N. C. TrAC Trends Anal. 

Chem. 2013, 48, 41–51. 

(17)  Hopfgartner, G.; Lesur, A.; Varesio, E. TrAC Trends Anal. Chem. 2013, 
48, 52–61. 

(18)  Van den Broek, I.; Niessen, W. M. A.; van Dongen, W. D. J. 

Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 2013, 929, 161–179. 

(19)  Hoofnagle, A. N.; Wener, M. H. J. Immunol. Methods 2009, 347, 3–11. 

(20)  Bults, P.; van de Merbel, N. C.; Bischoff, R. Expert Rev. Proteomics 
2015, 12, 355–374. 

(21)  Ezan, E.; Bitsch, F. Bioanalysis 2009, 1, 1375–1388.  

  

  



13 

 

Chapter 2 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Published in: Bioanalysis, 7(6): 763-779 (2015) 

Antibody-free workflows for protein 

quantification by LC-MS/MS 

 

 

Daniel Wilffert, Rainer Bischoff, Nico C. van de Merbel 



14 

 

Abstract  

Antibody-free approaches for quantitative LC-MS/MS-based protein 

bioanalysis are reviewed and critically evaluated, and compared to the more 

widely used immunoaffinity-based approaches. Antibody-free workflows will 

be divided into four groups and discussed in the following order: direct analysis 

of signature peptides after proteolytic digestion; enrichment of target proteins 

and signature peptides by fractionated protein precipitation; enrichment of 

target proteins and signature peptides by reversed-phase and ion-exchange 

solid-phase extraction; and enrichment of target proteins and signature peptides 

by (antibody-free) affinity-solid-phase extraction. 
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Introduction 

The quantitative bioanalysis of proteins and other macromolecules by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS)-based methods have 

received increasing attention over the past few years. This is mainly due to a 

number of advantages over immunoassays, which have been the golden 

standard for protein quantification for several decades. One of the major 

advantages is the possibility of LC-MS/MS for quantification without the use of 

analyte-directed antibodies, which may be time-consuming and costly to obtain. 

Additionally, they limit the linear dynamic range of immunoassays and may 

suffer from limited specificity as well as from interference by components of 

the biological matrix such as anti-drug antibodies (ADA) and circulating protein 

drug targets 1–3. Still, many current LC-MS/MS methods also use antibodies, in 

the form of immunocapture reagents for selective analyte extraction. This is 

particularly the case when low detection limits are required and a thorough 

clean-up of the sample is needed. To fully profit from the generic applicability 

of LC-MS/MS for proteins, alternative, antibody-free workflows are therefore 

of particular interest. Here, it should be noted that antibody-free approaches 

usually measure the total drug concentration, because any existing interaction 

between the protein analyte and matrix components will be broken during 

analysis [4]. In contrast, antibody-based analysis, be it immunoassay or LC-MS 

with immunocapture, will typically not respond to ADA- or target-bound 

analyte and therefore give the free drug concentration. Antibody-free analysis, 

however, also offers the possibility of differentiating between free and ADA-

bound protein drug by including a protein A/G enrichment step in the workflow, 

to extract ADA-bound drug from the sample 4,5.  

 

It is fair to say that some challenges still need to be overcome before antibody-

free LC-MS/MS can be considered a viable alternative to immunoassays, 

notably with regard to sensitivity and throughput. LC-MS/MS of proteins 

differs from traditional LC-MS/MS of small molecules in many ways. It 

typically includes an enzymatic digestion step of the protein analyte into a 

mixture of peptides and the selection of one or more signature peptide(s) for 

quantification, as a surrogate for the intact protein. A number of aspects, as well 
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as typical challenges of LC-MS/MS quantification of proteins in biological 

matrices have been recently reviewed. Reviews have focused on 

recommendations and suggestions for assay development 6, sample preparation 
7, LC-MS/MS analysis 8, the use of internal standards 9 and the support of 

clinical applications 10. The main focus of the current review will be on the 

application of LC-MS/MS for protein quantification without the use of any 

analyte-directed antibodies. It will be shown that protein enrichment is not 

always required and that the tryptic digest of a biological sample can be 

successfully analyzed directly in the case of proteins of medium to high 

abundance. Additionally, applications with different forms of antibody-free 

enrichment for high-sensitivity applications will be discussed. Methods will be 

divided into enrichment by fractionated protein precipitation, conventional 

solid-phase extraction (SPE) and antibody-free affinity-based enrichment. The 

different approaches will be critically evaluated and possible future trends will 

be discussed. 
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Direct analysis of a proteolytic digest without enrichment 

It is not always necessary to perform protein or signature peptide enrichment for 

protein quantification. There are numerous examples of important medium- and 

high-abundant proteins that were quantified after digesting the protein analyte 

into its signature peptides in the untreated biological matrix followed by direct 

LC-MS/MS analysis of the digest. A number of illustrative examples will be 

discussed below. For rapid and complete digestion, it is important to unfold the 

protein to optimally expose the cleavage sites to the protease. This is performed 

by denaturation of the protein, e.g. by the addition of urea followed by 

disrupting intramolecular disulfide bridges by reduction and subsequent 

alkylation of the free thiol groups 6 or by simply precipitating the protein 

through the addition of an organic solvent and digesting the resulting protein 

pellet 11.  

 

Such a direct approach was successfully applied for the quantification of 

albumin in urine, a diagnostic and prognostic marker for renal disease 12. The 

LC-MS/MS analysis (run time 30 minutes) of urine (40 µL) showed a lower 

limit of quantitation (LLOQ) of 3.13 µg/mL (47 nM) and a linear dynamic 

range up to 200 µg/mL. A good correlation (r2=0.97) was found when 

comparing the LC-MS/MS and immunoassay analysis results. The choice for 

LC-MS/MS was based on the better accuracy and precision of the measurement. 

These were of importance because of the need to assess small increases in 

urinary albumin excretion to predict progression of renal disease as well as 

cardiovascular morbidity. The same quantification strategy was implemented 

with an LC-MS/MS method (run time 10 minutes) for immunoglobulin G (IgG) 

in serum (2 µL) with a linear dynamic range from 0.09 µg/mL (600 pM) to 500 

µg/mL, using one class-specific signature peptide. This application also 

demonstrated the power of selected reaction monitoring (SRM) for 

simultaneously quantifying the four IgG isoforms IgG1 to IgG4 based on four 

isoform-specific signature peptides 13. In addition, the method was able to 

separately determine 26 different glycoforms of IgG by monitoring the 

corresponding glycosylated peptides (Figure 1).  
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Figure 1. Multiplexed reversed-phase LC-MS/MS analysis of IgGs by selected 

reaction monitoring (SRM) with the glycan profiles for each separate IgG 

subclass. In total 31 signature peptides were selected and separated: one 

peptide for total IgG, four peptides for the subclasses IgG 1-4 and 26 glyco-

peptides. A 100-fold enlargement of the IgG1 glyco-peptide profile is shown. 

Reprinted with permission from 
13

. Copyright (2013) American Chemical 

Society. 

Similarly, LC-MS/MS was successfully applied for the simultaneous 

quantification (run time 29 minutes) of insulin-like growth factor-1 (IGF-1) and 

insulin-like growth factor binding protein-3 (IGFBP-3) in 100 µL human serum 

with an LLOQ of 2 µg/mL (91 nM) and 5 µg/mL (156 nM), respectively 14. In 

this case, LC-MS/MS was specifically selected for analysis because of its high 

specificity for both analytes, which are markers for verifying the abuse of 

human growth hormone. Furthermore, the analysis has the potential of 

screening for more markers correlated to the abuse of growth factors, such as 

insulin-like growth factor binding protein-2 (IGFBP-2) and osteocalcin.  
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Despite the generally rather limited sensitivity, the direct approach can be 

performed with small sample volumes, as was demonstrated for the biomarker 

ceruloplasmin, quantified in a dried blood spot (DBS). The DBS was obtained 

from a 3-mm punch of spotted blood on a filter paper card, with an LLOQ of 7 

µg/mL (57 nM) and a linear dynamic range up to 950 µg/mL 15. The DBS 

method was beneficial for the effective screening of newborns for Wilson’s 

disease. In addition to the quantification of highly abundant biomarkers, the 

direct approach can also be applied to protein pharmaceuticals. One example is 

the thrombolytic agent Tenecteplase, a recombinant form of tissue plasminogen 

activator (tPA), quantified in rat plasma 16. The LC-MS/MS quantification (run 

time 45 minutes) of this drug showed an LLOQ of 5 µg/mL (85 nM) and 

linearity up to 125 µg/mL; its applicability was demonstrated by the analysis of 

pharmacokinetic plasma samples (25 µL) after a single-dose study in rats. 

Compared to an ELISA, which had a much lower, LLOQ at the (in this case 

irrelevant) pg/mL level, LC-MS/MS method development was much faster. The 

signature peptide was chosen in such a way that there was no risk of cross-

reactivity with structurally related proteins, such as endogenous tPA that differs 

in only three of the in total 527 amino acids from the pharmaceutical protein. A 

clear advantage of antibody-free LC-MS/MS is the possibility for multiplexed 

analysis of proteins. This was demonstrated by the simultaneous quantification 

of a panel of 45 and 142 high- to moderate-abundance proteins in 5 and 6 µL of 

human plasma using the above mentioned direct analytical approach 17,18. 

Absolute quantification of the protein panel was performed at concentrations 

ranging from 44 ng/mL (1.6 nM, myeloblastin) to 31 mg/mL (463 µM, 

albumin) with the use of separately synthesized isotopically labeled peptides as 

internal standards for each selected signature peptide.   

 

Overall, as exemplified above, the direct analysis approach typically has limited 

detection sensitivity with LLOQ levels in the µg/mL range, at least for protein-

rich matrices. This is mainly due to the fact that all endogenous matrix proteins 

are co-digested, generating a very large number of peptides, some of which 

have much higher concentrations than the analyte signature peptides. Since the 

physico-chemical properties of the matrix peptides are often rather similar to 

those of the signature peptide, direct injection of a digest may lead to co-elution 
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of matrix peptides, which can result in reduced sensitivity due to ionization 

suppression and limited selectivity because of the appearance of interfering 

peaks of isobaric peptides in the chromatograms. Moreover, direct digestion of 

serum or plasma samples bears the risk that high-abundance, endogenous 

protease inhibitors, such as α1-antitrypsin, interfere with digestion. For optimal 

accuracy and precision, it is beneficial to include an internal standard to correct 

for experimental variability in the digestion step. Since stable-isotope labeled 

forms of the intact protein or suitable structurally similar proteins are difficult to 

obtain, many researchers rely on peptide-based internal standards that do not or 

at best correct only partially for variations due to digestion. Research has 

indicated that this is a suitable approach as long as the digestion step is properly 

optimized 9,19.  
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Fractionated protein precipitation   

Protein precipitation is a common technique for the removal of matrix proteins 

prior to the quantitative determination of small molecules, but it is also useful 

for the quantification of protein analytes. Some selectivity can be obtained if the 

target protein is (partially) separated from the matrix proteins, either by 

recovering it in the pellet or in the supernatant. Precipitation techniques applied 

for quantitative protein analysis can be based on organic solvents, salts, acids, 

reducing agents or combinations thereof. 

 

Methanol has been used for the co-precipitation of protein analytes with other 

plasma proteins, a step that is followed by centrifugation, removal of the 

supernatant and digestion of proteins in the remaining pellet 20,21. Although no 

separation is achieved from most of the endogenous plasma proteins, a benefit 

of this approach is that (phospho)lipids, salts, soluble peptides and small 

proteins will be removed. At the same time, the protein analytes will be 

denatured, which facilitates proteolytic digestion. A direct comparison of this 

on-pellet digestion with in-solution digestion after denaturation resulted in 

similar or better digestion efficiencies, as judged from three signature peptides 

covering different regions of a monoclonal antibody 11. With cysteine-

containing signature peptides, reduction and alkylation have to be incorporated 

in the work-flow. This can be achieved by a first partial digestion step to 

dissolve the pellet followed by reduction, alkylation and a second digestion step 

for complete liberation of the cysteine-containing signature peptides 22. The on-

pellet digestion approach was applied to a chimeric monoclonal antibody in 

human plasma (2 µL). In combination with nanoLC-MS/MS an LLOQ of 12.9 

ng/mL (86 pM) could be reached 23. The same approach was demonstrated to be 

applicable in a variety of murine tissues (100 mg) with LLOQs between 0.156 - 

0.312 µg/g tissue 24.       

Organic solvent-based precipitation can also be used to remove a major part of 

the matrix proteins, while retaining small or exceptionally hydrophobic proteins 

of interest in the supernatant. Methanol was used as a second precipitation step 

after ammonium sulfate precipitation for the enrichment of the small protein ɑ-
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cobratoxin (ɑ-Cbtx) 25. The fact that ɑ-Cbtx was not precipitated and had a 

recovery of 85% is likely due to the five disulfide bridges, giving it 

considerable structural stability, and its small size (71 amino acids), which 

renders it insensitive to denaturation by the addition of methanol. In another 

example, isopropanol containing 0.1% formic acid was added to plasma to 

precipitate most matrix proteins but retain PEGylated adnectin in the 

supernatant 26,27
. PEGylation of proteins generally improves their solubility in 

organic solvents. A recovery of 60% and an LLOQ of 10 ng/mL (250 pM) were 

obtained in monkey plasma by precipitation of plasma proteins and subsequent 

digestion of the supernatant. This is, however, not a generic approach for 

PEGylated proteins, since much lower recoveries were found for other 

PEGylated protein drugs when treated with acidified methanol or acetonitrile.  

 

The addition of 55% acidic acetonitrile (0.1% trifluoroacetic acid) resulted in 

the efficient removal (97-98%) of serum and plasma proteins, especially of 

high-molecular-weight proteins, as demonstrated by SDS-PAGE analysis of the 

resulting supernatant 28,29. A disadvantage of this approach is that there are very 

few proteins that will be recovered in the supernatant and that, therefore, its 

applicability is limited. However, the extract was found rich in apolipoproteins 

from which in total eight were identified (Apo A-I, Apo A-II, Apo A-IV, Apo 

B-100, Apo C-III, Apo D, Apo E and Apo M) after acetonitrile precipitation, 

which remained in solution because of their amphipathic properties 30. The same 

principle was used for the selective extraction of the target protein interferon-

gamma-inducible protein-10 (IP-10) in the supernatant after precipitation of 

serum with acetonitrile under acidic conditions 31. IP-10 is a protein with a 

relatively small size of 8.6 kDa and a high pI of 10.8. Optimal precipitation was 

obtained with a 2:1 (v/v) ratio of acetonitrile with 2% formic acid to serum. The 

sample was passed through a filtration membrane with a pore size of 0.2 µm in 

a 96-well plate, which retained the pelleted insoluble matrix proteins. The 

method resulted in complete analyte recovery and an impressive 100-fold 

increase in sensitivity with an LLOQ of 272 pg/mL (32 pM).   
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Figure 2. Schematic representation of albumin depletion by addition of 

trichloroacetic acid in isopropanol to plasma. Reprinted with permission from 
32

. Copyright (2014) American Chemical Society. 

The most abundant plasma protein, albumin, can be selectively removed with an 

efficiency of up to 95% by adding a 10-fold volume excess of 2-propanol 

containing 1% trichloroacetic acid (TCA) to plasma and discarding the 

supernatant (Figure 2) 32. The albumin-TCA complex had an excellent 

solubility in the supernatant due to the very strong bond formation of TCA with 

albumin. After precipitation, the re-suspended pellet was digested with a 

recovery close to 100% for three different therapeutic candidate proteins: a 

monoclonal antibody (145.3 kDa), a domain antibody (78.0 kDa) and a fusion-

protein (80.0 kDa). This performance compared favorably to a commercial 

albumin removal kit, where 50% of the protein analytes were lost. For the 

fusion-protein, the sensitivity increased 10-fold with an LLOQ of 50 ng/mL 

(625 pM) compared to an on-pellet digestion after protein precipitation with 

75% of methanol. This approach may be of general interest in that it can remove 
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about 50% of the total protein content from serum and plasma in a simple and 

straightforward way. 

 

Ammonium sulfate precipitation at the isoelectric point (pI) was an effective 

clean-up strategy for the analysis of the endogenous small protein ɑ-cobratoxin 

(ɑ-Cbtx) in horse plasma 25. Proteins are generally best precipitated at their 

isoelectric point, since solubility is lowest at this pH value. Determination of the 

total amount of protein in the supernatant and in the pellet of 3 mL plasma after 

precipitation at pH 8.6 showed a removal of 78% of undesired matrix proteins, 

which remained in the supernatant, while the analyte was precipitated and 

further analyzed. Dithiothreitol (DTT) is commonly used for breaking disulfide 

bonds in a protein. The reduction of disulfide bonds and the resulting unfolding 

of proteins facilitate the precipitation of high-abundance, disulfide-bond-rich 

proteins like albumin and serotransferrin, since unfolded proteins have a greater 

tendency to aggregate. The extent of precipitation can be predicted and directly 

linked to the number of disulfide bonds in a protein. Although the total removal 

of matrix proteins from serum was not very efficient (approximately 27%), 

DTT-mediated precipitation did introduce some selectivity for 

immunoglobulins which mainly remained in the supernatant 30,33. 

The principle of precipitation due to the unfolding of proteins as a result of 

selective denaturation at elevated temperatures with proper pH adjustment of 

the sample was successfully applied to the analysis of the immunosuppressive 

protein drug alefacept, which is used for the reduction of skin inflammation 34. 

In this case, the pH was adjusted to 5.1, which is close to the pI of the most 

abundant matrix protein albumin (5.3) but far from the pI of the protein analyte 

(7.2). This reduces the ionic shell around albumin and facilitates protein-protein 

interactions that cause aggregation. Together with increasing the temperature to 

45°C, this resulted in sufficient albumin removal, while recovering 25% of the 

analyte. Despite the low recovery, an LLOQ of 250 ng/mL (2.8 nM) could still 

be achieved by precipitating 350 µL of human plasma. This could be explained 

by a 50% reduction in ionization suppression. 

 

In summary, the inclusion of a protein precipitation step has several benefits. 

Besides being a cheap and simple approach, it typically leads to better 
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selectivity and sensitivity compared to direct digestion, with LLOQ levels 

usually in the medium to high ng/mL range for proteins that are amenable to 

this enrichment approach based on their physico-chemical properties. In its 

simplest form, the majority of matrix proteins are co-precipitated with the 

analyte, while only salts, (phospho)lipids and other smaller compounds are 

removed. Additional selectivity can be obtained by precipitation of only a 

fraction of the matrix proteins and further analysis of the supernatant or the 

pellet, depending on where the analyte is recovered. Protein precipitation 

usually does not lead to a high degree of selectivity and it is mainly interesting 

for analytes with molecular properties that are clearly different from those of the 

bulk of the background plasma proteins, such as proteins that are PEGylated or 

that contain high numbers of disulfide bridges.  

  



26 

 

Solid-phase extraction (SPE)  

Reversed-phase and ion-exchange SPE are widely used techniques for the 

quantitative determination of small molecules. In the following paragraphs, 

these techniques will be discussed in view of their potential for the enrichment 

of proteins (before digestion) and/or peptides (after digestion) prior to 

quantitative LC-MS/MS analysis.  

 

SPE of proteins prior to digestion 

Reversed-phase SPE is a suitable method for the enrichment of small proteins 

from serum, such as the protein drug candidate recombinant kringle 5 (rK5) 

which has a molecular mass of around 10.5 kDa 35,36. Prior to SPE, an additional 

denaturing step with 8M guanidine HCl was applied to the 50 µL human plasma 

samples to dissociate rK5 from anti-drug antibodies. The next step was 

transferring the denatured plasma samples to a reversed-phase SPE column, 

which was washed with 0.2% aqueous trifluoroacetic acid (TFA) and hexane 

and eluted with acetonitrile containing 0.2% TFA. The SPE extracts were dried 

and reconstituted in 100 µL water and injected. The final LC-MS/MS analysis 

showed a recovery of rK5 of 66% and a clear reduction in albumin content. Due 

to the relatively small pore size of 80Å of the SPE material, the separation was 

not only based on interaction with the stationary phase (within the pores), but 

also on size-exclusion effects.  

 

An automated in-tube solid-phase micro-extraction (SPME) system was 

combined with reversed-phase chromatography for the quantification of 

interferon alpha-2a (19 kDa) 37. The in-tube SPME material was coated with 

bovine serum albumin (BSA) at the outer surface of the C18 silica particles. 

Plasma proteins were excluded from the inner pore network by adsorbed 

albumin, which created a diffusion barrier for larger molecules. The SPME 

device was incorporated into the injection loop of the autosampler, which 

allowed plasma to be directly injected. The results of a careful evaluation 

indicated that more than 90% of matrix protein was removed. In this case, 

fluorescence detection based on endogenous tryptophan fluorescence was 
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performed, but the approach may also be applicable to LC-MS/MS after online 

protein digestion.  

 

Barton et al. 38 compared reversed-phase SPE to acetonitrile precipitation for 

the removal of high-molecular-weight proteins from plasma. For this purpose, a 

panel of clinical biomarkers consisting of 13 high-abundance (µg/mL level) and 

15 low-abundance (ng/mL level) plasma proteins was selected. Four different 

approaches were compared: protein depletion by precipitation with acetonitrile 

and reversed-phase SPE (pore size of 100Å) under basic, neutral and acidic 

conditions. In the first approach, acetonitrile was added to 50 µL of plasma, 

resulting in a final acetonitrile concentration of 60%. In the SPE approach, 50 

µL of plasma were diluted and loaded under neutral, basic or acidic conditions 

by 20-fold dilution with 50 mM ammonium bicarbonate (neutral), 0.1% formic 

acid (acidic) or 0.3% ammonia (basic) prior to extraction. After loading the 

plasma, all SPE cartridges were washed with 1 mL of 5% acetonitrile and eluted 

with 0.5 mL of 75% acetonitrile with 0.1% formic acid. Acetonitrile 

precipitation appeared to be an effective approach in terms of removing large 

proteins such as albumin. This resulted in the enrichment of smaller proteins 

like the apolipoproteins. Reversed-phase SPE showed a lower efficiency for 

removing high molecular weight matrix proteins, with a large difference in 

enrichment factors for different proteins loaded at different pH conditions. 

Interestingly, no correlation was found between the pI of a given protein and the 

pH at which it was enriched. This seems to indicate that analyte interaction with 

matrix proteins was a significant factor. The results obtained with an 

immunoassay and with two antibody-free enrichment strategies (60% 

acetonitrile precipitation and SPE under basic conditions) were compared for 

IGF-1 (7.6 kDa, pI: 9.4). A good correlation was found (R2 > 0.999), which can 

be explained by the relative small size and high pI of the protein, which make it 

suitable for enrichment by protein precipitation and basic SPE, respectively. 

 

Monolithic SPE phases have been shown to be beneficial for protein extraction. 

Monolithic stationary phases can be divided in silica-based 39–41 and polymer-

based 42,43. In contrast to a conventional particle-packed SPE phase, a 

monolithic material consists of a single piece of highly porous structure. 
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Advantages of these phases are their low pressure resistance, which gives the 

possibility of using high flow rates, and a high binding capacity for proteins 

because of their high porosity and surface accessibility. Monolithic SPE was 

successfully used for the sensitive quantification of PEGylated interferon alpha-

2a (about 40 kDa) at the low ng/mL level in serum 44. The monolithic material 

showed better retention of proteins with a high molecular weight than 

conventional SPE materials, because of its larger accessible surface area 45,46.  

 

Recent research by our own group showed that strong cation-exchange (SCX) 

SPE provides sufficient clean-up to allow quantification of recombinant human 

tumor necrosis factor related apoptosis-inducing ligand (rhTRAIL) with a lower 

limit of quantitation of 10 ng/mL (170 pM) in human serum (500 µL), which is 

comparable to immobilized metal affinity (IMAC) enrichment (discussed in the 

section about antibody-free affinity-based enrichment) (Figure 3). rhTRAIL has 

a relatively high pI of 8.9 compared to the most abundant matrix proteins such 

as serum albumin (5.3) and ɑ2-macroglobulin (6.0), meaning that it can be 

selectively extracted in its positively charged form at a pH of 7-8, when a major 

part of matrix proteins are negatively charged and thus not trapped by the 

negatively charged SCX phase. An important parameter was the pore size of the 

polymer SCX resin, which needed to be sufficiently large (250 Å) to allow 

diffusion of trimeric rhTRAIL with its molecular weight of 58.5 kDa. Because 

of the relatively slow diffusion properties of the analyte, plasma had to be 

mixed with the resins for 10 minutes to provide enough time for binding. 

Washing and elution of rhTRAIL was performed under mild conditions with the 

use of sodium chloride. Analyte recovery was around 71% with a matrix protein 

removal efficiency of 99%. 
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Figure 3. Comparison of SCX and IMAC enrichment of rhTRAIL. LC-MS/MS 

chromatograms of rhTRAIL in serum at a concentration of 10 ng/mL enriched 

with SCX or IMAC SPE. The trace of the corresponding blank sera is shown in 

red (Wilffert et al., unpublished results).    

 

SPE of peptides after digestion 

SPE at the peptide level is a more widely used approach in the quantitative 

bioanalysis of proteins. Compared to SPE of intact proteins, SPE of peptides is 

more straightforward because of the limited size and complexity of the 

molecules. Additionally, it can be more readily optimized using a wide variety 

of commercially available phases. Although much knowledge can be derived 

from the vast amount of bioanalytical literature for small molecules, there is an 

important difference in that the matrix after digestion is much more complex 

than the corresponding undigested sample. This is because all original matrix 

proteins have been digested to a highly complex mixture of a myriad of 

peptides, all with quite comparable physicochemical and analytical properties. 

 

The use of both reversed-phase and ion-exchange SPE has been described. 

Enrichment with ion-exchange SPE of signature peptides was performed for the 

absolute quantification of the biomarkers podocin 47 and aquaporin-2 in urine 48, 

with an LLOQ of 0.39 ng/mL (9.3 pM) and 0.5 ng/mL (17 pM), respectively. 

Before selecting the enrichment method for podocin, extraction recovery, 

matrix effect and process efficiency of C18 and mixed-mode cation exchange 

(MCX) SPE were carefully evaluated. Extraction recoveries from a urine digest 
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were almost similar for the C18 (92%) and MCX (89%) phases. The largest 

difference was the reduction of interfering peaks in the LC-MS/MS 

chromatograms after MCX extraction, resulting in an improved S/N ratio in 

comparison with C18 SPE. Therefore, MCX SPE was selected as the extraction 

method; cartridges were conditioned with 0.5% formic acid in water and 

washed with 0.5% formic acid in 30% methanol, 0.5% formic acid in water, 200 

mM ammonium bicarbonate and eluted with 24 mM ammonium bicarbonate in 

20% methanol. Nevertheless, significant noise was still detected and this was 

reduced by introducing a second generation of product ions by using MS3 

detection. MCX was also found to be the best choice in another systematic 

investigation on the use of C18, MCX and C18 - MCX two-dimensional SPE for 

enrichment of peptides from digested monkey serum 49. Three optimized 

signature peptides from a monoclonal antibody were selected in order to 

compare the three methods. Even though two-dimensional SPE was best at 

reducing the matrix effect of the monkey serum, single MCX was overall the 

better choice. It resulted in a slightly better, although still relatively low 

recovery for two signature peptides of 22-29% instead of 20-22% and 14-24% 

instead of 4-10%, respectively. This translated into improved assay sensitivity 

with an LLOQ of 0.2 µg/mL (1.3 nM) in comparison with the two-dimensional 

SPE. A full scan total ion chromatogram demonstrated a larger decrease in 

intensity for monkey serum pretreated with MCX-SPE than for C18-treated 

serum. Another advantage of MCX over C18 was the possibility to apply a 

methanol wash step that removed phospholipids, which are notorious for their 

ion suppression effects.  

 

Sample pretreatment at the peptide level with the use of two-dimensional SPE 

resulted in an efficient sample clean-up for a signature peptide (pI 9.4) released 

from the variable heavy chain of a therapeutic human monoclonal antibody in a 

plasma digest prior to LC-MS/MS quantification 50. The two dimensions 

consisted of reversed-phase and strong cation exchange, so enrichment was 

based on differences in hydrophobicity and basicity between the matrix peptides 

and the signature peptide. During the first step, 10 µL of reduced, alkylated and 

trypsin-digested plasma was loaded onto a reversed-phase SPE 96-well plate. 

The SPE phase was subsequently washed with 500 µL of 10% acetonitrile in 
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water and eluted with 1.5 mL of 35% acetonitrile containing 0.1% formic acid. 

The first reversed-phase SPE step did not improve the signal-to-noise ratio, but 

mainly removed salts and highly hydrophobic components leading to a 

reduction in total LC-MS/MS run time, since there was no need for a high-

organic wash step at the end of the LC gradient. The reversed-phase SPE eluent 

was loaded onto an MCX plate, which was washed with 500 µL of 10% 

ammonium hydroxide in acetonitrile and eluted with 1.5 mL 20% ammonium 

hydroxide in acetonitrile. The MCX step showed a significant improvement in 

signal-to-noise ratio and sensitivity of the analysis. In this way, C18 and MCX 

proved to be complementary and the combination of these two dimensions 

resulted in an LLOQ of 0.5 µg/mL (3.3 nM) and a dynamic range up to 1000 

µg/mL. A direct comparison between the LC-MS/MS approach and a more 

sensitive ELISA resulted in a concentration difference of less than 15% for all 

samples tested. However, the largest benefits of the LC-MS/MS approach were 

the improved accuracy, precision and wider dynamic range.   

 

That two-dimensional SPE can be performed on a single SPE cartridge was 

shown for the quantification of a biopharmaceutical nanobody in human and 

rabbit plasma 51. The selected signature peptide contained three carboxylic acid 

groups and was retained on a weak anion-exchange cartridge at pH 5. 

Selectivity was introduced by washing with a high ionic strength (0.3 M NaCl) 

buffer that removed many trapped matrix peptides with fewer acidic groups and, 

thus, a weaker interaction with the SPE phase. Further selectivity was 

introduced by eluting with 1% ammonia. At this pH, the stationary phase 

becomes deprotonated and the anion-exchange interactions are broken. The 

polar signature peptide was eluted, while relatively non-polar matrix peptides 

remain bound by hydrophobic interactions. Compared to the direct analysis of 

pellet-digested plasma, many interfering peaks were removed from the 

chromatograms, permitting analyte quantification down to 10 ng/mL (360 pM). 

 

To increase the selectivity of peptide extraction, SPE can be replaced by pre-

fractionation on a high-resolution LC column. Reversed-phase separations can 

be performed at acidic and at basic pH values on the same type of material with 

considerable orthogonality 52. The high-pressure, high-resolution separations 
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with intelligent selection and multiplexing (PRISM) technique (Figure 4) is 

based on a two-dimensional reversed-phase LC separation under first basic (pH 

10) and then acidic (pH 2) conditions 53–56. A capillary reversed-phase column is 

used in the first dimension, onto which the digest is injected and from which the 

eluent is split at a 1:10 ratio. The smaller fraction of the eluent is applied for 

online SRM monitoring of the heavy isotope labeled signature peptides at a 

flow rate around 300 nL/min, while the larger fraction of the eluent is collected 

every minute into a 96-well plate during the 100 min LC run. Online SRM 

monitoring of the heavy isotope labeled peptides is used for “intelligent 

selection” of the fractions of interest for further separation on a second nano-

scale reversed-phase column under acidic conditions with a 50 min run time.  

Figure 4. Schematic overview of the high-pressure, high-resolution separation 

with intelligent selection and multiplexing (PRISM) strategy. This strategy is 

based on a two-dimensional reversed-phase separation with basic and acidic 

conditions, respectively. Reprinted with permission from 
54

. Copyright (2013) 

American Chemical Society. 
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An important quality of the strategy is that no antibodies are required even for 

fairly low abundant proteins (sub ng/mL to low ng/mL levels), albeit at the 

expense of a very long analysis time. This was shown for the analysis of 

prostate-specific antigen (PSA) with an LLOQ of 1 ng/mL (33 pM) in (12.5 µL) 

serum. A similar two-dimensional reversed-phase LC (first dimension: C18, 2.1 

mm x 150 mm, 3.5 µm and second dimension: C18, 2.1 mm x 150 mm, 2.7 µm) 

approach was applied for the quantification of the nanobody IgE109 (19.5 kDa) 

in 14 µL cynomolgus monkey plasma with an LLOQ of 36 ng/mL (1.9 nM) 57. 

Focusing on only one target protein was beneficial in that throughput of the 

analysis could be kept at a reasonable level with a total run time of 37 min. 

There was a clear improvement in the limit of detection of approximately two 

orders of magnitude of the two-dimensional LC-MS/MS over one-dimensional 

LC-MS/MS. This analysis strategy can be easily extended to target a number of 

endogenous proteins simultaneously as shown for a panel of five proteins (PSA, 

epidermal growth factor receptor, kallikrein 6, matrix metalloproteinase 9, and 

periostin) all quantified at the low and sub ng/mL level in human serum 54.   

 

A related approach is the so-called multidimensional protein identification 

technology (MudPIT), which is usually applied for discovery-based proteomics, 

but also appears to be suitable for targeted protein quantification 58. MudPIT 

was originally designed as a peptide fractionation technique in which a single 

column is packed with different stationary phases, for example with the biphasic 

combination SCX-C18. Firstly, a plasma digest is desalted on an online C18 trap 

column and subsequently switched to the SCX part of the MudPIT cartridge. 

The trapped peptides are eluted off the SCX phase and trapped on the C18 phase 

by injections of a pH 3 buffer containing increasing concentrations of 

ammonium acetate. Finally, the signature peptides are eluted to the analytical 

C18 column by increasing the acetonitrile content and quantified by SRM. A 

clear reduction of ion-suppression and improved sensitivity was shown by a 

mean peak area increase of around 89% and reduced levels of noise in the 

chromatograms with MudPIT-SRM compared to the conventional C18-SRM 

peptide analysis. The suitability for quantification of less abundant proteins was 

tested by applying the approach to the analysis of candidate biomarkers from 

human wound fluids at the lower ng/mL level. This revealed peptides that were 
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below the LLOQ of the conventional C18-SRM analysis. The main drawback of 

this method is the additional time (five times longer) required for the multiple 

salt fractionation.  
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Antibody-free affinity-based enrichment 

Besides conventional SPE-based enrichment, there are other possibilities of 

extracting proteins and peptides from complex samples without the use of 

antibodies. One approach is based on the affinity of certain amino acids for 

metal ions, while the affinity of post-translational modifications (PTMs) on 

proteins to certain affinity phases forms the basis of another extraction 

technique. 

 

Metal-ion-based enrichment 

The amino acids cysteine, histidine and tryptophan contain strong electron 

donor groups which can chelate with transition metals like Zn2+, Cu2+, Ni2+ and 

Co2+. Immobilization of these metals on a stationary phase is the most 

commonly applied approach for metal-based affinity enrichment of proteins and 

peptides, a technique called Immobilized Metal Affinity Chromatography 

(IMAC). IMAC is especially popular in the field of preparative protein 

separation and purification and several reviews and articles have been published 

about its use (see Cheung et al. 
59 and Gutiérrez et al 

60 for recent reviews). 

More recently, metal-based affinity enrichment methods have been gaining 

increasing interest in the field of targeted protein quantification. An advantage 

of IMAC is the possibility of tuning the selectivity by simply changing the 

immobilized metal ion. The strength of binding is influenced by the number of 

coordination positions used for immobilizing the metal ion to the support. Cu2+ 

appears to have the strongest interaction with histidine and can even bind 

peptides containing a single histidine moiety, whence it can be suitable as a 

targeted enrichment approach for histidine-containing peptides 61.   
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Figure 5. Molecular model of rhTRAIL [77] showing the exposed histidines on 

the surface (A) and a visualization of their interaction with immobilized Ni
2+

 

ions (B) on an IMAC support for affinity enrichment. Reprinted with permission 

from 
62

. Copyright (2013) American Chemical Society. 

IMAC enrichment has been applied for the absolute quantification of rhTRAIL 

reaching an LLOQ of 20 ng/mL (340 pM) in human and mouse serum 62. 

rhTRAIL has affinity for Ni2+ ions because of a number of surface-exposed 

histidine residues (Figure 5). Ni2+ was immobilized with four of its six 

coordination sites at a stationary phase containing nitrilotriacetic acid (NTA) 

chelating groups. The two remaining coordination sites are occupied by water 

and available to interact with electron-donor groups of the target analyte. 

Adding 15 mM of the competing ligand imidazole to the mobile phase during 

loading of the IMAC resin proved beneficial for the enrichment of the target 

analyte from serum as it reduced binding of matrix proteins. Elution of 

rhTRAIL from the resin was accomplished with 140 mM imidazole. SDS-

PAGE analysis and total protein quantification indicated removal of 95% of 

matrix proteins, while recovering 72% of the analyte. Full validation according 

to international guidelines showed the applicability of IMAC enrichment in 

combination with LC-MS/MS for monitoring the pharmacokinetics of rhTRAIL 

after intraperitoneal injection in mice. In comparison with ELISA, the LC-

MS/MS analysis had the advantage of being able to distinguish between wild-

type rhTRAIL and a genetically engineered, receptor-specific variant within the 

same run. 
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Another recombinant human protein, the angiogenesis inhibitor endostar, a 

modified form of endostatin, was also successfully enriched with IMAC for 

quantification in rat plasma 63. The difference with rhTRAIL was that 

unmodified endostatin appears to have no natural affinity to metal ions. 

Endostar, however, contains a tag of ten amino acids containing six histidines at 

the N-terminus, which was not only useful for improving stability but also 

allowed IMAC-Ni2+ enrichment, because of the high affinity of histidine 

towards metal. Clean-up of the plasma sample was again demonstrated by SDS-

PAGE analysis and enrichment of the target analyte with an achieved lower 

limit of quantification of 50 ng/mL (2.5 nM). The method was validated and its 

applicability was shown by a pharmacokinetic study in rats.   

 

The stationary phase containing the chelating groups, normally used for 

immobilization of the metals, can also be applied in its unmodified form to 

chelate metal ions that are bound to proteins or peptides, a technique known as 

non-activated IMAC. It appears to be especially useful for the enrichment of 

heme-containing peptides, e.g. after digestion of C-type cytochromes, because 

of the presence of an Fe3+ ion at the center of the porphyrin structure that can 

bind to iminodiacetic acid (IDA) on a non-activated IMAC phase 64. It was 

demonstrated that the addition of 10% acetonitrile reduced non-specific binding 

to the non-activated IMAC (polystyrenedivinylbenzene) resin and that the pH 

should be kept at 6-7. This is because lower values caused protonation of non-

heme-peptides leading to interaction with the iminodiacetic acid groups in an 

ion-exchange manner causing high non-specific binding. Even though the study 

focused on the identification of heme-containing peptides, it may also prove 

useful for quantification purposes. This was demonstrated by a clear decrease of 

noise in the LC-MS/MS chromatograms, a seven-fold increase in heme-

containing peptide ratios to the amount of total peptides of a bovine serum 

albumin (BSA) digest and a linear relationship of the LC-MS/MS signal to the 

amount of spiked peptides. Immobilized histidine may also serve as affinity 

ligand for the enrichment of heme-containing peptides 65. Histidines appeared to 

have strong affinity to the Fe3+ center of the heme motif. As a stationary phase, 

N-hydroxysuccinimide (NHS) ester - activated Sepharose was used, which was 

derivatized with histidine via the primary amine group. The protein digest was 
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applied on the resin and washed with a phosphate buffer at pH 7 to remove 

weakly bound peptides followed by elution of heme-containing peptides with 

300 mM imidazole. Applicability for quantification was demonstrated by a clear 

enrichment resulting in a reduced noise level in the total ion LC-MS/MS 

chromatogram and the possibility for detection of 0.4 ng of heme-c peptide in a 

background of 4 µg of total peptides. 

 

Enrichment of post-translationally-modified proteins 

A wide range of antibody-free affinity-based stationary phases is available for 

the enrichment of post-translationally-modified (PTM) proteins and peptides, 

based on the interaction of the modified (e.g. phosphorylated or glycosylated) 

groups with the stationary phase. A complicating factor for quantitative analysis 

is the possible heterogeneity of the modifications. In the field of proteomics, 

relative quantification of PTM-proteins and -peptides has been performed by 

reference to unmodified peptide standards, which does not take the degree of 

PTM into account and assumes that each peptide is entirely modified. 

Phosphorous-based inductively coupled plasma mass spectrometry (ICP-MS), 

classically used for inorganic and organic multi-element analysis, has shown 

potential for absolute quantification of phosphorylated proteins 66,67.  

IMAC is frequently applied for the enrichment of phosphorylated peptides or 

proteins. The amino acids threonine, serine and tyrosine can be modified with a 

phosphate group that has a strong affinity with trivalent metal ions like Fe3+, 

Ga3+ and Al3+. In case of phosphopeptides and phosphoproteins, the benefit of 

the use of metal oxides, like TiO2 and ZrO2 has also been shown, as it provides 

a higher capacity and better selectivity towards the phosphorylated analytes than 

non-oxidized metals. Enrichment strategies based on SCX and hydrophilic 

interaction chromatography (HILIC) have also been applied for the enrichment 

of phosphopeptides and proteins. Recent reviews from the field of proteomics 

(68, 69, 70, 71) provide an overview of the possibilities of enrichment and 

quantitation strategies for phosphorylated proteins and peptides. 

 

The most powerful enrichment method for glycoanalysis is the use of lectins 

that show selectivity towards glycans. Many different lectins are available, and 

each lectin shows selectivity towards a certain specific glycan within the entire 
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glycan branch. The advantage of this approach is that it dramatically reduces the 

complexity of the matrix since non-glycosylated proteins and proteins with a 

different form of glycosylation are not extracted. Other affinity enrichment 

approaches, based on hydrazine and boronic acid interaction, are less group-

specific and enrich all glycoforms of a given protein or peptide. The major 

difference between these approaches lies in the fact that glycans form 

covalently bound hydrazides with hydrazine, while boronate forms heterocyclic 

diesters with cis-diols. Although glyco-enrichment has not been used for 

absolute, targeted protein quantification, it presents an interesting possibility for 

group-specific enrichment. An overview of the possibilities for glycosylated 

proteins and peptides has been provided by Ahn et al. 72, Huang et al. 73, 

Thaysen-Andersen et al. 
74

 and Ongay et al. 75. 
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Conclusion 

To fully profit from the generic applicability of LC-MS/MS for protein 

quantification, the use of antibody-free extraction approaches is a very 

important, but not yet completely exploited area. This review discusses the 

options for protein and peptide enrichment from biological matrices, which do 

not rely on antibodies (a summary is presented in Table 1). Direct analysis, 

without selective enrichment but including tryptic digestion and where 

necessary reduction and alkylation, often reaches sufficient sensitivity (low 

µg/mL level) for the analysis of medium to high abundant proteins in plasma or 

serum. Extending the workflow with a simple fractionated protein precipitation 

step has proven to be beneficial for the analysis of smaller or very hydrophobic 

proteins due to the removal of high-molecular weight, high-abundance matrix 

proteins. The resulting cleaner matrix typically leads to improved sensitivity 

and applications with quantification limits as low as 10 ng/mL have been 

described.  

 

To reach sensitivities in the low-to sub-ng/mL level, the realm of current 

immunoassays, more selective enrichment is needed, which can be obtained 

with one- or multi-dimensional solid-phase extraction. Reversed-phase and 

cation-exchange have been applied both before and after digestion, to extract 

intact protein analytes and signature peptides, respectively. For extraction at the 

protein level, the low diffusivity of proteins necessitates a relatively long 

contact time between solid phase and sample. Therefore, the focus is currently 

on the development of new monolithic polymer-based stationary phases, which 

have better mass transfer properties. At the peptide level, the use of 

multidimensional SPE with orthogonal separation selectivities has great 

potential for efficient sample clean-up and also benefits from the many readily 

available, well-characterized and robust materials. 
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Table 1. Antibody-free workflows for protein quantification by LC-MS/MS 

Analyte(s) MW Matrix IS Extraction technique LLOQ Ref. 
 (kDa) (µL) Type  Protein level Peptide level ng/mL nM  
142 proteinsa  5 Plasma SIL-peptides - - 44 - 31*106  [19] 
IGF-1/IGFBP-3 22/ 32 100 Serum SIL-peptide - - 2000/5000 91/156 [15] 
Tenecteplaseb 59 25 Plasma - - - 5000 85 [17] 
Ceruloplasmin 122 DBSc Blood SIL-peptide - - 7000 57 [16] 
Somatropin/mAb 20/150 10 Plasma Protein anolog - 2D-SPE C18+MCX 1000/500 50/3.33 [50] 
Albumin 67 40 Urine SIL-protein - - 3130 47 [13] 
Human mAbs ~150 25 Serum SIL-peptides MeOH/on-pellet -  5000 33 [12]  
IGF-1 7.5 50 Plasma SIL-peptide SPE C18 - 125 17 [38] 
rK5 10.5 50 Plasma SIL-protein SPE C18 - 100.9 9.6 [35] 
Alefacept 91 350 Plasma Protein analog pH adjustment - 250 2.8 [34] 

Endostard 20 200 Plasma Peptide analog SPE IMAC - 50 2.5 [63] 
Nanobody® IgE 19.5 14 Plasma SIL-peptide - 2D-LC C18 pH10 + pH2  36 1.9 [57] 
Human mAb ~150 25 Serum SIL-peptide MeOH/on-pellet SPE MCX 200 1.3 [49] 
BMS-C 80 50 Serum SIL-peptide 2-propanol 1% TCA - 50 0.63 [32] 
IgG, IgG 1-4 ~150 2 Serum - - - 90 0.60 [14] 
Nanobody® vWF 28 50 Plasma SIL-peptide MeOH/on-pellet 2D-SPE WAX+C18 pH11 10 0.36 [51] 
rhTRAIL 58.5 100 Serum SIL-protein SPE IMAC - 20 0.34 [62] 
rhTRAIL 58.5 500 Serum SIL-protein SPE SCX - 20 0.34 - 
PEG-adnectin 40 50 Plasma Protein analog 2-propanol 0.1% FA - 10 0.25 [26] 
ɑ-Cbtx 7.8 3000 Plasma Peptide analog Amm.Sulfate/MeOH - 1 0.13 [25] 

Chimeric mAb ~150 2 Plasma SIL-peptide Acetone/on-pellet - 12.9 0.086 [24]  
PEG-interferon-ɑ2a 40 200 Serum Protein analog SPE C18 (monolith) - 3.6 0.060 [44] 
PSA 30 12.5 Serum SIL-peptide - 2D-LC C18 pH10 + pH2 1 0.033 [54] 
IP-10 8.6 50 Serum SIL-peptide acetonitrile 2% FA - 0.272 0.032 [31] 
Aquaporin-2 29 1000 Urine SIL-peptide - SPE MCX 0.5 0.017 [48] 
Podocin 42 1000 Urine SIL-peptide - SPE MCX 0.39 0.0093 [47] 
aQuantification panel of 142 high-to FA: formic acid PSA: prostate-specific antigen  

moderate-abundance proteins IGF-1: insulin-like growth factor-1 SCX: strong cation-exchange  
brecombinant plasminogen activator IGFBP-3: insulin-like growth factor binding protein 3 SIL: stable isotope labelled  
c3-mm punch of spotted blood IMAC: Immobilized metal affinity chromatography SPE: Solid-phase extraction  
dModified form of endostatin IgG: immunoglobulin G TCA: trichloroacetic acid  

ɑ-Cbtx: ɑ-cobratoxin  IP-10: interferon-gamma-inducible protein-10 rhTRAIL: human recombinant TNF - related-inducing ligand 

BMS-C:fusion protein drug candidate mAb: monoclonal antibody vWF: Von Willebrand Factor 

DBS: dried blood spot MCX: mixed-mode cation exchange WAX: weak anion-anion exchange  
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Similar detection sensitivity may be reached by the application of antibody-free 

affinity enrichment. The most important approach is currently based on the high 

affinity of transition metal ions towards histidine and cysteine. The metal ions 

can either be immobilized on a stationary phase (IMAC) for extraction of e.g. 

histidine-containing analytes, or, metal (e.g. heme)-containing proteins and 

peptides may be enriched on non-activated IMAC or immobilized histidine 

resins.    

 

Table 2. SWOT analysis for antibody-free workflows, compared to 

immunocapture, for protein quantification by LC-MS/MS 

Strenghts 

 

• No need for production of 
antibodies, which can be time-
consuming and costly 

• No or much less variability in the 
quality of different batches of 
extraction materials 

• Better selectivity: no or reduced 
interference of anti-drug 
antibodies and modifications on or 
nearby the epitope of the antibody 

• Multiplexing capabilities: no need 
to raise multiple antibodies for 
multi-analyte assays 
 

Weaknesses 

   
• More complicated method 

development of the (multi-step) 
extractions 

• Less rigorous sample clean-up 
and enrichment, leading to 
generally higher detection limits 

 

Opportunities 

 

• Much knowledge is available in 
the field of preparative-scale 
protein purification, that can be 
translated 

• Increased need for generic 
analytical approaches, because of 
the increasing numbers of protein 
drugs in development  

• Desire for additional tools for 
method development 
 

Threats   

 

• High-quality antibodies are 
already available for many 
protein analytes 

• Detailed knowledge of the 
properties of the protein analyte 
is required  
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Future perspectives  

Given the broad range of possibilities and the rather generic nature of antibody-

free workflows for protein enrichment, we expect that the use of such methods 

will increase in the future as we continue to learn more about how to design and 

optimize them for a wider range of proteins and peptides. While antibody-based 

approaches are here to stay, we believe that antibody-free workflows will 

increase in importance (see Table 2 for an evaluation of pros and cons). This 

will also be driven by the increasing number of protein drugs in development 

and the associated need for more generic analytical approaches with reduced 

time for method development. 

 

For a systematic evaluation of antibody-free workflows, the relation between 

the physico-chemical properties of an analyte and its analytical behavior needs 

more attention. There is much knowledge that has been acquired over the years 

for preparative-scale protein purification, which has not been fully exploited but 

could be translated and used for analytical-scale applications.  
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Abstract 

The major challenge in targeted protein quantification by LC-MS/MS in serum 

lies in the complexity of the biological matrix with regard to the wide diversity 

of proteins and their extremely large dynamic concentration range. In this study, 

an LC-MS/MS method was developed for the simultaneous quantification of the 

60-kDa biopharmaceutical proteins rhTRAIL wild type (rhTRAILWT) and its 

death receptor 4 (DR4)-specific variant rhTRAIL4C7 in human and mouse 

serum. Selective enrichment of TRAIL was accomplished by immobilized metal 

affinity chromatography (IMAC), which was followed by tryptic digestion of 

the enriched sample and quantification of a suitable signature peptide. For 

absolute quantification, 15N-metabolically labeled internal standards of 

rhTRAILWT and rhTRAIL4C7 were used. Since the signature peptides that 

provided the highest sensitivity and allowed discrimination between 

rhTRAILWT and rhTRAIL4C7 contained methionine residues, we oxidized these 

quantitatively to their sulfoxides by the addition of 0.25% (w/w) hydrogen 

peroxide. The final method has a lower limit of quantification of 20 ng/mL (ca. 

350 pM) and was fully validated according to current international guidelines 

for bioanalysis. To show the applicability of the LC-MS/MS method for 

pharmacokinetic studies, we quantified rhTRAILWT and rhTRAIL4C7 

simultaneously in serum from mice injected intraperitoneally at a dose of 

5mg/kg for each protein. This is the first time that two variants of rhTRAIL 

differing by only a few amino acids have been analyzed simultaneously in 

serum, an approach that is not possible by conventional ELISA analysis. 
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Introduction 

One strategy for cancer therapy is based on restoring deregulated apoptosis in 

cancer cells by means of specific pharmaceutical or biopharmaceutical drugs 

that address cancer cells while minimizing the cytotoxic effects on healthy 

tissues.1 Soluble recombinant human (rh) Tumor necrosis factor-Related 

Apoptosis-Inducing Ligand (rhTRAIL, consisting of the extracellular TRAIL 

domain, amino acids 114-281 of sequence P50591) and variants of rhTRAIL are 

part of this strategy.2,3 rhTRAIL selectively induces apoptosis in cancer cells via 

the interaction with its cognate death receptors DR4 and DR5. TRAIL is also 

able to bind three decoy receptors (DcR1, DcR2 and OPG), that lack a 

functional death domain and can compete for TRAIL-death receptor binding 

and the formation of the so-called death inducing signaling complex (DISC)4. 

Moreover, several tumor types have been shown to respond to TRAIL only by 

one of its death receptors (DR4 or DR5). Thus, death receptor-specific TRAIL 

variants would permit new effective tumor selective strategies. Recently, 

TRAIL-death receptor-specific variants have been generated using computer-

assisted protein design methods. These mutants have shown enhanced apoptosis 

inducing activity in cancer both in vitro and in vivo.5,6,7 

 

Currently, the enzyme-linked immuno-sorbent assay (ELISA) is the gold 

standard for the analysis of biopharmaceuticals in complex biological samples. 

However, liquid chromatography combined with tandem mass spectrometry 

(LC-MS/MS) is becoming an increasingly attractive alternative, often in 

combination with an enzymatic digestion step to cleave the protein analyte into 

a mixture of peptides, one of which, the so-called signature peptide, is used for 

quantification.8,9 The reasons for this are that, compared to LC-MS/MS, ELISA 

requires time-consuming method development including raising highly specific 

antibodies. Furthermore, ELISA suffers from a lower precision and accuracy 

and displays a limited dynamic range. In addition, if the epitope(s) that form the 

basis for antibody recognition are blocked, the reproducibility and accuracy of 

ELISA results can be seriously affected.10 For the structurally similar 

rhTRAILWT and rhTRAIL4C7 variants, it would also be challenging to select 
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antibodies that can distinguish between the two, a goal that is more easily met 

by LC-MS/MS analysis of their signature peptides as shown in this work.  

For the quantification of rhTRAIL, an antibody-free, immobilized metal affinity 

chromatography (IMAC)-based approach was chosen for enrichment at the 

protein level.  The size of trimeric rhTRAIL is around 60 kDa, which is above 

the upper range for intact protein LC-MS/MS analysis by selected reaction 

monitoring (SRM). This makes it necessary to cleave rhTRAIL into smaller 

peptides by tryptic digestion.11 The tryptic digestion step may cause a decrease 

in repeatability, which makes the choice of a suitable internal standard critical. 

Expression of rhTRAILWT and the rhTRAIL4C7 variant in E. coli with 15N-

labeled NH4Cl as the only nitrogen source resulted in fully and homogeneously 
15N-labeled proteins that were used as internal standards.12,13,14 The suitability of 

the developed method for routine bioanalysis was demonstrated by a full 

validation in accordance with international guidelines and by the application to 

serum samples obtained from mice that had been treated with a combination of 

both rhTRAIL variants in a pre-clinical study. 
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Experimental Section  

Chemicals  

Human serum was obtained from Sera Lab (Hayward’s Heath, England). Mouse 

serum (strain C57BL/6OlaHsd) was obtained from Harlan Laboratories (Horst, 

the Netherlands). Water used in all the experiments was purified by an Arium 

Ultrapure water system (conductivity 18.2 MΩ cm, Sartorius Stedim Biotech, 

Göttingen, Germany). HPLC supra gradient acetonitrile was obtained from 

Biosolve (Dieuze, France). Sodium phosphate dibasic dihydrate and sodium 

dihydrogen phosphate monohydrate, formic acid, glycerol, sodium chloride, 

potassium chloride, imidazole, hydrogen peroxide and trypsin from porcine 

pancreas (Type IX-S) were purchased from Sigma Aldrich (St. Louis, MO, 

USA).  

Expression and purification of 15N rhTRAILWT and the rhTRAIL4C7 variant 

The non-labeled and the 15N-labeled forms of rhTRAILWT and the rhTRAIL4C7 

variant were expressed and purified as previously described by Reis et al.
15 

except that for labeling cells were grown in 15N medium (Table S1, supporting 

information). Briefly, the supernatant was loaded on a Ni2+-charged HisPrep FF 

16/10 column (GE Healthcare, Freiburg, Germany) and rhTRAILWT and the 

rhTRAIL4C7 variant were purified by cation-exchange chromatography (HiTrap 

SP HP, GE Heathcare, Freiburg, Germany) followed by gel filtration (Hiload 

Superdex 75 26/60, GE Heathcare, Freiburg, Germany). All fractions collected 

from the final gel filtration column were further analyzed by SDS-PAGE 

showing a purity of > 98% for the final combined fractions. Protein 

concentration was determined using the BCA protein assay (see paragraph 

“Determination of total protein concentration” for details). Dynamic laser light 

scattering confirmed that all proteins were trimers. 15N stable isotope 

incorporation was assessed by LC-MS/MS analysis, using the internal standards 

spiked at a concentration of 20 µg/mL (corresponding to the upper limit of 

quantitation) into buffer solution (20 mM phosphate buffer with 200 mM NaCl, 

10% glycerol, pH 8.0), by monitoring the labeled and unlabeled forms of the 

peptides, using their specific transitions. No peaks were detected in the 
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chromatograms of the transitions corresponding to the unlabeled forms. Thus, it 

was concluded that for all practical purposes 15N labeling was complete. 

Solutions of purified rhTRAILWT, 15N-rhTRAILWT, rhTRAIL4C7 and 15N-

rhTRAIL4C7 with a concentration of 1.20 mg/mL, 0.86 mg/mL, 1.38 mg/mL and 

0.23 mg/mL, respectively, were flash frozen in liquid nitrogen and stored in 

aliquots of 40 µL at -80ºC. A working solution containing both internal 

standards at 10.5 µg/mL was prepared in human serum. 

 

Enrichment by Immobilized Metal Affinity Chromatography (IMAC)  

Five µL of the internal standard working solution were added to 100 µL of 

human or mouse serum samples resulting in a final concentration of 500 ng/mL 

for each internal standard. Figure 1 shows a schematic overview of the 

workflow for rhTRAILWT and rhTRAIL4C7 analysis. Serum was prepared for 

enrichment by 10-fold dilution with IMAC buffer (20 mM phosphate buffer 

with 200 mM NaCl, 10% glycerol, pH 8.0) containing 15 mM imidazole. Two-

hundred µL of the Ni2+-resin (6% cross-linked agarose, particle size ≈ 80 µm, 

GE Healthcare, Freiburg, Germany) were transferred to a 1.5-mL tube. The 

20% aqueous ethanol storage solution was removed by centrifugation at 1500 g 

for 3 min and replaced by 1 mL IMAC buffer containing 15 mM imidazole. The 

10-fold diluted serum samples were added to the equilibrated resin and vortex-

mixed at 1000 rpm for 10 min. The suspension was transferred to an empty 

solid-phase extraction (SPE) cartridge (volume 1 mL, Agilent, California, USA) 

that was placed in a Cerex Positive Pressure SPE processor (Varian, California, 

USA). Positive air pressure was applied to the sample in the SPE cartridge until 

the last drop was removed from the resins. Next the cartridge was washed with 

1 mL IMAC buffer containing 15 mM imidazole and eluted with 250 µL IMAC 

buffer containing 140 mM imidazole and 15% acetonitrile. For each step 

positive air pressure was applied until the last drop was removed from the 

resins. For each sample fresh Ni2+-resin and new empty SPE cartridges were 

used. 

 

Determination of total protein concentration  

Serum and the collected IMAC fractions were diluted with PBS (phosphate–

buffered saline; 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM 
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KH2PO4, pH 7.4) within the calibration range of the micro bicinchoninic acid 

(microBCA) assay. The microBCA assay with bovine serum albumin as 

standard was used according to the manufacturer’s instructions (Thermo Fisher 

Scientific Inc, Rockford, USA). Absorbance was measured with a Fluostar 

Optima plate reader (BMG, Labtech, Ortenberg, Germany) at 580 nm. 

 

 

Figure 1. Schematic overview of the overall procedure to quantify rhTRAIL
WT

 

and rhTRAIL
4C7 

in serum by LC-MS/MS. 

Gel electrophoresis and silver staining  

Each of the loading, wash and elution fractions of the IMAC enrichment was 

diluted with PBS prior to gel electrophoresis. Twenty µL (≈ 2 µg protein) 
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fractions were loaded on a mini Laemmli sodium dodecyl sulfate – 

polyacrylamide (SDS-PAGE) gel (8 cm x 8 cm, 12.5 % separating gel and 5% 

stacking gel). Preparation and separation of proteins on the SDS-PAGE gel was 

done as previously described by Wu et al.
16 Silver staining was done according 

to Yan et al.
17  

 

In-gel trypsin digestion and nanochip LC - ion trap MS analysis for protein 

identification  

For protein identification, 15 slices were excised from the silver-stained SDS-

PAGE gel (bands A-O in Table S4, supporting information). Destaining of the 

gel pieces followed by in-gel digestion was performed according to Franciosi et 

al.
18 After in-gel digestion peptide mixtures were analyzed by nano LC – ion 

trap tandem mass spectrometry (details in Table S2, supporting information) as 

previously described by Boichenko et al.
19  

 

MS-MS spectra were after analysis exported as a Mascot generic file that after 

charge state deconvolution and deisotoping had been used for database search in 

Phenyx Version 2.6 (Geneva Bioinformatics, Geneva, Switzerland) and was 

performed against the normal and reversed UniprotKB/SwissProt knowledge 

database (release 14 March 2012, number of sequences 534695) against Homo 

Sapience taxonomy (20247 sequences). Database search settings are 

summarized in Table S3 (supporting information) and the threshold for 

acceptance of identification was set on at least 2 identified signature peptides. 

 

Trypsin digestion and oxidation of the signature peptides  

Twenty µL of 2 mg/mL trypsin in IMAC buffer (without imidazole) were added 

to each 250-µL, TRAIL-containing IMAC eluent fraction to obtain an 

approximate enzyme-to-substrate ratio (w/w) of 1:10. The proteins were 

digested with trypsin by incubation at 37 °C with vortex-mixing at 600 rpm in a 

Thermomixer comfort incubator (Eppendorf, Hamburg, Germany). After 2 

hours, the digestion was stopped by adding 20 µL of 15% formic acid. 

Oxidation of the signature peptides was subsequently accomplished by adding 

10 µL of 15% hydrogen peroxide to the 290-µL digest and incubating at room 
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temperature for 1 min. Forty µL of the final 300 µL were used for LC-MS/MS 

analysis.         

 

Liquid Chromatography – Mass Spectrometry (LC-MS/MS)  

The oxidized signature peptides for rhTRAILWT and the rhTRAIL4C7 variant 

were quantified by LC-MS/MS using an Acquity I-Class UPLC system (Waters, 

Milford, MA, USA) coupled to a Waters Xevo TQ-S triple quadrupole mass 

spectrometer equipped with an electrospray ionization source in the positive 

(ESI+) mode. Forty µL of the samples were injected via an autosampler that was 

kept at 4°C and peptides were chromatographically separated on a Waters C18 

Acquity CSHTM UPLC column (2.1 mm x 100 mm, 1.7 µm, 130Å) at 45°C and 

a flow rate of 0.4 mL/min. A mobile phase gradient of 0.1% formic acid in 

water (A) and acetonitrile (B) was started at 5% B and linearly increased with 

2% B/min for 8 min. After separation, peptides were introduced into the mass 

spectrometer with the vaporizer temperature of the ESI+ source set to 400 °C, 

the capillary voltage at 2.9 kV and a source offset of 50 V. The gas flows were 

set as follows: desolvation gas (nitrogen) at 800 L/h, cone gas (nitrogen) at 150 

L/h, collision gas (argon) at 0.18 mL/min and the nebulizer pressure at 7.0 bar. 

For selected reaction monitoring (SRM), three transitions were selected for the 

signature peptides of rhTRAILWT, 15N-rhTRAILWT, rhTRAIL4C7 and 15N-

rhTRAIL4C7 (details in Table S4, supporting information). The most intense 

SRM transition for each peptide was selected as quantifier while the other two 

transitions served as qualifiers. The dwell time for each SRM transition was set 

to 25 ms resulting in about 30 data points for each chromatographic peak which 

is sufficient for quantitative analysis. The ratio of the peak area of the most 

intense SRM transition for the analyte to that of the corresponding 15N-labeled 

internal standard was used for quantitation. Results were accepted if the ratios 

of the peak areas of the two qualifiers to the respective quantifier were within 

+/- 20% of the mean ratio. Before integration, all peaks were smoothed with the 

Savitzky-Golay algorithm with smoothing iterations and width both set to 2. 

 

Administration of rhTRAILWT and rhTRAIL4C7 to mice and serum sampling  

All animal experiments were conducted with female NOD/SCID gamma mice 

(in house breed) according to the Dutch Law on Animal Experimentation and 
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local ethical guidelines. Single doses of 5 mg/kg of both rhTRAILWT and the 

DR4-specific rhTRAIL4C7 variant were administered by intraperitoneal (ip) 

injection (200 µL per mouse). Two mice were used as controls (only buffer 

administration without rhTRAIL) and six mice received the combination of 

rhTRAILWT and rhTRAIL4C7. Whole blood samples were taken by heart 

puncture and serum was prepared by clotting in dry sterilized polypropylene 

tubes (without a clot activator) at room temperature for 30-45 min. Samples 

were taken at 0.5, 1, 2, 4, 6 and 16 hours post-dose. Blood clots were removed 

by centrifugation at 2000 - 2500 g for 10 min in a refrigerated centrifuge at 4 

ºC. The resulting supernatant (approximately 500 µL) was divided into aliquots 

of 100 µL, transferred to polypropylene tubes and stored at -80°C until analysis.  
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Results and discussion 

A previous preclinical study with rhTRAILWT in mice showed that it is 

necessary to reach a sensitivity of around 20 ng/mL in serum to support 

pharmacokinetic studies20. Current LC-MS/MS methods for proteins in blood-

derived biological fluids require immunoaffinity enrichment to reach this level 

of sensitivity, alleviating much of the advantages of mass spectrometry with 

respect to the more widely used ELISA assays. Here we describe an LC-

MS/MS method that reaches the required level of sensitivity without the need 

for antibodies. The method was validated for human serum and cross-validated 

for murine serum resulting in a method that is suitable for murine and human 

studies and able to quantify rhTRAILWT and the rhTRAIL4C7 variant 

simultaneously.      

 

Selection of signature peptides  

rhTRAILWT and the rhTRAIL4C7 variant were digested with trypsin and the 

cleaved peptides were analyzed by LC-MS in full scan mode (Figure S1, 

supporting information) resulting in a sequence coverage of 88.1%. Peptides 

were assigned with the help of the freely available software programs mMass21 

and Skyline22, that use theoretical models and algorithms to predict the masses 

of tryptic peptides and their MS/MS fragmentation patterns. To have the 

possibility to distinguish the rhTRAIL4C7 variant from rhTRAILWT the signature 

peptides should contain at least one of the six mutations. In addition, they have 

to be unique for the target proteins in both human and murine serum. Two 

peptides, SGHSFLSNLHLR for the wild type with a mutation at position 1 

(serine (S) → arginine (R)) for the variant and YTSYPDPILLMK for the wild 

type with a mutation at position 3 (serine (S) → aspartic acid (D)) for the 

variant, fulfilled these criteria (Figure S2, supporting information), as was 

apparent by searching against the RefSeq sequence database with the 

BLASTP23 algorithm (Version 2.2.28+, taxonomy homo sapiens and mus 

musculus, number of sequences 31 483 and 26 860, respectively; release of 15-

Nov-2011). Peptide YTSYPDPILLMK was selected for quantitation, because it 

showed a considerably higher signal/noise ratio in comparison with peptide 

SGHSFLSNLHLR. Although endogenous TRAILWT is present in serum, the 
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risk of interference with the quantification is minimal, because the endogenous 

levels are around 0.5 ng/mL, which is 40-fold lower than the target lower limit 

of quantitation of 20 ng/mL.24 Actually no interference was observed during the 

validation studies as shown later.       

Figure 2. LC-MS/MS chromatograms of the signature peptides, 

YTSYPDPILLMK (SRM transition: 721.0 m/z
2+

 → 926.4 m/z
+
) and the oxidized 

form YTSYPDPILLM(Ox)K (SRM transition: 729.0 m/z
2+

 → 942.4 m/z
+
) of 

rhTRAIL
WT

 showing that it is partly oxidized after addition of 0.05% (a) and 

fully oxidized to the corresponding sulfoxide after addition of 0.25% (b) 

hydrogen peroxide. 

Oxidation of methionine-containing signature peptides  

The signature peptides YTSYPDPILLM(ox)K for rhTRAILWT and 

YTDYPDPILLM(ox)K for rhTRAIL4C7 that offered the highest sensitivity and 

allowed to distinguish rhTRAILWT from rhTRAIL 4C7 both contain a methionine 

residue. Methionine-containing signature peptides are normally not preferred, 

because they are susceptible to varying degrees of oxidation which may affect 

method precision and accuracy due to ill-controlled ratios between the non-

oxidized and mono-oxidized sulfoxide forms. Rather than disregarding these 

peptides, we decided to develop a method to fully oxidize the methionine 

residue with hydrogen peroxide to its sulfoxide, which makes both peptides 

suitable for quantitative purposes.25 The addition of 0.25% aqueous hydrogen 

peroxide just prior to the LC-MS/MS analysis (ca. 1 min reaction time) was 

sufficient to fully oxidize the signature peptides (Figure 2). The three most 
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abundant transitions for each oxidized peptide were selected and the most 

intense transition was selected for quantification (Figure 3).  

 

 

 

 

 

 

 

 

Figure 3. LC-MS/MS chromatograms of the fully oxidized signature peptides of 

rhTRAIL
WT

 and the rhTRAIL
4C7 

variant
 

showing the three selected SRM 

transitions, the most abundant of which was used for quantification and the 

other two as qualifiers. The final LC gradient, as reported in the experimental 

section, was slightly adapted in comparison to Figure 2 to have optimal LC 

separation between rhTRAIL
WT

 and rhTRAIL
4C7

. 

IMAC enrichment  

To reduce the complexity of the serum matrix we developed an IMAC 

enrichment step that preferentially captures proteins with histidines exposed on 

their surface, such as rhTRAIL (WT and 4C7 variant) because of the strong 

interaction between histidines and the immobilized Ni2+ ions on the IMAC 

resin. The underlying principle of this interaction is the coordination between 

the electron donor groups of histidine and a chelated transition metal. Ni2+ has 

six coordination sites, four of which interact with the electron-donor atoms 



 

64 

 

(N,O) of the chelating nitrilotriacetic acid (NTA) that is bound to the stationary 

phase. The two remaining positions are occupied by water molecules that can 

exchange with suitable electron-donor groups, in this case the histidines of a 

target analyte.26,27,28,5    

 

To suppress weaker interactions between other serum proteins and the 

immobilized Ni2+ ions, we added 15 mM of the displacer imidazole to the 

loading buffer. Since the binding of rhTRAIL to the IMAC material was not 

instantaneous, it was necessary to mix the resin with the sample for 10 min. 

Figure 4 illustrates the effectiveness of the clean-up procedure, as shown by 

SDS-PAGE analysis of the different loading, washing and elution fractions of 

the IMAC cartridge. Most of the matrix proteins were already removed during 

the sample application step and a further clean-up was achieved by washing the 

cartridge with IMAC buffer containing 15 mM imidazole. rhTRAIL was eluted 

by increasing the imidazole concentration to 140 mM. The total procedure 

removed 95% of serum proteins (determined by the BCA total protein assay, 

Table S5, supporting information) while rhTRAIL was efficiently retained with 

an extraction recovery of 72%, as determined by comparison of the results of 

spiked rhTRAIL samples to those of blank serum samples that were spiked with 

rhTRAIL at the same concentration after IMAC enrichment.  
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Figure 4. Silver stained SDS-PAGE analysis of rhTRAIL
WT

 in human serum (1 

µg/mL in 20 µL loading volume) following the steps of the IMAC enrichment. 

Lane 1: molecular weight marker, lane 2: rhTRAIL in IMAC buffer (2 µg in 20 

µL loading volume), lane 3: human serum (100 x diluted), lane 4: flow though 

(20 x diluted), lane 5: wash (20 x diluted), lane 6: elution with 140 mM 

imidazole, lane 7: elution with 500 mM imidazole (4 x diluted). The arrow 

indicates the position of rhTRAIL
WT

 as confirmed by in-gel trypsin digestion and 

LC-MS/MS analysis. Proteins in bands A-O were identified after in-gel trypsin 

digestion and nanochip LC - ion trap MS/MS analysis (Table S6, supporting 

information). 

The protein band in the flow-through fraction, migrating slightly higher than 

rhTRAIL, was assigned to haptoglobin by in-gel tryptic digestion and nanochip 

LC - ion trap MS/MS analysis (Table S6, supporting information). rhTRAIL is 

still a minor component in the eluate since a number of other serum proteins, 

like serotransferrin and histidine-rich glycoprotein have affinity to Ni2+ (see 

Table S6, supporting information, for all identified proteins). Next to histidine, 

tryptophan and cysteine residues also show strong interactions with metal ions 

and may be involved in binding.9 Figure 5 shows LC-MS/MS chromatograms 
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of the signature peptides for rhTRAILWT and rhTRAIL4C7 at the lower limit of 

quantitation (LLOQ) of 20 ng/mL. The peak area at the LLOQ was about 10 

times above the background noise and there was no interference of endogenous 

TRAIL or other peptides in either human or murine serum. Qualifier transitions 

were not detectable below 100 ng/mL but the ratios were within the +/- 20% 

limit down to this concentration.        

Figure 5. LC-MS/MS chromatograms of (a) rhTRAIL
WT

 and (b) rhTRAIL
4C7

 in 

mouse serum at a concentration of 20 ng/mL (LLOQ). The corresponding blank 

sera are shown in red. 

Validation of the quantitative LC-MS/MS analysis of rhTRAILWT and 

rhTRAIL4C7  

Because of the expected wide range of concentrations in relevant samples, a 

calibration curve was constructed that spanned three orders of magnitude at 

eight different concentrations (20; 40; 100; 400; 1000; 2000; 10000 and 20000 

ng/mL) of rhTRAILWT and rhTRAIL4C7 in serum. In order to monitor the 

quality of the analysis, quality control (QC) samples at three different 

concentrations were used according to current regulatory guidelines29,30,31: 60 

(QC low); 800 (QC mid) and 16000 ng/mL (QC high). The 15N-metabolically 

labeled rhTRAILWT and rhTRAIL4C7 internal standards were added at a 

concentration of 500 ng/mL. These internal standards do not only correct for 

changes in digestion efficiency, but also for losses during sample preparation at 

the protein level, for example during the IMAC enrichment, as well as for 

variability in the subsequent LC-MS/MS analysis.  
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Method validation was performed in human serum with partial cross-validation 

in murine serum, to limit the consumption of murine serum. The validation 

results as summarized in Figures S3 and S4, Tables S7-S10 (supporting 

information) showed that method performance is in accordance with 

international guidelines for bioanalytical method validation.29,30,31 Calibration 

curves were linear over a concentration range of 20 - 20000 ng/mL, with 

correlation coefficients above 0.9998. Accuracy and precision were well within 

the limits of acceptance ±15% bias and 15% CV (±20% bias and 20% CV at the 

LLOQ level), also at the over-curve level after 10-fold dilution with IMAC 

buffer.  

 

Analysis of six different blank human serum samples revealed no interferences 

at the retention times of the signature peptides. In addition, precision and 

accuracy obtained for six individual human serum samples spiked at the LLOQ 

were within the acceptance criteria, showing acceptable between-matrix 

variability. Stability was assessed for rhTRAILWT and the rhTRAIL4C7 variant in 

human serum during bench-top storage (24 hours), following three complete 

freeze/thaw cycles and during storage at -80°C (59 days) and found to be 

acceptable according to international guidelines. Stability of digested samples 

during storage in the autosampler at 10°C was acceptable for up to 16 hours and 

bench-top stability of the stock solution for up to 24 hours. 

 

Pharmacokinetics (PK) of rhTRAILWT and rhTRAIL4C7 after intraperitoneal 

injection in mice  

The applicability of the LC-MS/MS method was demonstrated by supporting a 

pharmacokinetic study in mice. All mice were injected i.p. at a combined dose 

of 5 mg/kg of rhTRAILWT and 5 mg/kg of rhTRAIL4C7 and serum was collected 

pre-dose and after 0.5, 1, 2, 4, 6 and 16 hours by sampling from a different 

mouse at each time-point. The choice for the time points was based on previous 

PK studies of 125I-rhTRAILWT in mice that were followed by analysis of 

radioactivity.7 This was also the first PK study for the rhTRAIL4C7 variant, since 

there is no ELISA assay available.  
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QC samples were interspersed throughout the runs and their results were well 

within the limits of acceptance. Figure 6 shows the concentration – time 

profiles for rhTRAILWT and rhTRAIL4C7. The pre-dose and 16 hour results were 

below the LLOQ although both proteins were still detectable after 16 hours. The 

PK sample taken at 0.5 hour initially was above the upper limit of quantitation 

(ULOQ) of 20000 ng/mL and was re-analyzed after ten-fold dilution. Both 

variants showed a half-life of ≈ 30 min and the areas under the curve were 

comparable. These are preliminary data due to the use of a single sample from a 

different mouse for each time point. However, this PK study shows the 

suitability of the described ‘antibody-free’ LC-MS/MS method for in-vivo PK 

studies.32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Pharmacokinetic profiles of rhTRAIL
WT

 and rhTRAIL
4C7

 in mice that 

were intraperitoneally injected with 5 mg/kg of each variant, obtained by the 

simultaneous LC-MS/MS quantification of both proteins. 
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Conclusion 

A highly sensitive LC-MS/MS approach was developed for the quantification of 

rhTRAILWT and rhTRAIL4C7 in human and mouse serum with an LLOQ of 20 

ng/mL (ca. 350 pM). This method does not require antibodies for protein 

enrichment but applies a more generic approach based on immobilized metal 

affinity chromatography (IMAC). Absolute quantitation was established with 

the use of 15N-metabolically labeled internal standards and the analysis was 

validated in serum according to international guidelines for bioanalysis. The 

method comprises a rapid (1 min) oxidation step with hydrogen peroxide which 

renders methionine-containing signature peptides amenable to reliable 

quantitative TRAIL analysis. The analysis was successfully applied to the 

simultaneous measurement of the pharmacokinetic profiles of rhTRAILWT and 

rhTRAIL4C7 in mice after an intraperitoneal injection of both proteins. The aim 

of future work is to further improve assay sensitivity to allow measurement of 

endogenous levels of TRAIL in clinical studies. 
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Supporting Information  

This material is available online via the following link:  

Supporting information chapter 3  
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Abstract  

We describe an antibody-free approach to quantify recombinant human tumor 

necrosis factor-related apoptosis-inducing ligand (rhTRAIL) in serum at the pM 

level using strong cation-exchange (SCX) solid-phase extraction followed by 

immobilized metal affinity (IMAC) enrichment. This approach was applied to 

quantify rhTRAILWT (wild type) and its closely related death receptor 4 

selective variant rhTRAIL4C7 in human and mouse serum by multiplex LC-

MS/MS on a microfluidics interface. rhTRAIL enrichment was optimized based 

on identifying coenriched proteins by gel electrophoresis – mass spectrometry 

after each enrichment step to choose conditions that maximize orthogonality 

between the SCX and IMAC solid-phase extraction steps. rhTRAILWT and 

rhTRAIL4C7 were quantified following trypsin digestion using methionine-

containing signature peptides after fully oxidizing the methionine residue with 

0.25% (w/w) hydrogen peroxide. Absolute quantification was performed by 

adding known amounts of 15N-metabolically labeled internal standards reaching 

down to 0.5 ng/mL for rhTRAILWT (8.5 pM) and 2 ng/mL for rhTRAIL4C7 (34 

pM) in 100 µL human serum. To support pre-clinical studies in mice, the 

analysis was further optimized for a sample volume of 20 µL murine serum 

while maintaining a lower limit of quantitation of 2 ng/mL for rhTRAILWT (34 

pM) and 10 ng/mL for rhTRAIL4C7 (170 pM) for repeat sampling from the same 

animal.  

 

 



  

75 

 

Introduction 

There is an increasing interest in the quantitative determination of proteins in 

biological matrices with liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) as a complement or alternative to the widely used 

ligand binding assays (LBAs; e.g. enzyme-linked immune-sorbent assays 

(ELISA)).1–3 LC-MS/MS analysis is generally based on the quantitation of 

signature peptides from proteolytic digests of the proteins of interest.4 To 

achieve a comparable sensitivity to LBAs in complex biological matrices, 

sample preparation plays a crucial role.5 In fact, pg/mL to low ng/mL sensitivity 

for large proteins often requires immunoaffinity enrichment at the protein or 

peptide level, partially alleviating the advantage of LC-MS/MS over LBAs.6–10 

Ideally, enrichment should be performed at the protein level to avoid generating 

a myriad of highly similar peptides, notably from high-abundance proteins, 

resulting in reduced selectivity and sensitivity.11 To take full advantage of the 

LC-MS/MS approach, we previously developed an antibody-free approach 

using immobilized metal affinity chromatography (IMAC) for recombinant 

human tumor necrosis factor-related apoptosis-inducing ligand (rhTRAIL) in 

serum.12 This approach permitted quantification of rhTRAIL, consisting of the 

extracellular TRAIL domain (amino acids 114-281 of sequence P50591) and the 

DR4-specific rhTRAIL4C7 variant in human and mouse serum with a lower limit 

of quantitation of 20 ng/mL.13 In this paper we describe the further development 

of an antibody-free sample preparation by combining IMAC with strong-cation-

exchange (SCX) into a 2D-SPE enrichment approach improving sensitivity 

close to the current level of a validated ELISA14. Due to the more efficient 

clean-up, it was possible to select two signature peptides for each protein from 

which one was used for quantification and the other for confirmation.15 

Adapting this approach to a microfluidics-based LC-MS/MS system allowed us 

to reach low ng/mL sensitivity with only 20 µL serum making repeat sampling 

from mice in preclinical studies possible.  
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Experimental section  

Chemicals and protein standards 

Water was purified by a Milli-Q® Advantage A10® System (conductivity 

18.2MΩ/cm, Millipore, Billerica, MA, USA). J.T.Baker® LC-MS grade 

acetonitrile and methanol was obtained from Avantor Performance Materials 

(Center Valley, PA, USA). Sodium phosphate dibasic dihydrate and sodium 

dihydrogen phosphate monohydrate, formic acid, glycerol, Tween® 20, sodium 

chloride, imidazole, hydrogen peroxide, and trypsin from porcine pancreas 

(Type IX-S) were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Human serum (male, individual) was obtained from Sera Lab (Hayward’s 

Heath, United Kingdom). Murine serum (strain BALB/cOlaHsd, female, 

individual) was obtained from Harlan Laboratories (Horst, The Netherlands). 

The protein standards, rhTRAILWT and rhTRAIL4C7 with a concentration of 0.83 

and 1.38 mg/mL, respectively, and the labeled protein standards, 15N-

rhTRAILWT and 15N-rhTRAIL4C7 with a concentration of 0.86 and 0.23 mg/mL, 

respectively, were expressed and purified as described in Reis et al.
16

 and 

Wilffert et al.
13 15N-labelled proteins were produced in E.coli grown on 15N-

labelled ammonium acetate as only nitrogen source. All protein standards were 

stored in aliquots at -80°C. Two internal standard working solutions were 

prepared for quantitation: one in human serum containing 110 ng/mL 15N-

rhTRAILWT and 550 ng/mL 15N-rhTRAIL4C7 and another one in murine serum 

containing 150 ng/mL 15N-rhTRAILWT and 750 ng/mL 15N-rhTRAIL4C7.  

 

Strong Cation Exchange (SCX) and Immobilized Metal Affinity 

Chromatography (IMAC) solid-phase extraction (SPE) 

SCX or IMAC solid phase extraction (SPE) resins were separately prepared as 

follows. Two-hundred µL of SCX-resin (TSKgel® SP-3PW, slurry in 20% (v/v) 

ethanol in water, methacrylic polymer-based particles, particle size 30 µm, 250 

Å, TOSOH Bioscience, Tokyo, Japan) were transferred to a 1.5 mL tube. 1 mL 

of methanol was added to the slurry and vortexed, which was followed by 

centrifugation at 1500g for 3 min. The supernatant was removed and replaced 

by 1 mL of SCX buffer pH 7.5 (20 mM phosphate buffer, 10% glycerol, 

0.005% Tween® 20) containing 40 mM NaCl to equilibrate the SCX resin. The 
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SCX resin was recovered by centrifugation at 1500g for 3 min followed by 

another addition of 700 µL (for human serum samples) or 790 µL (for murine 

serum samples) SCX buffer pH 7.5 containing 40 mM NaCl.  

 

IMAC enrichment was performed with 100 µL Ni2+ resin (Ni SepharoseTM 6 

fast flow, slurry in 20% (v/v) ethanol in water, 6% cross-linked agarose, particle 

size 90 µm, GE Healthcare, Freiburg, Germany) which was transferred to a 1.5 

mL tube. Five-hundred µL of water were added to the slurry, which was 

followed by vortex-mixing and centrifugation at 1500g for 3 min. The water 

was removed and replaced by 500 µL IMAC buffer pH 8 (20 mM phosphate 

buffer, 10% glycerol, 0.005% Tween® 20) containing 15 mM imidazole to 

equilibrate the IMAC resin. After vortexing the resin was sedimented by 

centrifugation at 1500g for 3 min and 500 µL IMAC buffer pH 8 containing 15 

mM imidazole were added.  

 

SCX-IMAC enrichment of rhTRAIL  

Ten µL of human serum internal standard working solution were added to 100 

µL human serum to give a final concentration of 10 ng/mL of 15N-rhTRAILWT 

and 50 ng/mL of the variant 15N-rhTRAIL4C7. Ten µL of murine serum internal 

standard working solution were added to 20 µL murine serum to give a final 

concentration of 50 ng/mL of 15N-rhTRAILWT and 250 ng/mL of the variant 
15N-rhTRAIL4C7. One hundred µL of human serum or 20 µL of murine serum 

were added to the previously prepared SCX resin (in SCX buffer pH 7.5 

containing 40 mM NaCl) and mixed on a rotating wheel for 10 min at a speed 

of 20 rpm. The suspension was transferred to an empty solid-phase extraction 

(SPE) cartridge (volume 1 mL, Agilent, CA, USA) that was placed in a Cerex 

Positive Pressure SPE processor (Varian, CA, USA). Positive air pressure was 

applied to the suspension in the SPE cartridge, followed by placing a frit on top 

of the resin. The SCX resin was washed with 1 mL SCX buffer pH 7.5 

containing 40 mM NaCl and eluted with 400 µL SCX buffer pH 8.0 containing 

100 mM NaCl and 15 mM imidazole. The final elution volume was directly 

collected in the tube containing the prepared IMAC resin (see above).  
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This suspension was mixed for 10 min on a rotating wheel (diameter 270 mm) 

at a speed of 20 rpm, transferred to an empty SPE cartridge and the IMAC resin 

was washed with 500 µL IMAC buffer pH 8.0 containing 100 mM NaCl and 15 

mM imidazole and eluted with 200 µL IMAC buffer pH 8.0 containing 100 mM 

NaCl, 150 mM imidazole and 20% acetonitrile. For each step, positive air 

pressure was applied until the last drop was removed from the resins. For each 

sample, fresh SCX and Ni2+-resins and empty SPE cartridges were used. 

Recovery of SCX, IMAC and SCX-IMAC enrichment was determined by 

comparing blank sera spiked with the same concentration of rhTRAIL before 

and after enrichment. 

 

Trypsin digestion and oxidation of signature peptides  

Ten µL of 50 µg/mL trypsin was added to 200 µL of the SCX-IMAC enriched 

sample resulting in an approximate enzyme-to-substrate ratio (w/w) of 1:10. 

Proteins were digested by incubation at 37 °C with vortex-mixing at 450 rpm 

for 2 hrs in a Thermomixer comfort (Eppendorf, Hamburg, Germany). The 

digestion was stopped by adding 10 µL of 23% formic acid. This was followed 

by adding 10 µL of 11.5% hydrogen peroxide to fully oxidize the methionine 

residue in the signature peptides for 1 min at room temperature. Twenty µL 

were used for LC-MS/MS analysis.  

 

Determination of total protein concentration 

The percentage protein removal was determined by comparing the total protein 

concentration of the collected SCX, IMAC and SCX-IMAC elution fractions 

with the initial serum sample. All samples were diluted with PBS (phosphate-

buffer saline; 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) to fall within the calibration range of the micro bicinchoninic 

acid (microBCA) assay. Bovine serum albumin was used as calibration standard 

and the assay was performed according to the manufacturer’s instructions 

(Thermo Fisher Scientific, Rockford, IL, USA). A Fluostar Optima plate reader 

(BMG Labtech, Ortenberg, Germany) was used for measuring absorbance at 

580 nm.  
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Gel electrophoresis and silver staining  

To identify remaining matrix proteins before and after SCX, IMAC and SCX-

IMAC enrichment, the collected fractions were analysed by gel electrophoresis 

in the presence of SDS. Prior to gel electrophoresis, the collected fractions, 

rhTRAIL as standard and the protein marker (Novex® Sharp Unstained Protein 

Standard) were diluted with PBS. Twenty µL were loaded on a pre-cast 

polyacrylamide gradient gel (8 cm x 8 cm, NuPAGE® Novex® 4-12% Bis-Tris 

gel), which was run with an SDS-containing running buffer (pH 7.7, NuPAGE® 

MES SDS Running buffer) according to the manufacturer’s instructions 

(Thermo Fisher Scientific, Waltham, MA, USA). All gel electrophoresis 

products were purchased from Life Technologies (Thermo Fisher Scientific, 

Waltham, MA, USA). Silver staining of the gels was done as described by Yan 

et al.17
 

 

In-gel trypsin digestion and nanoLC-QTOF mass spectrometry analysis for 

protein identification  

Protein bands were excised from the polyacrylamide gel, destained and in-gel 

digested as described by Franciosi et al.
18 Digests were analyzed by nanoLC-

QTOF mass spectrometry using an UltiMate 3000 Rapid Separation LC (RSLC) 

system (Thermo Fisher Scientific, Waltham, MA, USA) linked to a Maxis IITM 

QTOF mass spectrometer (Bruker, Billerica, MA, USA) (see supporting 

information Table S1 and Table S2 for the conditions of the nanoLC-QTOF 

mass spectrometry analysis as well as for details about the database search). 

Protein identifications were considered significant if at least 2 unique peptides 

were matched to the obtained MS/MS spectra with a false discovery rate of 1 % 

on the protein level and of 5% on the peptide level. 

 

(Micro) Liquid Chromatography - Mass Spectrometry  

Chromatographic separation for comparing the different enrichment methods 

(SCX, IMAC and SCX-IMAC) was performed using an Acquity I-Class UPLC 

system (Waters, Milford, MA, USA). Peptides were separated on a CSH C18 

column (150 x 2.1 mm, 1.7 μm, 130 Å) at 50 °C and a flow rate of 0.4 mL/min. 

Gradient elution was performed with 0.1% formic acid in water (mobile phase 

A) and 0.1% formic acid in acetonitrile (mobile phase B). Twenty µL of the 
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enriched sample (autosampler at 10°C) were injected, the gradient started at 3% 

B and linearly increased with 2.5% B/min for 9.5 min. The column was cleaned 

for 2 min at 90% B and equilibrated resulting in a total run time of 15 min. LC-

MS/MS for the quantitative analysis of the signature peptides of rhTRAILWT 

and the rhTRAIL4C7 variant was down-scaled by using an Acquity M-Class 

nanoUPLC system (Waters, Milford, MA, USA). The LC system was equipped 

with a microfluidics iKey UPLC CSH C18 column (100 x 0.15 mm, 1.7 μm, 130 

Å) running at 40 °C and a flow rate of 3 µL/min. Twenty µL of the enriched 

sample were trapped at a flow rate of 20 µL/min for 2.5 min at 3% B on a Trap 

Symmetry C18 column (50 x 0.3 mm, 5 μm, 100 Å). The trapped sample was 

transferred and separated by switching the iKey online and performing gradient 

elution starting at 3% B, linearly increasing with 1.5% B/min for 17 min. 

Hereafter, the column was cleaned for 2 min at 90%B and equilibrated, which 

resulted in a total run time of 24 min. 

 

A Waters Xevo TQ-S triple quadrupole mass spectrometer was used for 

detection and an IonKey source (Waters, Milford, MA, USA) was used for 

connecting the microLC. Electrospray ionization was done in positive (ESI+) 

mode. For LC separation at a flow of 0.4 mL/min the following source 

parameters were used: source temperature 150˚C, desolvation temperature 

500˚C, capillary voltage 3.00 kV, cone voltage 50 V, desolvation gas (nitrogen) 

1000 L/h, cone gas (nitrogen) 150 L/h, collision gas (argon) 0.18 mL/min and 

nebulizer gas pressure 7.0 bar. For µLC separation at a flow of 3 µL/min, the 

following source parameters were used: capillary voltage was increased to 3.50 

kV, cone gas was decreased to 20 L/h and the desolvation temperature and 

desolvation gas flow were turned off.  

 

Selected SRM transitions and collision energies for the signature peptides of 

rhTRAILWT, 15N-rhTRAILWT, rhTRAIL4C7 and 15N-rhTRAIL4C7 are shown in the 

supporting information (Table S3). For each protein, two different signature 

peptides were selected one of which was used for quantification, and the second 

for confirmation. The following peptides were selected for quantification: 

YTSYPDPILLM(Ox)K for rhTRAILWT and YTDYPDPILM(Ox)K for 

rhTRAIL4C7, containing an amino acid mutation from serine to aspartic acid at 
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position 3 for rhTRAIL4C7. For confirmation, the following peptides were 

selected: SGHSFLSNLHLR for rhTRAILWT and GHSFLSNLHLR for 

rhTRAIL4C7 containing an amino acid mutation from serine to arginine at 

position 1 for rhTRAIL4C7. Results were accepted if the ratio between the peak 

areas of the two peptides were within ± 25% of the mean ratio.  
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Results and discussion 

We previously reported a validated LC-MS/MS method to quantify rhTRAILWT 

and the death receptor 4-specific variant rhTRAIL4C7 in human and murine 

serum supporting pre-clinical pharmacokinetic studies in mice.13 Ni2+-IMAC 

was selected for enrichment, because rhTRAIL contains a number of surface-

exposed histidines.12 However, application of this method required 100 µL 

serum, which means that one mouse had to be sacrificed per time point of the 

pharmacokinetic time curve. In this article, we describe the further development 

of this approach to increase sensitivity from 20 to 0.5 ng/mL and to reduce 

sample requirement from 100 to 20 µL.13 

 

SCX, IMAC and SCX-IMAC protein enrichment  

To select additional sample preparation steps in a rational manner, we separated 

the major remaining matrix proteins after IMAC by SDS-PAGE (Figure 1, lane 

4 of the IMAC panel) and identified them by excising the corresponding bands 

from the gel followed by in-gel trypsin digestion, LC-MS/MS on a quadrupole 

time-of-flight (QTOF) mass spectrometer and database search (supporting 

information, Table S4). We found that the isoelectric point (pI) of most 

remaining serum proteins in the IMAC fraction was considerably lower than the 

pI of rhTRAIL (pI 8.9) (see Table S4). Based on these results, we reasoned that 

an additional sample pretreatment step with SCX at pH 7.5 should discriminate 

between rhTRAIL (expected to bind) and most of the serum proteins (expected 

not to bind). Since SCX enrichment was performed at the protein level 

(rhTRAIL ≈58.5 kDa, pore size of the resin 250 Å), it was necessary to let 

proteins interact with the beads for 10 min on a rotating wheel for binding. 

Adding 40 mM sodium chloride during loading and washing resulted in 

removal of most remaining serum proteins as illustrated by SDS-PAGE analysis 

(Figure 1, lanes 2-3 of the SCX panel). rhTRAIL was finally eluted with 100 

mM sodium chloride at pH 8. 
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Figure 1. Silver stained SDS-PAGE analysis of 100 µg/mL rhTRAIL
WT

 in 

human serum after strong cation-exchange (SCX), Ni
2+

 immobilized metal 

affinity (IMAC) and the combination of SCX-IMAC enrichment. Lanes: M, 

molecular weight marker; T, 25 µg/mL of rhTRAIL
WT

 in buffer (500 ng in 20 µL 

of loading volume) for all gels. SCX: Lane 1: human serum (100x diluted), lane 

2: flow through with 40 mM NaCl (200x diluted), lane 3: wash with 40 mM 
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NaCl (10x diluted); lane 4: elution with 100 mM NaCl (4x diluted); lane 5: 

elution with 500 mM NaCl (4x diluted). IMAC: lane 1: human serum (100x 

diluted), lane 2: flow through with 15 mM imidazole (200x diluted), lane 3: 

wash with 15 mM imidazole (10x diluted); lane 4: elution with 150 mM 

imidazole (4x diluted); lane 5: elution with 500 mM imidazole (4x diluted). 

SCX-IMAC: lane 1: human serum (100x diluted), lane 2: flow through with 15 

mM imidazole (10x diluted), lane 3: wash with 15 mM imidazole (5x diluted); 

lane 4: elution with 150 mM imidazole (2x diluted); lane 5: elution with 500 

mM imidazole (2x diluted). A loading volume of 20 µL was used in all lanes and 

all protein bands in the elution steps of lane 4 of all enrichment methods were 

identified by in-gel trypsin digestion and LC-QTOF MS/MS analysis 

(supporting information Table S4). The arrow indicates the position of 

rhTRAIL
WT

. 

 
Compared to IMAC, SCX showed a slightly better clean-up as indicated by 

total protein determination in the eluted fractions of both enrichment methods 

(SCX clean-up ca. 99%, IMAC clean-up ca. 95%). Visual comparison of the 

SCX and IMAC elution fractions after SDS-PAGE (Figure 1, lanes 4 of SCX 

and IMAC panels) also indicated a slightly improved cleanup by SCX, while 

LC-MS/MS analysis of rhTRAILWT at 10 ng/mL (initial serum concentration) 

showed comparable sensitivity and a comparable recovery (SCX 72%, IMAC 

71%). Combining both enrichment steps in an SCX-IMAC sequence resulted in 

the removal of > 99.9% of total protein with a total recovery of 49% for 

rhTRAIL. Comparing the identified remaining serum proteins in the eluates of 

the IMAC and the SCX steps underscores the orthogonality of both methods 

(Table S4), since for example beta-2-glycoprotein with a pI of 8.3 is retained by 

SCX but not IMAC while apolipoprotein A-I (pI 5.6) is retained by IMAC but 

not SCX. The most abundant serum protein, albumin (pI 5.3) is partially 

retained by both SCX and IMAC indicating other modes of interaction, but the 

combination of SCX-IMAC led to the efficient removal of albumin.  

 

Down-scaling the LC separation  

By reducing the column diameter from 2.1 mm to 150 µm using a microfluidics 

system, we were able to reduce the volume of mouse serum from 100 µL to 20 
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µL without compromising overall sensitivity due to more efficient electrospray 

ionization at the reduced flow rate of 3 µL/min (instead of 400 µL/min). One 

might expect that reduction would be more significant considering that the flow 

rate is more than 100-times lower, but unfortunately peak width was also 

increased from ≈ 0.15 min (400 µL/min) to ≈ 0.45 min (3µL/min). Still, 

requiring only 20 µL of serum alleviates the need to sacrifice a mouse for each 

time point of a pharmacokinetic study, as multiple samples can be taken from 

the same animal. Figure 2 shows the LC-MS/MS chromatograms of both 

signature peptides in murine serum for rhTRAILWT and rhTRAIL4C7 at the 

lower limits of quantitation (LLOQ) of 2 ng/mL and 10 ng/mL, respectively.  

 

Figure 2. µLC-MS/MS analyses of rhTRAIL
WT

 and rhTRAIL
4C7 

in 20 µL mouse 

serum at 2 ng/mL and 10 ng/mL, respectively. The corresponding blank sera 
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are shown in red and the amino acid changes between rhTRAIL
WT

 and 

rhTRAIL
4C7

 are underlined. 

The efficient enrichment of rhTRAIL by SCX-IMAC is a prerequisite to take 

full advantage of the µLC column with its limited loading capacity (appr. 1 µg 

of protein digest). Using 100 µL of (human) serum (appr. 8 mg total protein in 

the starting material) improved sensitivity to 0.5 ng/mL for rhTRAILWT and to 2 

ng/mL for the rhTRAIL4C7 variant (Figure 3). These concentrations come close 

to the sensitivity of the reported ELISA (LLOQ of 0.2 ng/mL) used to support a 

clinical study of rhTRAIL.14 To the best of our knowledge, this is the first report 

of sub-ng/mL sensitivity for a protein, quantified with LC-MS/MS without 

antibody-based extraction.  

 

Figure 3. µLC-MS/MS analysis of rhTRAIL
WT

 (signature peptide 

YTSYPDPILLM(Ox)K) and rhTRAIL
4C7

 (signature peptide 

YTDYPDPILLM(Ox)K) in 100 µL human serum at 0.5 and 2 ng/mL. The 

corresponding blank sera are shown in red. 

 

Method validation and suitability for studying the pharmacokinetics (PK) of 

rhTRAILWT and rhTRAL4C7 in mice  

The described method was validated with respect to linearity, accuracy, 

precision, selectivity and the stability of rhTRAILWT and rhTRAIL4C7 and 

applied to support a PK study in mice. Linearity of the method was assessed for 

rhTRAILWT between 2 ng/mL and 2 000 ng/mL and for rhTRAIL4C7 between 10 
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ng/mL and 10 000 ng/mL. The calibration curve of rhTRAILWT (supporting 

information Figure S1) and rhTRAIL4C7 (supporting information Figure S2) 

consisted of eight concentration levels and correlation coefficients (r2) were all 

above 0.9997. Quality control (QC) samples of rhTRAILWT and rhTRAIL4C7, 

respectively, were prepared at three different concentration levels: 6 / 30 ng/mL 

(QC low); 80 / 400 ng/mL (QC medium); 1600 / 8000 ng/mL (QC high). 

Within-run and between-run accuracy and precision (supporting information 

Table S5) were evaluated at these three quality control levels as well as at the 

lower limit of quantitation (LLOQ) and were all within ±15% bias and 15% CV 

(±20% bias and 20% CV at the LLOQ level). Stability of rhTRAILWT and 

rhTRAIL4C7 (supporting information Table S6, top panel) was assessed at the 

protein level during bench-top storage (30h) and while undergoing freeze/thaw 

cycles (5x) and at the peptide level during autosampler storage (24h at 10˚C). 

All stability experiments demonstrated a bias within ±15% and a CV within 

15% at the QC low and QC high levels. Between-matrix variability (selectivity) 

was validated (supporting information Table S6, bottom panel) in six different 

individual murine serum samples which were analyzed blank and spiked at the 

LLOQ level. The blank levels revealed no interferences and the accuracy and 

precision at the LLOQ level were all within ±20% bias and 20% CV.  

 

Figure 4 shows the suitability of the improved and validated µLC-MS/MS 

method for rhTRAILWT and rhTRAIL4C7 by re-analysis of (20-µL) serum 

samples from a previously performed pharmacokinetic study in mice that were 

i.p. administered simultaneously with 5 mg/kg of rhTRAILWT and 

rhTRAIL4C7.13  
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Figure 4. Pharmacokinetic profiles in mice which received a simultaneous dose 

of 5 mg/kg rhTRAIL
WT 

and 5 mg/kg rhTRAIL
4C7

 by a intraperitoneal injection.
13
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Conclusion 

There are doubts as to whether antibody-free LC-MS/MS methods might be 

able to reach the same sensitivity as immunoassays, notably sandwich ELISAs. 

Here we show that an LC-MS/MS method can reach similar LLOQs as a 

sandwich ELISA that has been previously used to support a clinical study of 

rhTRAIL. This is due to the rational design of the sample preparation steps 

based on structural knowledge of the analyte (surface-exposed histidines) and 

the detailed analysis of the physico-chemical properties of the coenriched serum 

proteins versus those of rhTRAIL (isoelectric point). Miniaturization of the LC 

system permitted analysis of rhTRAIL at the sub-ng/mL level and allowed 

discriminating between rhTRAILWT and the rhTRAIL4C7 variant in a single run. 

Miniaturization had the additional benefit of being able to reduce the required 

amount of serum to 20 µL while maintaining an LLOQ for rhTRAILWT of 2 

ng/mL and of 10 ng/mL for the variant rhTRAIL4C7, largely sufficient for pre-

clinical and clinical pharmacokinetic studies. rhTRAIL enrichment was 

performed by orthogonal SCX-IMAC solid-phase extraction resulting in 

>99.9% protein removal. To provide absolute quantification, 15N-metabolically 

labeled rhTRAILWT and the rhTRAIL4C7 variant were used as internal standards, 

and the methionine-containing signature peptides were fully oxidized to the 

sulfoxide with hydrogen peroxide as previously described.13 This example sets 

the stage for developing additional cytokine assays using antibody-free 

workflows and LC-MS/MS. It is to be expected that the sensitivity of targeted 

LC-MS/MS assays will increase further due to more advanced instrumentation 

and a growing knowledge base concerning tailored sample preparation 

approaches. Considering that development of specific antibodies is a lengthy 

procedure with an often uncertain outcome, we believe that antibody-free LC-

MS/MS will play an increasing role in protein bioanalysis notably during the 

early stages of drug development. 
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Supporting Information  

This material is available online via the following link:  

Supporting information chapter 4 (password: DWilffert102015) 
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Abstract  

Soluble tumor necrosis factor-related apoptosis-inducing ligand (sTRAIL) 

induces apoptosis via the extrinsic death receptor pathway and may be a 

biomarker in the pathogenesis of a broad range of diseases. To investigate the 

role of sTRAIL in asthma, we developed a quantitative LC-MS/MS method 

with a lower limit of quantitation (LLOQ) of ≈ 3 pM in induced sputum (174 

pg/mL) and saliva (198 pg/mL) without the use of antibodies. sTRAIL was 

enriched by immobilized metal affinity chromatography (IMAC) solid-phase 

extraction (SPE) followed by tryptic digestion and subsequent enrichment of a 

signature peptide by strong cation exchange (SCX) SPE. The method was 

validated with respect to stability, accuracy and precision using the standard 

addition approach and a fully metabolically 15N-labelled hrTRAIL as internal 

standard. Our results indicate that it is possible to quantify cytokines like 

sTRAIL at the pM level by LC-MS/MS without the use of antibodies, which 

has, to our knowledge, never been shown before.  
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Introduction 

Research on tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 

has mainly focused on the use of a recombinant form (hrTRAIL) as a drug in 

cancer therapy until now, because of its high selectivity to induce apoptosis in 

tumor cells without affecting normal cells.1–3 However, in its endogenously 

occurring form, TRAIL has been shown to be also involved in the 

pathophysiology of other diseases having an inflammatory and/or autoimmune 

component.4–10 This rather pleiotropic activity profile may be related to the 

essential role of apoptosis in the immune system and the variety of cells on 

which membrane-bound TRAIL is expressed in the innate and adaptive immune 

system.11 Asthma is characterized by inflammation of the airways and a TH2-

mediated immune response.12 TRAIL is also found in a soluble form following 

proteolytic cleavage from the cell surface (sTRAIL; extracellular domain, 

amino acids 114-281 of sequence P50591).13 A link between sTRAIL and 

promoting a TH2-mediated immune response in asthma was demonstrated by 

Weckmann et al.
14 Increased levels of sTRAIL in the airway epithelium, 

bronchoalveolar lavage fluid and induced sputum of asthmatic patients were 

associated with eosinophilic survival, eosinophils being the most important 

effector cell of asthmatic airway inflammation.15  

 

It is thus of interest to quantify sTRAIL in induced sputum or saliva and 

investigate whether levels may be related to asthma. Secondly, a procedure 

relying not on antibodies provides advantages like low cost, variability and 

more overall robustness.16 To this end, we developed an LC-MS/MS approach 

based on enzymatic digestion of the protein analyte and quantitation of a 

signature peptide, with two steps of solid-phase extraction (SPE); one at the 

protein and one at the signature peptide level. The LC-MS/MS method was 

applied to induced sputum and saliva samples. Saliva and the more commonly 

used induced sputum were both selected as matrices instead of bronchoalveolar 

lavage fluid, because of the relatively easy and noninvasive way of collection.17 

Recent reviews of proteomics in saliva for biomarker discovery showed its 

potential in clinical diagnostics.18–20 Although being less protein-rich than serum 

or plasma, saliva and induced sputum are both challenging matrices for targeted 
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low-abundant protein quantification by LC-MS/MS, since they have total 

protein concentrations of ≈ 3 and ≈ 0.7 mg/mL and contain a wide diversity of 

approximately 2000 and 250 proteins, respectively.21–24 Protein concentrations 

in saliva and sputum cover a wide dynamic range from the high-abundant 

amylase and mucus proteins to low abundant proteins like sTRAIL.  

 

Metabolically 15N-labeled hrTRAIL was used as internal standard to account for 

variation and losses during the entire sample preparation procedure including 

protein/peptide enrichment and tryptic digestion.25,26 Endogenous sTRAIL was 

quantified with a standard addition method, since various surrogate matrices did 

not sufficiently correct for the variable matrix effects of saliva and induced 

sputum.27,28 The method was validated with respect to stability, accuracy and 

precision and used to measure sTRAIL levels in saliva and induced sputum 

from asthma patients and healthy controls.  
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Materials and methods  
 

Chemicals and protein standards 

A Milli-Q® Advantage A10® System (conductivity 18.2MΩ/cm, Millipore, 

Billerica, Massachusetts, USA) was used for preparing HPLC-grade water. 

Acetonitrile and methanol were obtained from Avantor Performance Materials 

(J.T.Baker®, LC-MS grade, Center Valley, Pennsylvania, USA). Disodium 

hydrogen phosphate, sodium dihydrogen phosphate, glycerol, Tween® 20, 

formic acid, ammonia, sodium chloride, imidazole, hydrogen peroxide, 

iodoacetamide, dithiothreitol and trypsin from porcine pancreas (Type IX-S) 

were purchased from Sigma Aldrich (St. Louis, Missouri, USA). Sputolysin® 

Reagent (dithiothreitol concentrate in phosphate buffer pH 6.5-7.5) was 

purchased from Millipore. Human recombinant TRAIL (hrTRAIL) and 

metabolically labeled 15N-rhTRAIL were both expressed in E. coli and purified 

as described by Reis et al.
29 and Wilffert et al.

30 15N-rhTRAIL was 

metabolically labeled by growing E. coli in a medium containing 15N-labelled 

ammonium acetate as the sole nitrogen source. Both standards were stored in 

aliquots at -80˚C. 

 

Induced sputum and saliva sample collection 

Sputum induction was done according to a standard protocol of the University 

Medical Centre Groningen. Volunteers inhaled 4.5% hypertonic saline vapor for 

5 min via an ultrasonic nebulizer (Ultraneb, DeVillbiss, Somerset, PA, USA) 

from which the output was calibrated at 1.5 mL/min. Afterwards, they were 

encouraged to cough and spit sputum. Induced sputum samples, which showed 

a high viscosity, were processed according to the method of Fahy et al.
31 

Briefly, induced sputum was reduced by addition of 1:1 (w/w) dithiothreitol 

(Sputolysin® Reagent) for 15 min at 37˚C and filtered through a nylon (48µm) 

gauze followed by 10 min centrifugation at 450g at 20˚C. The supernatant was 

aliquoted and stored at -80˚C.  

 

Saliva was collected using the passive drool technique. Volunteers were first 

asked to rinse their mouths with water and then instructed to generate saliva. 

After 1 min, the volunteers were asked to drool the saliva into a tube (50 mL). 
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After collection, the saliva was centrifuged for 10 min at 450g at room 

temperature and the supernatant was aliquoted and stored at -80˚C.  

 

Enrichment with immobilized metal affinity chromatography (IMAC) at the 

protein level and strong cation exchange (SCX) at the peptide level 

For quantification according to the standard addition method, each saliva or 

induced sputum sample was divided into two aliquots of 50 µL each: one 

aliquot with addition of 50 µL of 15N-rhTRAIL internal standard at 4 ng/mL and 

one aliquot with 50 µL addition containing both 8 ng/mL of rhTRAIL and 4 

ng/mL of 15N-rhTRAIL. 

 

IMAC enrichment was performed with 100 µL Ni2+ resin (Ni SepharoseTM 6 

fast flow, slurry in 20% (v/v) ethanol in water, 6% cross-linked agarose, particle 

size ≈ 90 µm, GE Healthcare, Freiburg, Germany) which was transferred to a 

1.5 mL tube. Five-hundred µL of water was added to the slurry and vortexed, 

followed by centrifugation at 2000g for 3 min. The water was removed and 

replaced by 500 µL IMAC buffer pH 8 (20 mM phosphate buffer, 10% glycerol, 

0.005% Tween® 20) containing 15 mM imidazole to equilibrate the IMAC 

resin. After vortexing the resin was sedimented by centrifugation at 1500g for 3 

min. The buffer was removed and 800 µL of new IMAC buffer pH 8 containing 

15 mM imidazole was added. One hundred µL of prepared saliva or induced 

sputum were added to the IMAC resin (in IMAC buffer pH 8 containing 15 mM 

imidazole) and mixed on a rotating wheel for 10 min at 20 rpm. Afterwards, the 

slurry was transferred to an empty SPE cartridge and the IMAC resin was 

washed with 500 µL IMAC buffer pH 8.0 containing 100 mM NaCl and 15 mM 

imidazole and eluted with 200 µL IMAC buffer pH 8.0 containing 100 mM 

NaCl, 150 mM imidazole and 20% acetonitrile. For each step, positive air 

pressure was applied until the last drop was removed from the resin. For each 

sample, fresh Ni2+-resin and new empty SPE cartridges were used. 

 

Ten µL of 200 µg/mL trypsin were added to 200 µL of the enriched IMAC 

sample resulting in an approximate enzyme-to-substrate ratio (w/w) of 1:10. 

Proteins were digested by incubation at 37 °C with vortex-mixing at 450 rpm 

for 2 hours in a Thermomixer comfort (Eppendorf, Hamburg, Germany). 
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Digestion was stopped by adding 10 µL of 22% formic acid. SCX enrichment 

of the signature peptide was subsequently performed with SPE columns 

containing 100 µL SCX-resin (TSKgel SP-3PW slurry in 20% (v/v) ethanol, 

particle size ≈ 30 µm, 250 Å, TOSOH Bioscience, Tokyo, Japan) that was 

conditioned with 1 mL methanol and 1 mL of 1% formic acid. The digest was 

diluted two times with 1% formic acid before being loaded on the SPE column 

and washed with 1 mL 200 mM sodium chloride containing 10% acetonitrile 

and 1% formic acid followed by 1 mL acetonitrile. Peptides were eluted with 

400 µL 1% ammonia containing 40% acetonitrile. Finally, the eluent was 

evaporated until dryness in approximately 30 min at 45˚C under nitrogen and 

reconstituted in 50 µL of 3% acetonitrile and 0.1% formic acid. Twenty µL of 

the final 50 µL were injected into the LC-MS/MS system.  

 

Micro Liquid Chromatography – Mass Spectrometry (LC-MS/MS) 

Quantification of the signature peptide of sTRAIL was performed with an 

Acquity M-Class nanoUPLC system coupled to a Waters Xevo TQ-S triple 

quadrupole mass spectrometer with an IonKey source (Waters, Milford, MA, 

USA). The mobile phases were 0.1% formic acid in water (mobile phase A) and 

0.1% formic acid in acetonitrile (mobile phase B). After trapping peptides on a 

Trap Symmetry C18 column (Waters, 50 x 0.3 mm, 5 µm, 100Å) at a flow rate 

of 20 µL/min for 2.5 min at 3% B, the IonKey was switched online and 

separation was performed on a microfluidics IonKey UPLC CSH C18 column 

(Waters, 100 x 0.15 mm, 1.7 µm, 130Å) at 40˚C at a flow rate of 3 µL/min. 

Gradient elution was started at 3% B linearly increasing at 1.5% B/min for 17 

min. The column was cleaned for 2 min at 90% B and equilibrated. This 

resulted in a total run time of 24 min per sample. Positive electrospray 

ionization (ESI+) was used for mass spectrometry detection and the following 

source parameters were set: source temperature 150 ˚C, capillary voltage 3.5 

kV, cone voltage 50 V, cone gas 20 L/h, collision gas (argon) 0.18 mL/min and 

nebulizer gas pressure 7.0 bar.  

 

Three SRM transitions were monitored for the signature peptide 

SGHSFLSNLHLR of sTRAIL, one SRM transition for quantification and two 

SRM transitions for confirmation. For quantification purposes the SRM 
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transition 456.6 m/z ([M+3H]3+) > 739.4 m/z (y6
+) was monitored, which 

corresponds to the triply charged parent ion fragmenting to a singly charged y6 

daughter ion. Confirmation was performed by monitoring the SRM transitions: 

456.6 m/z ([M+3H]3+) > 652.4 m/z (y5
+) and 456.6 m/z ([M+3H]3+) > 852.5 m/z 

(y7
+). The 15N-labeled internal standard was monitored at the SRM transitions 

463.2 m/z ([15N-M+3H]3+) > 751.4 m/z (15N-y6
+) (quantifier) and 463.2 m/z 

([15N-M+3H]3+) > 663.4 m/z (15N-y5
+), and 463.2 m/z ([15N-M+3H]3+) > 865.5 

m/z (15N-y7
+) (qualifiers). A collision energy of 18 V was applied for all SRM 

transitions. Results were accepted if the ratios of the peak areas between, the 

two confirmatory SRM transitions divided by the quantifier SRM transition 

were within ±25% of the mean ratio. 

 

Statistical analysis 

The mean sTRAIL levels between the asthma patient and the control groups and 

the influence of age, gender, food intake and allergies were evaluated by 

statistical analysis with GraphPad PRISM (Version 5.0, GraphPad Software 

Inc., La Jolla, CA, USA) for Windows. To uncover significant differences (p < 

0.05), a Mann-Whitney’s test was selected, because a Gaussian distribution was 

not observed.  
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Results and discussion 

 

A fully validated, quantitative LC-MS/MS method for human recombinant 

TRAIL (hrTRAIL) in human and murine serum was adapted to the enrichment 

of endogenous soluble TRAIL (sTRAIL) from induced sputum or saliva.30 

Immobilized metal affinity chromatography (IMAC) SPE on Ni2+-Sepharose 

proved applicable without major modifications due to the fact that sTRAIL and 

hrTRAIL share the same pattern of surface-exposed histidine residues, albeit 

that induced sputum had to be reduced with dithiothreitol, because of the high 

viscosity. Performance of IMAC enrichment was not affected, since sTRAIL 

does not contain any disulfide bridges and thus does not change in structure 

upon reduction.  

Figure 1. Primary structure of the selected sTRAIL-specific signature peptide 

SGHSFLSNLHLR. The peptide contains four positive charges at pH ≈ 2.2, as 

used for strong cation exchange (SCX) SPE, unlike most other commonly 

observed tryptic peptides that contain only two positive charges at the N-

terminus and the C-terminal Lys or Arg residues. 

 

SCX peptide enrichment 

In order to reach the necessary concentration sensitivity to quantify sTRAIL in 

induced sputum or saliva, an additional enrichment step was needed at the 

peptide level after trypsin digestion. A strong cation exchange (SCX) SPE step 

was added, since the selected signature peptide SGHSFLSNLHLR contains four 

positive charges at pH ≈ 2.2 (1% formic acid) (Figure 1) ensuring strong 

interactions with the negatively charged sulphonic acid groups on the SCX 

resin. Most tryptic peptides from possible contaminating matrix proteins contain 
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only two positive charges due to the N-terminus (pKa 9.00) and an arginine (pKa 

12.10) or lysine (pKa 10.67) residue at the C-terminus. We therefore anticipated 

that the two additional histidines would discriminate this signature peptide from 

the majority of the other tryptic peptides in the mixture with respect to binding 

to an SCX resin at low pH. Applying a high ionic strength wash step with 200 

mM sodium chloride removed a large part of interfering peptides while still 

retaining the signature peptide. Peptides that were bound to the SCX resin by 

possible hydrophobic interactions due to the polymeric nature of the resin, were 

removed by a second wash step with acetonitrile. Final elution was performed 

by increasing the pH to ≈ 11.4 (1% ammonia) thus neutralizing the positive 

charges on the histidine residues and the N-terminus of the signature peptide. 

Combining enrichment at the protein level by IMAC with enrichment at the 

peptide level by SCX allowed us to reach concentration sensitivities (LLOQs) 

of 174 pg/mL in induced sputum and 198 pg/mL in saliva (Figure 2).  

 

Quantitation and method validation 

Since sTRAIL is an endogenous protein and analyte-free biological matrix does 

not exist, calibration samples have to be prepared in a suitable surrogate matrix 

to allow quantitation at the relevant physiological levels. We observed a large 

variability in sensitivity (slopes of the calibration curves) between samples 

obtained from different volunteers making selection of a single surrogate matrix 

impossible. This might have been caused by differences in the composition of 

saliva and sputum from different individuals, for example due to the 

concentration of mucus proteins which influences viscosity. As a result, the 

method of standard addition was selected for quantitation. Induced sputum and 

saliva samples were analyzed twice, with and without addition of 8 ng/mL 

hrTRAIL, using the most intense SRM transition for quantification and two 

additional transitions as qualifiers (Figure 2). The ratios of intensities between 

the quantifier transition and the qualifiers were within the ±20% limit down to a 

concentration of 320 pg/mL below which the qualifiers were no longer 

detectable.  
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Figure 2. LC-MS/MS chromatograms of sTRAIL at the lower limit of 

quantitation (LLOQ) of 174 pg/mL in (unspiked) induced sputum and 198 

pg/mL in (unspiked) saliva, respectively, and after standard addition of 8000 

pg/mL rhTRAIL. Three SRM transitions of the signature peptide 

SGHSFLSNLHLR were selected from which the most intense one (y6
+
) was used 

for quantification and the other two (y5
+
and y7

+
) for confirmation (qualifiers). 
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Table 1 provides an overview over the quantitative performance of the method 

in induced sputum at the endogenous levels of 174 pg/mL and saliva at 198 

pg/mL sTRAIL (LLOQ), respectively, and at the standard addition level of 

8000 pg/mL. All the results were within ±20% at the LLOQ and within ±15% at 

the standard addition level with respect to both accuracy (bias) and precision 

(CV). Bias at the LLOQ of sTRAIL was determined by comparing results after 

a single addition of 8000 pg/mL hrTRAIL and after the addition of different 

amounts to reach the following concentrations of hrTRAIL (200, 400, 800, 

2000, 4000, 8000, 20000, 40000 pg/mL). Linearity over the entire concentration 

range was excellent with a correlation coefficient (R2) of >0.997. Due to sample 

volume limitations, within-run precision was performed in both matrices while 

between-run accuracy and precision was only determined in induced sputum. 

Stability studies in table 1 addressing the following conditions; autosampler 

stability for 72 hours at 10˚C, bench-top storage for 24 hours and 5 complete 

freeze thaw cycles, showed that sTRAIL stability was acceptable with all biases 

and CV’s within ±20% at the LLOQ and within ±15% at the standard addition 

level.  

 

sTRAIL analysis in induced sputum and saliva from asthma patients and 

healthy controls 

The LC-MS/MS method was applied to saliva and induced sputum samples 

from a group of asthma patients and healthy controls. Due to the noninvasive 

nature of collecting saliva, we extended the group of healthy controls to 45 

volunteers. Within this group gender, age, food intake (within 1 hour of 

sampling) and allergies were evaluated and showed to have no significant 

influence (p > 0.05) on mean sTRAIL levels (supporting information, Figure 

S1). In a preliminary, small-scale study between asthma patients (510 ± 174 

pg/mL, n=12) and a healthy control group (627 ± 118 pg/mL, n=45) there was 

no significant difference in the saliva concentrations of sTRAIL (p = 0.236) 

(Figure 3A). However, there was a tendency of sTRAIL being decreased in 

asthma patients in contrast to the potential “increase” in induced sputum that 

was observed in our small-scale study, with a mean concentration of 1193 ± 

1107 pg/mL (n=3) sTRAIL in asthma patients and 857 ± 370 pg/mL (n=4) in 

controls (p = 0.886) (Figure 3B). 
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Table 1. Validation of the quantification of sTRAIL in induced sputum and 

saliva at the lower limit of quantitation (LLOQ) and at the standard addition 

level. Accuracy is expressed in terms of bias from the nominal concentration 

and precision as the coefficient of variation (CV). 

  Induced Sputum Saliva 

 
[TRAIL] 
pg/mL 

Bias % CV % Bias % CV % 

Accuracy and Precision 

Within-run  LLOQ 15.6* 19.4* -8.1 17.3 

(n=6) + 8000 -6.5* 12.6* 3.1 2.0 

Between-run  LLOQ 8.5 18.3   

(3 days, n=6) + 8000 2.2 14.4   

Stability 

Autosampler  LLOQ -2.8 17.6 -18.7 12.7 

(n=3, 72h at 10˚C) + 8000 -3.6 10.0 2.1 0.7 

Bench-top LLOQ -9.6 8.9 -19.8 12.1 

(n=3, 24h) + 8000 5.1 4.8 1.3 2.5 

Freeze / thaw LLOQ 8.6 12.0 -16.5 12.0 

(n=3, 5 cycles) + 8000 11.5 2.8 5.0 2.1 

LLOQ: lower limit of quantitation of 174 pg/mL in induced sputum and 198 

pg/mL in saliva                                                                                                              

*Maximally observed values for within-run accuracy and precision are 

presented (see supporting information, Table S1 for more details)  

 

This is in line with the results of Weckmann et al.14, who also reported an 

increase in the mean concentration of sTRAIL in asthma patients. These results 

show that the antibody-free LC-MS/MS method is suitable to support further 

studies to validate sTRAIL as an asthma biomarker in saliva and notably in 

induced sputum. 

 



 

106 

 

 

Figure 3. Concentrations of sTRAIL in saliva (A) and induced sputum (B) of 

healthy volunteers and asthma patients by LC-MS/MS analysis. No significant 

difference was found in the mean concentration of sTRAIL in saliva (p = 0.236).  
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Conclusion 

 

We developed an antibody-free LC-MS/MS method to quantify endogenous 

levels of sTRAIL in induced sputum and saliva down to a level of ≈ 3 pM. A 

small scale study in saliva and induced sputum of asthma patients compared to 

healthy controls demonstrated that the method is 'fit-for-purpose'. Enrichment of 

sTRAIL was performed at the protein level with immobilized metal affinity 

chromatography (IMAC) followed by digestion and further enrichment at the 

peptide level with strong cation exchange (SCX) SPE. Absolute quantification 

was based on a standard addition approach with a metabolically labeled 15N 

hrTRAIL as internal standard. The method complied with all current guidelines 

for the bioanalysis of small molecules concerning accuracy, precision and 

stability. We are currently investigating whether sTRAIL may serve as 

biomarker for other diseases with a strong inflammatory and/or autoimmune 

component as suggested in the literature.4–10  
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Supporting Information  

This material is available online via the following link:  

Supporting information chapter 5 (password: DWilffert102015) 
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Chapter 6 
 

 

 

 

 

 

 

 

 

 

 

  

Summary and future perspectives 
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The central theme of this thesis is the development of highly sensitive liquid 

chromatography - mass spectrometry (LC-MS/MS) assays for protein 

quantification in biological matrices without the use of antibodies. Generic 

sample preparation approaches have the advantage of avoiding some of the 

problematic aspects that may arise when using antibodies (see Table 2 of 

Chapter 2 for a SWOT analysis of the pros and cons of the antibody-free 

workflows). Antibodies can be time-consuming and costly to produce and it is 

sometimes difficult to maintain the same quality from batch to batch. This has 

led to problems with the reproducibility of a number of commercially produced 

immunoassays and, consequently, to poor inter-laboratory comparability. To 

develop optimal sample preparation strategies based on solid-phase extraction 

(SPE), a detailed understanding of the physico-chemical properties of the 

protein of interest in comparison to those of the major interfering proteins in the 

sample is required and much attention has to be devoted to this aspect.  

 

The number of approved protein-based biopharmaceuticals entering the market 

has increased considerably over recent years.1 This puts pressure on rapid 

method development and increases the demand for more generic approaches, 

like antibody-free LC-MS/MS methods. While pM detection of proteins in 

complex biological samples has long been the realm of immunoassays, we show 

in this thesis that antibody-free LC-MS/MS approaches start to reach detection 

at the same concentration range.    

 

A literature review in chapter 2 discusses the wide range of possibilities for 

antibody-free workflows that may be applied prior to LC-MS/MS protein 

quantification. Due to the large size of proteins, these workflows generally 

include an enzymatic digestion step to cleave the larger proteins into smaller 

signature peptides. This is done because peptides are more amenable to mass 

spectrometry due to their better ionization and fragmentation properties. The 

review also details that LC-MS/MS analysis of medium- and high-abundant 

proteins may not require an enrichment at all. If more sensitivity is needed, 

enrichment may be applied at the protein level prior to digestion or at the 

signature peptide level after protein digestion. Moreover, the possibility of 

antibody-free affinity-based enrichment is discussed, for example targeting 
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post-translational modifications (PTMs) or certain amino acids in proteins that 

have an affinity for metal ions. 

 

The antibody-free LC-MS/MS methods described in chapters 3-5 of this thesis 

allow the quantification of different forms of the cytokine tumor necrosis factor 

(TNF)-related apoptosis-inducing ligand (TRAIL): the wild type human 

recombinant form, a protein engineered death receptor 4- (DR4-) specific 

variant and the endogenously occurring, soluble form of the protein.  

 

In chapter 3 we describe an antibody-free LC-MS/MS method that is able to 

discriminate the closely related DR4-specific variant rhTRAIL4C7 from wild 

type rhTRAIL and to measure both forms simultaneously with a lower limit of 

quantitation of 20 ng/mL (350 pM) in 100 µL of human or mouse serum. 

Enrichment is performed by Ni2+-immobilized metal affinity chromatography to 

which the rhTRAIL variants show considerable affinity, because of exposed 

histidine residues on the surface of the protein. After enrichment, proteins are 

digested and signature peptides, showing the highest sensitivity and allowing 

discrimination of the rhTRAIL variant from wild-type rhTRAIL, are selected 

for quantification by LC-MS/MS. Methionine-containing peptides are fully 

oxidized to their sulfoxides to avoid that possible variability in the oxidation 

status of the methionine residues during sample preparation and subsequent 

analysis would lead to a loss in accuracy and precision. Absolute quantification 

is achieved using 15N-metabolically labeled internal standards of both variants 

to correct for possible losses during enrichment at the protein level and the 

digestion into signature peptides. The method was fully validated according to 

international guidelines and its suitability was proven by analysis of the 

pharmacokinetic profiles of both variants, which were simultaneously dosed to 

mice. Simultaneous analysis of these closely related rhTRAIL variants, having a 

difference of only a few amino acids, clearly demonstrates the selectivity of the 

described antibody-free LC-MS/MS method.  
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In chapter 4, a method is presented in which IMAC enrichment is extended 

with an initial strong cation exchange (SCX) SPE step and in which the LC 

separation is miniaturized using a microfluidic, chip-based LC-MS interface. 

SCX was selected, because the isoelectric point (pI) of TRAIL (8.9) is high 

compared to that of the most abundant serum proteins that are co-enriched by 

IMAC. This provides an improved sample clean-up and, consequently, an 

increase in sensitivity in human serum down to 0.5 ng/mL (8.8 pM) for 

rhTRAILWT, which is close to the LLOQ of 0.2 ng/mL (3.5 pM) for a validated 

ELISA that was used in Phase-I clinical studies. For application in mouse 

serum, this methodology allows to use a five-fold reduced sample volume of 20 

µL while maintaining LLOQ’s of 2 ng/mL (35 pM) for rhTRAILWT and 10 

ng/mL (175 pM) for rhTRAIL4C7, respectively. This offers the possibility of 

monitoring a complete pharmacokinetic curve by sampling from a single mouse 

instead of sacrificing one mouse for each time point.  

 

In chapter 5, SCX enrichment was used at the peptide instead of at the protein 

level. This allowed, for the first time, to quantify soluble TRAIL (sTRAIL) at 

endogenous levels by LC-MS/MS down to a level of 3 pM in sputum and 

saliva. The suitability of the developed method was assessed by comparing the 

sputum and saliva levels of sTRAIL from healthy controls and asthma patients.  

 

Extending our strategy to other rhTRAIL variants seems feasible as long as 

there are signature peptides available that offer sufficient sensitivity and that 

allow discrimination of the variants. Analytical methods could be developed to 

quantify multiple DR4- or DR5-specific variants in one analysis. Furthermore, 

supporting combination therapies with DR4- and DR5-specific variants are 

options in terms of developing more effective and safe treatment regimens for 

humans.  
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It would also be interesting to extend the antibody-free LC-MS/MS approach to 

other members of the TNF superfamily, since the physico-chemical properties 

of sTRAIL overlap with some of the other members, like Lymphotoxin α 

(TNFβ) and the a-proliferation inducing ligand (APRIL). All three members 

contain multiple histidines that are exposed on the surface (Figure 1) and share 

an elevated isoelectric point of 8.9 in rhTRAIL, 9.0 in TNFβ and 9.4 in APRIL.  

Figure 1 Molecular protein models of the monomers of the TNF superfamily members: 

(A) sTRAIL, (B) lymphotoxin α (TNFβ) and (C) a-proliferation-inducing ligand 

(APRIL).2–4 Surface-exposed histidines providing affinity for immobilized Ni2+ ions are 

visualized in black. 

In the case of APRIL, it would be interesting to combine the analysis with that 

of TRAIL, because both cytokines have been shown up-regulated in serum of 

patients with the autoimmune disease systemic lupus erythematosus (SLE).5,6 

Combining these biomarker proteins into a biomarker panel could help improve 

the sensitivity and specificity of assays to diagnose SLE.7 The same approach 

could also be applied for distinguishing protein isoforms caused by alternative 

DNA splicing.8,9 For this method, the protein enrichment should also be based 

on joint physico-chemical properties and the signature peptides should contain 

the specific amino acids. Moreover, protein isoforms containing post-translation 

modification (glycosylation or phosphorylation) might occur, which could even 

offer new possibilities for sample pretreatment, such as lectin and IMAC 

enrichment.  

 

The results of this thesis show multiple benefits of approaching and developing 
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LC-MS/MS analytics for proteins with a focus on their physico-chemical 

properties. For example, a protein analyte with a high pI compared to the most 

abundant matrix protein in serum, albumin (pI 5.3), can be enriched by SCX-

SPE. Another example is that exposed histidines on the outer surface of a 

protein may be used for its enrichment by IMAC. When performing sample 

preparation at the protein level, it is important to be aware of the protein size, 

the low diffusivity of proteins and the need for suitable protein or peptide 

internal standards.10 These limitations are less problematic at the peptide level, 

but proteolytic digestion of all proteins in protein-rich matrices results in a 

multitude of highly similar peptides next to the signature peptides of interest.  

 

A lot of available knowledge in the field of preparative-scale protein 

purification has not been fully exploited for application on analytical-scale 

protein sample enrichment. Oftentimes, preparative-scale protein purification 

uses engineered affinity tags on recombinant protein. This is because of the high 

yields that can be achieved in purities, the large choice of possibilities for 

enrichment and the fact that these tags are easily removed after purification by 

proteolytic digestion.11 A very commonly applied affinity tag is a polyhistidine-

tag containing multiple histidines, which supports IMAC enrichment. The 

knowledge that is already available on a preparative scale could also be used for 

enrichment on analytical-scale based on naturally exposed histidines with an 

affinity to IMAC. It is even shown that the his-tag does not always need to be 

removed after purification and before administering it in a pre-clinical study. 

Therefore, the his-tag could also be used for enrichment on analytical-scale.12        

 

Taking advantage of the physico-chemical properties at the peptide level for 

enrichment allows for gaining selectivity and ultimately sensitivity as shown in 

Chapter 4. Peptides with multiple positively charged amino acids (arginine, 

lysine or histidine) are suitable for SCX-SPE and peptides containing multiple 

negatively charged amino acids (aspartic acid or glutamic acid) are suitable for 

anion exchange (AEX)-SPE.13 As our understanding and the number of 

validated, antibody-free methods grow, this way of method development will 

allow for more generic protein bioanalytics, setting the stage for applying them 

to a wider range of protein biomarkers and protein biopharmaceuticals.  
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Het centrale thema van dit proefschrift is de ontwikkeling van uiterst gevoelige 

vloeistof chromatografie – massa spectrometrie (LC-MS/MS) methodieken voor 

de kwantificatie van eiwitten in biologische matrices zonder het gebruik van 

antilichamen. Generieke monstervoorbewerkingstechnieken hebben het 

voordeel dat ze de beperkingen omzeilen die gepaard gaan met het gebruik van 

antilichamen (zie Tabel 2 in Hoofdstuk 2 voor een SWOT analyse van de 

voor- en nadelen van antilichaamvrije methodiek). Het verkrijgen van 

antilichamen kan namelijk tijdrovend zijn en hoge productiekosten hebben en 

het kan lastig zijn om een constante kwaliteit te garanderen van batch tot batch. 

Dit heeft geleid tot problemen met de reproduceerbaarheid van een aantal 

commercieel geproduceerde immunoassays met als gevolg een slechte 

vergelijkbaarheid van de immunoassays tussen verschillende laboratoria. Om 

tot een optimale solid-phase extractie (SPE) monstervoorbewerkingsstrategie te 

komen is het nodig dat men een gedetailleerd inzicht heeft in de fysisch-

chemische eigenschappen van de te bepalen eiwitten alsmede in die van de 

meest voorkomende interfererende eiwitten uit de biologische monsters.  

 

Het aantal eiwit-gebaseerde biofarmaceutica dat op de markt wordt gebracht is 

de laatste jaren aanzienlijk toegenomen.1 Dit zorgt ervoor dat er steeds minder 

tijd is voor methodeontwikkeling waardoor de vraag naar meer generieke 

methoden toeneemt, zoals antilichaam-vrije LC-MS/MS methoden. Hoewel 

bepaling van eiwitten in complexe biologische monsters op het pM niveau lange 

tijd het domein was van immunoassays, laten we in dit proefschrift zien dat ook 

antilichaam-vrije LC-MS/MS methoden deze mogelijkheid beginnen te krijgen.   

 

Een literatuurstudie in hoofdstuk 2 bespreekt het brede spectrum aan 

mogelijkheden van antilichaam-vrije methoden die toegepast kunnen worden bij 

eiwitkwantificatie met LC-MS/MS. Vanwege de grootte van de meeste eiwitten, 

bevatten deze methoden meestal een enzymatische digestiestap om zo de grote 

eiwitten in kleinere signatuur peptiden te knippen. Dit wordt gedaan omdat 

peptiden geschikter zijn voor massaspectrometrie door de betere ionisatie- en 

fragmentatie-eigenschappen. Het artikel laat ook zien dat LC-MS bepaling van 

eiwitten op gemiddeld tot hoog concentratieniveau in sommige gevallen niet 

eens een verrijkingsstap nodig heeft. Als er meer gevoeligheid nodig is, kan een 
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monstervoorbewerking toepast worden op eiwitniveau, voorafgaand aan de 

digestie, of op het niveau van het signatuurpeptide na de eiwitdigestie. Verder 

wordt ook in gegaan op de mogelijkheid van antilichaam-vrije 

affiniteitsverrijkingstechnieken, zoals technieken gebaseerd op lectinen die 

affiniteit hebben voor post-translationele modificaties (PTMs) of metaal ionen 

voor bepaalde aminozuren die aanwezig zijn in het eiwit. 

 

De antilichaam-vrije LC-MS/MS methoden die beschreven zijn in de 

hoofdstukken 3-5 van dit proefschrift richten zich op het kwantificeren van 

verschillende vormen van tumor necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL): de recombinante humane vorm, een recombinante 

“death receptor 4 (DR4-)” specifieke variant en de endogeen voorkomende 

vorm.  

 

In hoofdstuk 3 beschrijven we een antilichaam-vrije LC-MS/MS methode die 

een nauw gerelateerde DR4-specifieke variant rhTRAIL4C7 onderscheidt van het 

wild type rhTRAIL. Beide worden gemeten met een kwantificeringslimiet 

(LLOQ) van 20 ng/mL (350 pM) in humaan en muizenserum. Als 

monstervoorbewerking wordt Ni2+-geïmmobiliseerd metaal-

affiniteitschromatografie (IMAC) toegepast waarmee beide rhTRAIL varianten 

aanzienlijke affiniteit hebben vanwege de histidines die zich aan het oppervlak 

van de eiwitten bevinden. Na de verrijking worden de eiwitten gedigesteerd en 

worden er twee signatuurpeptiden gekozen die zorgen voor de hoogste 

gevoeligheid en die de rhTRAIL variant van het wild-type rhTRAIL kunnen 

onderscheiden. Om onbedoelde oxidatie te voorkomen van het in de peptiden 

aanwezige methionine tijdens de monsterbewerking en de daaropvolgende 

analyse, worden de peptiden volledig geoxideerd tot hun sulfoxiden. Absolute 

kwantificatie wordt bereikt door het gebruik van 15N-metabolisch gelabelde 

interne standaarden van beide varianten. Deze zorgen voor correctie van 

eventuele verliezen tijdens de verrijkingsstap op eiwitniveau en de digestie tot 

signatuurpeptiden. De methode is volledig gevalideerd in overeenstemming met 

internationale richtlijnen en toegepast voor de bepaling van de 

farmacokinetische profielen van beide varianten, die tegelijkertijd zijn 

toegediend aan muizen. Deze gelijktijdige analyse van de nauw gerelateerde 
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rhTRAIL varianten met een verschil van slechts een paar aminozuren toont 

duidelijk de selectiviteit aan van de ontwikkelde antilichaam-vrije eiwit LC-

MS/MS methode.  

 

In hoofdstuk 4 wordt een methode gepresenteerd waarin de 

monstervoorbewerking is uitgebreid met een initiële sterke kation-wisselings 

(SCX) SPE stap en waarin de LC scheiding is geminiaturiseerd door het gebruik 

van een LC-MS chip interface op microschaal. Er is hier gekozen voor SCX 

vanwege het hoge iso-elektrische punt van TRAIL (8.9) in vergelijking met dat 

van de matrix eiwitten die worden verrijkt met IMAC. Dit levert een verbeterde 

opzuivering op en daardoor een toename in gevoeligheid in humaan serum tot 

0.5 ng/mL (8.8 pM) rhTRAILWT, hetgeen dicht bij de LLOQ van 0.2 ng/mL (3.5 

pM) ligt van een gevalideerde ELISA die al eerder werd toegepast in klinische 

fase 1 studies. Daarnaast geeft het ons, als alternatief, ook de mogelijkheid om 

een kleiner monstervolume te gebruiken van 20 µL met nog steeds LLOQ’s van 

2 ng/mL (35 pM) voor rhTRAILWT en 10 ng/mL (175 pM) voor rhTRAIL4C7. 

Dit biedt de mogelijkheid in een enkele muis de gehele farmacokinetische curve 

te bepalen in plaats van dat er voor ieder tijdspunt een muis opgeofferd moet 

worden.  

 

In hoofdstuk 5 wordt beschreven hoe de SCX verrijking op eiwitniveau wordt 

omgezet in een SCX verrijking op peptideniveau. Dit biedt voor het eerst de 

mogelijkheid tot het analyseren van endogene niveaus van sTRAIL met LC-

MS/MS tot op een niveau van 3 pM in zowel sputum als speeksel. De 

ontwikkelde methode is gebruikt voor het vergelijken van de sputum- en 

speekselniveaus van sTRAIL van mensen uit een gezonde controlegroep en een 

groep astmapatiënten.  

 

Generieke LC-MS/MS methodes bieden meer flexibiliteit dan antilichaam-

gebaseerde methoden. Zo zou de analyse van de TRAIL varianten uitgebreid 

kunnen worden met andere rhTRAIL varianten, zolang er signatuurpeptiden 

beschikbaar zijn die genoeg gevoeligheid bieden en de varianten van elkaar 

kunnen onderscheiden. Er zouden b.v. analysemethoden ontwikkeld kunnen 
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worden die meerdere DR4- of DR5-specifieke varianten tegelijkertijd in één 

analyse kunnen kwantificeren.  

 

Daarnaast zou het erg interessant zijn om de antilichaam-vrije LC-MS/MS 

methodiek ook toe te passen op andere leden van de TNF superfamilie, 

aangezien de fysisch-chemische eigenschappen van sTRAIL overlap vertonen 

met die van sommige andere leden, zoals Lymphotoxin α (TNFβ) en het a-

proliferation inducing ligand (APRIL). Alle drie bevatten meerdere histidines 

aan het oppervlak van de eiwitstructuur (Figuur 1) en hebben een hoog iso-

electrisch punt rhTRAIL 8.9, TNFβ 9.0 en APRIL 9.4.  

Figuur 1 De moleculaire eiwitstructuren van de monomeren van de leden van 

de TNF superfamilie: (A) sTRAIL, (B) lymphotoxin α (TNFβ) en (C) a-

proliferation-inducing ligand (APRIL).2–4 De histidines die zijn afgebeeld in het 

zwart op het oppervlak van de eiwitstructuren vertonen affiniteit met de 

geïmmobiliseerde Ni2+ metaalionen. 

In het geval van APRIL zou het interessant zijn om de analyse te combineren 

met die van TRAIL, omdat beide cytokines een verhoging in concentratie 

hebben laten zien in het serum van patiënten met de auto-immuunziekte 

systemische lupus erythematosus (SLE).5,6 Het combineren van deze biomarker 

eiwitten in een panel zou kunnen bijdragen aan een verbetering van de 

gevoeligheid en specificiteit van de diagnose van SLE.7 Dezelfde benadering 

kan toegepast worden voor het onderscheiden van de verschillende iso-vormen 
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van een eiwit, veroorzaakt door alternatieve splicing van het DNA.8,9 Hiervoor 

geldt eveneens dat de eiwitverrijking gebaseerd moet zijn op een gezamenlijke 

fysisch-chemische eigenschap en dat de signatuurpeptiden de specifieke 

aminozuren moeten bevatten. Er zouden ook post-translationele modificaties 

voor kunnen komen, zoals glycosylering en phosphorylering van het eiwit. Dit 

biedt zelfs nieuwe mogelijkheden voor de monstervoorbewerking, zoals lectin 

of IMAC verrijking.  

 

Dit proefschrift laat zien dat er vele voordelen verbonden zijn aan de 

ontwikkeling van LC-MS/MS methoden voor eiwitten, gebaseerd op hun 

fysisch-chemische eigenschappen. Eiwitten met een hoog iso-elektrisch punt in 

vergelijking met veel voorkomende matrix eiwitten, zoals albumine (pI 5.3) in 

serum zijn bijvoorbeeld zeer geschikt voor SCX verrijking. Eiwitstructuren met 

histidines op het oppervlak zijn geschikt voor IMAC. Tijdens deze 

monstervoorbewerking op het eiwitniveau is het van belang om inzicht te 

hebben in de grootte van het eiwit, het feit dat het minder diffusie vertoont en 

van de beperking in beschikbaarheid van analoge of isotoop-gelabelde eiwit 

interne standaarden.10 Deze beperkingen zijn in mindere mate van belang voor 

peptiden, maar de proteolytische digestie van het eiwit resulteert naast het 

signatuur peptide ook in een groot aantal matrix peptiden, die aanwezig zijn in 

eiwit rijke matrices, zoals plasma of serum en die vaak zeer vergelijkbare 

eigenschappen hebben. 

Van veel van de beschikbare kennis over eiwitzuivering op preparatieve schaal 

is nog niet volledig geprofiteerd voor de monstervoorbewerking van eiwitten op 

analytische schaal. Voor de eiwitzuivering van recombinante eiwitten op 

preparatieve schaal worden vaak affiniteit tags ontworpen en toegepast. De tags 

geven vaak een hoge opbrengst in zuiverheid, creëren veel mogelijkheden in 

verrijking en kunnen gemakkelijk verwijderd worden na de opzuivering door 

een eiwitdigestie.11 Een veelgebruikte affiniteitstag is een polyhistidine-tag met 

meerdere histidines, die zeer geschikt is voor IMAC verrijking. De reeds 

beschikbare kennis op preparatieve schaal kan ook gebruikt worden voor 

verrijking op analytische schaal, gebaseerd op de affiniteit van histidines die 

zich al van nature bevinden op het oppervlak van het eiwit, met IMAC. Het is 
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zelfs niet altijd nodig om een his-tag te verwijderen voor toediening in een 

preklinische studie en nadat het recombinante eiwit is opgezuiverd. Hierdoor is 

de his-tag zelfs ook nog beschikbaar voor verrijking op analytische schaal.12   

Ook op peptide niveau kan de verrijkingsmethode geselecteerd worden op basis 

van de fysisch-chemische eigenschappen. In dit geval zal de methode gebaseerd 

moeten worden op de aminozuren waaruit het signatuur peptide is opgebouwd. 

Peptiden met veel positief geladen aminozuren (arginine, lysine of histidine) 

zijn geschikt voor een kationenwisselaar en peptiden met veel negatief geladen 

aminozuren (asparaginezuur of glutaminezuur) zijn geschikt voor een 

anionenwisselaar.13 Met het toenemen van onze kennis van deze technieken, 

groeien ook de mogelijkheden voor het toepassen van meer generieke 

methoden. Hierdoor wordt de weg vrijgemaakt om deze toe te passen voor 

steeds meer eiwit-gebaseerde biomarkers en biofarmaceutica.       
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