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CHAPTER I
General introduction 
and scope of the thesis

Adapted from:

Frank Klont, Peter Horvatovich, Natalia Govorukhina, Rainer Bischoff. Pre- and postanalytical 
factors in biomarker discovery. Part of this chapter has been submitted to Brun et al. (eds.) for 
a book entitled ‘Proteomics for Biomarker Discovery’ in the series Methods in Molecular Biology 
(Springer).  
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The interest towards adopting indicators of the physiological state of a human being into clinical 
practice did not emerge in recent times as physicians millennia ago already adopted such markers 
of disease. Physicians of the Hippocratic School, for example, recognized specific tumors as 
Karkinos, the Greek word for crab, as corresponding swellings and ulcers resembled the shape 
of a crab with its claw-like projections.1,2 These same physicians, and Galen of Pergamon in 
particular, furthermore practiced medicine based on the theory of ‘humorism’ which proposes 
the clustering (and clinical assessment, accordingly) of illnesses in terms of excesses and 
deficiencies of the four bodily fluids, so-called humors (i.e. blood, yellow bile, black bile, and 
phlegm, which were associated with the heart, liver, spleen, and brain, respectively).3 Humoral 
medicine even continued to be one of the central principles of (Western) medical practice until 
the mid-nineteenth century, after which the humoral theory was abruptly abandoned and 
medicine could start to mature in times of numerous scientific discoveries and inventions.2,3

 Science and technology have been key drivers of medical advancements ever since the fall 
of humoral medicine and greatly expanded our knowledge of human (patho)physiology and 
the treatment options of physicians. In the past decades, ‘Omics’ technologies (e.g. genomics, 
proteomics) made their entrance in (bio)medical sciences and raised high expectations for 
the discovery of new biomarkers.4 Notable successes of genomics include BRCA1/BRCA2 
susceptibility testing for breast and ovarian cancer, viral load testing for diagnosing and 
monitoring human immunodeficiency virus (HIV) infection, genotyping and subtyping of 
chronic hepatitis C virus (HCV) infections based on the viral genome as well as guiding HCV 
treatment through (host) ITPA and IL28A genotype testing.5,6 Success stories of ‘proteomic 
medicine’ are less pronounced, though the CKD273 biomarker panel, which received a 
Letter of Support from the United States Food and Drug Administration (FDA) in 2016 
encouraging the use of this panel in the (early) management of chronic kidney disease,7 and 
the OVA1 in vitro diagnostic multivariate index assay (IVDMIA), which received FDA-
clearance for assessing the risk of ovarian cancer in women presenting with pelvic masses, 
are noteworthy examples in this respect.8,9 The CKD273 panel is a classifier based on 273 
urinary peptides which were identified and assessed using capillary electrophoresis coupled to 
mass spectrometry. The OVA1 test integrates the serum levels of cancer antigen 125 (CA125), 
transthyretin, apolipoprotein A1, ß2-microglobulin, and transferrin. Evidence to support 
the rationale of this combination was mainly based on protein expression profiles obtained 
using the Surface-Enhanced Laser Desorption/Ionization-Time Of Flight (SELDI-TOF) 
mass spectrometric (MS) platform.10,11 While the usage and applicability of both tests may 
(currently) be limited as compared to the genomic tests mentioned above, both tests provide 
good examples of successful proteomics-based biomarker discovery and development and are 
testament to the opportunities of proteomics research in this area. 
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The combination of SELDI-TOF and ovarian cancer in the OVA1 example represents a 
success story of MS-based proteomics, yet this combination will also be remembered in the 
context of a major controversy which casted a shadow over the biomarker field of research in 
the first decade of this millenium.12 Central to this controversy was a study published in The 
Lancet in 2002, which reported a SELDI-TOF MS-based blood test for the detection of ovarian 
cancer with 100% sensitivity and 95% specificity.13 The test stirred hope for the prospect 
of early-stage cancer detection, though it also stirred concern about the test’s reliability.14 
Reanalysis of the original data, which were deposited in an open access repository, yielded 
rather dissatisfactory results leading to the conclusions that “[t]he ability to discriminate between 
cancer and control subjects … reveals the existence of a significant non-biologic experimental bias 
between these two groups15” and that “the reproducibility of the proteomic profiling approach has yet 
to be established16”. Eventually, the reported test did not reach the clinical chemist’s ‘toolbox’ and 
thus was not applied for the benefit of patients. The corresponding controversy did, however, 
raise awareness that bias and lack of generalizability (e.g. statistical overfitting of the data) are 
potential threats to the validity of biomarker-based research findings and furthermore stressed 
the need for critically assessing pre- and postanalytical factors in biomarker development 
research.12,17

1.1. REGULATED BIOANALYSIS

Good quality analytical methods form the basis of the discovery potential of proteomics 
workflows and are furthermore a key success factor of efforts addressing the later stages of 
the biomarker development pipeline (i.e. qualification, verification, and validation).18 
Research dealing with these later stages mostly comprise targeted proteomics endeavors 
following regulatory guidelines (e.g. FDA19, European Medicines Agency (EMA)20, Clinical 
& Laboratory Standards Institute (CLSI)21), which have become well-rooted in corresponding 
practices. These guidelines have the aim to minimize inter-laboratory variance by adopting 
consensus criteria with respect to assay performance. In particular, recommendations are 
provided for addressing analytical quality attributes like accuracy, precision, sensitivity, and 
recovery during method validation, but also some preanalytical factors, such as sample stability 
(e.g. storage, benchtop, freeze-thaw) and specific matrix effects (e.g. hemolysis, icterus, and 
lipemia, which respectively are attributed to ruptured red blood cells, bilirubin, and lipoprotein 
particles).19-24 Adhering to these guidelines does not guarantee the quality or usefulness of a 
biomarker assay, since other, non-addressed (pre)analytical variables may have a major impact 
on whether the method and the experimental design are suitable for addressing the study 
goal. Regulatory documents accordingly are living documents that are regularly updated often 
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based on deliberations following expert workshops and panel discussions.25 Furthermore, 
journals adopting requirements with respect to validation of analytical methods in an effort to 
raise the quality standard of published methods, is a positive development with respect to the 
applicability and reproducibility of scientific research and the corresponding findings, that is 
not limited to biomarker-related work.26,27

While strict regulation and standardization are more difficult to implement in discovery-
based proteomics as compared to targeted proteomics, it is conceivable that ‘Good Proteomics 
Practice’ guidelines will emerge within the foreseeable future. One example of this type of 
document is the Human Proteome Project Data Interpretation Guideline, which provides 
guidance on how to interpret fragment-ion-based mass spectrometry data for peptide and 
protein identification. In fact, this guideline is now mandatory for manuscripts submitted to 
a number of proteomics journals.28 Although recommendations and standardized procedures 
aiming to set quality standards for biomarker discovery research have been proposed, there is 
currently no consensus on their large-scale implementation. 

1.2. THE PREANALYTICAL PHASE

Providing (consensus-based) guidance for adequately dealing with analytical variables during 
method development and validation is a complex task. To illustrate this, the FDA draft 
guidance document released in September 2013, which was intended to replace its predecessor 
from 2001, was only finalized in May 2018, more than 4.5 years after its initial release.19,29,30 
Considering that these documents deal with approximately ten analytical variables which 
ought to be addressed during method validation, providing guidance for preanalytical variables 
will be considerably more challenging as these easily outnumber the analytical ones.31 

1.2.1. Presampling factors
There are dozens of physiological and environmental factors that may affect laboratory results, 
which are generally condensed into terms like ‘biological’, ‘inter-individual’, and ‘between-
subject variation’ or ‘variability’ in biomarker development research.18,22,23,32 These terms explain 
the increased variation in biomarker levels that are observed when moving from early-stage, 
small-scale monocentric discovery studies to the advanced biomarker qualification level, where 
more heterogeneous and larger populations are studied across multiple clinical centers. Factors 
like age, gender, circadian rhythm, seasonal changes, altitude, menstruation, pregnancy, and 
lifestyle may play a role with some of them being rather difficult to control.31,33 While groups 
are generally matched with respect to gender and age in biomarker studies, other factors may be 
equally or even more relevant. As an example, our department found considerable changes in 
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peroxiredoxin 1, uteroglobin, and serpin B3 levels in pulmonary epithelial lining fluid within 
3 hours after cigarette smoking on the basis of a quantitative proteomic analysis employing 
isobaric tags for relative and absolute quantification (iTRAQ) followed by the validation 
of findings using commercial immunoassays.34 In one of the groups included in this study 
(i.e. old COPD patients), cigarette smoking led to increases in uteroglobin levels of ten and 
three times, as determined by the proteomics- and immunoassay-based analyses, respectively. 
Considering these proteins as disease biomarkers for COPD would thus necessitate tight 
control of the smoking history prior to sampling, which may be rather difficult in practice.

1.2.2. Sampling factors
A group of experts in the field of clinical proteomics recommended in a perspective paper in 
2010 that detailed descriptions of (appropriate and consistently applied) sampling parameters 
ought to be provided in publications, since the quality of samples and corresponding results 
may otherwise be compromised.23 While this recommendation is rather difficult to comply 
with, notably for already acquired, biobanked samples, it puts the focus on potential sampling 
errors which may lead to spurious findings. When, for example, studying the HUPO Plasma 
Proteome Project specimen collection and handling recommendations published in 2005, it 
becomes apparent that the list of critical sampling factors, in this case related to blood-based 
samples, is quite extensive.22 For each of these sampling factors, either related to venipuncture 
(e.g. needle gauge), phlebotomy (e.g. tourniquet technique, patient position), or collection 
device (e.g. tube versus bag, glass versus plastic, presence versus absence of protease inhibitors), 
there are numerous examples of biomarkers that are affected by corresponding changes in 
sampling conditions.22,31,35,36 Such variables are often not controlled or standardized in 
proteomics research, since many projects target (long-term) stored samples for which sampling 
conditions were fixed when designing the study or have not been documented in the necessary 
detail. 

1.2.3.  Sample processing and storage factors
Preanalytical factors related to sample processing and storage are more tangible compared to 
factors addressed in the previous sections. Unintentional mistakes can be made after samples 
have been taken (e.g. sample contamination, sample spills, improper labeling, inadequately 
following protocols, ‘forgetting’ to process the samples in time, ‘losing’ samples), and some 
conditions may lead to unintentionally compromised sample integrity (e.g. exposure to 
sunlight or moisture, the use of secondary vials with unfavorable (adsorptive) properties, 
temperature fluctuations in case of sample shipment, power outages, or freezer break-down 
and maintenance).35 In particular when dealing with large numbers of samples that are stored 
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for extended time periods (e.g. in biobanks), it is important to have a tight quality control and 
to document events that may affect sample quality.36,37

1.3.  PRACTICAL CONSIDERATIONS

The complexity of Omics-based biomarker studies is daunting and repeated failures of so-
called ‘biomarker candidates’ to translate into useful, robust clinical assays resulted in a certain 
skepticism and sometimes even an outright negative attitude towards performing such studies 
at all. While there is probably no single study that is perfect in all respects, these challenges 
should motivate researchers to establish and subsequently work according to standards 
through which the risk of bias is mitigated. Adopting a ‘Quality-by-Design’ (QbD) concept, 
as originally proposed by Joseph M. Juran, may function as a safeguard against potential errors 
in biomarker discovery and development research and thus increase the success rate.38 Lessons 
may furthermore be learned from the pharmaceutical industry, where stringent standards 
on documenting, managing, and reporting deviations are the rule. Documenting protocol 
deviations and violations yet also potential weaknesses in experimental design are also very 
helpful in biomarker research, for example for adequately interpreting (unexpected) findings. 
Openness to reporting such information or to sharing all experimental details should be 
advocated, as this will allow other scientists as well as reviewers and readers of the scientific 
literature to adequately draw conclusions. In case of the ovarian cancer example, more openness 
regarding the samples, experimental design and data processing procedures in the initial article 
might have limited the extent of the ensuing controversy, or at least would have prevented the 
assay developers from stating that “inappropriate conclusions drawn … could have been avoided 
by communication between the producers and consumers of the data13,39”.

1.4.  SCOPE OF THE THESIS

This thesis aims to contribute to the advancement of promising protein biomarker candidates 
as well as mass spectrometry (MS-)based methodologies towards clinical implementation. 
In addition, this thesis puts focus on establishing sample preparation methods for protein 
biomarkers based on a rational design, but also addresses limitations and potential sources of 
bias arising from sample preparation methodologies. 

The recognition of mass spectrometry as relevant clinical assay platform is still hampered 
by the complexity and the relatively low throughput of corresponding workflows and 
instrumentation. Admittedly, matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrometers are easy to use and have considerable high-throughput 
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capabilities, though this technique is often considered to be non-quantitative in nature. 
MALDI-TOF can, however, be used in quantitative biomarker assays as is shown in Chapter 
2 which presents a fully validated, semi-automated MALDI-TOF MS-based method for 
quantification of insulin-like growth factor 1 (IGF1) in the range of 10-1000 ng/mL in human 
plasma. IGF1 is a well-established biomarker for growth hormone-related disorders and is 
traditionally quantified using ligand binding assays in clinical laboratories. In the past decade, 
concerns were raised with respect to the reliability of these IGF1 assays, which set the stage 
for the development of mass spectrometric alternatives. Several liquid chromatography-mass 
spectrometry (LC-MS) methods for reliable IGF1 quantification were accordingly developed, 
though their roles in clinical practice are yet limited due to protocol complexity and throughput 
constraints. Simplicity and high throughput capabilities are, in turn, key quality attributes of 
MALDI-TOF mass spectrometers, hence MALDI-TOF mass spectrometry would represent 
a truly relevant clinical assay platform, as is outlined in this chapter. This chapter furthermore 
discusses the conditions that should be met to quantify biomarkers using MALDI-TOF MS 
and proposes strategies to ensure that high quality data are acquired by this type of mass 
spectrometer.

Sample preparation is a major challenge when developing MS-based biomarker assays 
given that most proteins of interest reside at low or sub ng/mL levels in biological samples 
and thereby cannot readily be detected by mass spectrometry without removing other, higher 
abundant proteins which hamper their detection. Strategies to enrich proteins from their 
complex matrix are accordingly being deployed to facilitate the mass spectrometric detection 
of these proteins. Many of such strategies involve the use of antibodies that are coupled to 
bead-based solid supports which offer protocol flexibility and automation possibilities yet also 
come along with considerable costs. In Chapter 3, a cheaper, faster, and simpler alternative to 
bead-based immunoaffinity enrichment strategies is presented that relies on passive adsorption 
of antibodies to microtiter plates, which belong to the standard equipment of any analytical 
or clinical laboratory. The potential of this strategy is demonstrated by means of an LC-MS 
method for quantification of the low abundant soluble receptor of advanced glycation end-
products (sRAGE) in the clinically relevant range between 100 pg/mL and 10 ng/mL in 
human serum. sRAGE is a decoy receptor for various pro-inflammatory proteins, notably 
in the lungs, and is considered to be a highly promising biomarker candidate for chronic 
obstructive pulmonary disease (COPD) based on data from several large-scale clinical studies. 
This disease is characterized by chronic bronchitis (i.e. airway inflammation) and emphysema 
(i.e. destruction of alveoli, the air sacs in the lung) and currently represents the number three 
cause of death worldwide. Despite the high prevalence and staggering burden of COPD, 
clinicians are left without disease-specific laboratory markers to assist in (early) diagnosis and 
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disease management, and clinicians furthermore lack therapeutic options to treat this disease 
rather than treating its symptoms. Accordingly, sRAGE was a highly relevant analytical target 
for demonstrating the applicability of our immunoaffinity enrichment strategy.

Antibodies are considered to be the workhorses of biomedical experiments as is, for 
example, exemplified by their wide-scale application in quantitative protein assays. Antibodies 
are, however, not without limitations. Non-antibody affinity ligands are accordingly being 
developed to provide researchers with versatile and robust antibody alternatives. Chapter 4 
presents the first-time application of affimers, a novel class of affinity binders, in regulated 
bioanalysis and addresses the capability of custom anti-sRAGE affimers to replace antibodies 
in an LC-MS method for quantification of sRAGE in human serum at clinically relevant levels.

Employing antibodies, affimers, or other affinity ligands to enrich low abundant proteins 
represents a convenient approach to quantify these proteins by LC-MS. For some of these 
proteins, affinity ligand-free procedures can turn out to be viable alternatives to affinity-based 
procedures which may suffer from batch-to-batch variability of the affinity ligands or which 
may be susceptible to interference from potential binding proteins. Chapter 5 describes the 
application of strong cation exchange (SCX) solid-phase extraction (SPE) for the enrichment 
of sRAGE, which has a neutral isoelectric point (pI) at first glance but a distinct bipolar charge 
distribution upon closer inspection. The presented method involves SCX-based enrichment 
at the protein level under highly basic conditions to achieve an adequate degree of sample 
cleanliness thereby allowing for quantification of sRAGE in the low to sub ng/mL range in 
serum.

Different sample preparation methods can yield different protein levels as measured by 
targeted proteomics workflows or lead to different information being acquired in discovery 
proteomics experiments. To highlight the impact of the selected method on the outcome of 
proteomic analyses, Chapter 6 presents a comparison of commonly-used sample preparation 
methods in mass spectrometry-based proteomics. The methods are compared on the basis of 
peptide and protein losses, precision of quantification, discovery potential, and the distribution 
of physicochemical properties of identified proteins and peptides, thereby aiming to underline 
the relevance of establishing sample preparation methods based on a rational design.

At last, Chapter 7 summarizes the findings and corresponding interpretations that are 
outlined in this thesis and discusses future perspectives of mass spectrometry-based protein 
analysis in a clinical setting. 
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ABSTRACT

Analytical methods based on mass spectrometry (MS) have been successfully applied in 

biomarker discovery studies, while the role of MS in translating biomarker candidates 

to clinical diagnostics is less pronounced. MALDImmunoassays – methods that combine 

immunoaffinity enrichment with MALDI-TOF mass spectrometric detection – are 

attractive analytical approaches for large-scale sample analysis by virtue of their ease of 

operation and high-throughput capabilities. Despite this fact, MALDImmunoassays are 

not widely used in clinical diagnostics, which is mainly due to the limited availability of 

internal standards that can adequately correct for variability in sample preparation and 

the MALDI process itself. Here we present a novel MALDImmunoassay for quantification 

of insulin-like growth factor 1 (IGF1) in human plasma. Reliable IGF1 quantification in 

the range of 10-1,000 ng/mL using 20 µL of plasma was achieved by employing 15N-IGF1 

as internal standard. The method was validated according to FDA guidelines fulfilling all 

relevant criteria, and was subsequently tested on > 1,000 samples from a cohort of renal 

transplant recipients to assess its performance in a clinical setting. Based on this study, we 

identified readouts to monitor the quality of the measurements. Our work shows that 

MALDI-TOF mass spectrometry is suitable for quantitative biomarker analysis provided 

that an appropriate internal standard is used and that readouts are monitored to assess 

the quality of the measurements. 
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2.1. INTRODUCTION

The number of newly discovered biomarker candidates has increased dramatically in recent 
years following the rise of modern omics approaches. However, only few of these biomarkers 
have made their way into clinical practice.1 This discrepancy reflects the gap between biomarker 
discovery and validation, and stresses the need for breaking the bottleneck(s) of the biomarker 
development pipeline.2-4 To address this need, many efforts are currently being deployed to 
translate biomarker research into clinical practice.1,2,5

 In the past decade, MS has found wider acceptance in biomarker validation studies.4,5 In 
particular, the combination of immunoaffinity enrichment and matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry is gaining momentum. This 
approach, which we denote by the generic term ‘MALDImmunoassay’, holds considerable 
promise for biomarker validation studies because of its ease of use as well as its automation and 
multiplexing capabilities.6 In fact, a substantial number of these approaches have been described 
in the past years, including various MSIATM (i.e. on-target elution of intact proteins/peptides 
which are enriched using antibody-coated microcolumns)7-21, SISCAPA®-MALDI (i.e. spotting 
of proteotypic peptides which are enriched using antibody-conjugated magnetic beads)22,23, and 
iMALDI methods (i.e. spotting of antibody-conjugated magnetic beads containing enriched 
proteotypic peptides)24-28 as well as other approaches without distinct denominations.29-34 
 In light of the potential application of MALDImmunoassays in clinical diagnostics, it is 
important to note that MALDI-TOF MS has already made its entrance into routine clinical 
practice. Bruker’s Biotyper® and bioMérieux’s Vitek® are two approved analytical platforms 
that have transformed species determination in medical microbiology.35 Although clinical 
application of MALDI-TOF MS has been successful for microbial species determination, its 
application for biomarker quantitation has not yet reached its full potential, and challenges 
for MALDImmunoassays are still numerous and substantial. In particular, a cornerstone of 
high quality quantitative assays is good internal standardization.34 As MALDImmunoassays 
employ antibodies which may be sources of variation, an internal standard must be able 
to compensate for variability during the immunoaffinity enrichment step.36 Furthermore, 
inasmuch as MALDI-TOF detection is known for its nonlinear relationship between signal 
intensity and analyte concentration, internal standards (preferably stable-isotope-labeled, 
SIL) must also compensate for detection variability.37 Indeed, most MALDImmunoassays 
employ internal standards, although some of these standards exhibit substantial structural and 
chemical differences compared to the authentic analyte. Therefore, some methods may benefit 
from improving the internal standardization which may even advance their maturation into 
clinical diagnostics. 
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 An example of a clinically relevant biomarker that has been targeted by MALDImmunoassays 
is insulin-like growth factor 1 (IGF1).9,18 IGF1, a 7.65 kDa polypeptide hormone, is the main 
mediator of growth hormone (GH)-stimulated cell and tissue growth. In laboratory medicine, 
IGF1 is routinely measured to diagnose GH deficiency as well as to test for an excess of GH 
leading to abnormal growth in children (e.g. gigantism) or as the result of a pituitary tumor 
(e.g. acromegaly).18 Furthermore, IGF1 is an important measure to detect abuse of GH and 
IGF1 in sport, and numerous IGF1 measurements are annually conducted in the field of 
doping analysis.38,39 
 The most recently published IGF1 MALDImmunoassay is a high-throughput assay based 
on the MSIATM principle.18 This method employs specific antibody-coated microcolumns that 
are compatible with selected liquid handling platforms, and is thereby capable of measuring 
> 1,000 samples per day. The method employs the doping agent LONG®R3IGF1 as internal 
standard, which is an IGF1 analogue with increased potency due to a lower binding affinity to 
circulating IGF binding proteins (IGFBPs) compared to IGF1.38 This feature, however, likely 
affects the appropriateness of LONG®R3IGF1 as internal standard for IGF1, since it implies that 
this analogue may not correct adequately for the extraction of IGF1 from IGFBP-containing 
matrices, such as serum and plasma. Furthermore, the two additional methionine residues in 
the N-terminal extension of this protein may lead to formation of different oxidation products 
compared to IGF1 during the analytical procedures.38 Thus, chemical differences between 
IGF1 and LONG®R3IGF1 may cause variation in the signals for both compounds. 

In this work, we present a MALDImmunoassay for quantification of IGF1 in human 
plasma which uses a fully 15N-labeled recombinant version of IGF1 as internal standard. The 
method was validated according to FDA guidelines40, and its performance was subsequently 
tested in a clinical setting using > 1,000 samples from a cohort of renal transplant recipients. 
Based on this large-scale study, we identified indicators of measurement quality which may aid 
in making MALDI-TOF MS a reliable bioanalytical assay platform. 

2.2. EXPERIMENTAL SECTION

2.2.1. Materials
Recombinant human IGF1 (Cat. No. CYT-216), 15N-IGF1 (Cat. No. CYT-128), and 
IGFBP3 (Cat. No. CYT-300) were purchased from ProSpec (Ness-Ziona, Israel). Polyclonal 
anti-IGF1 antibody (Cat. No. PA0362) was obtained from Cell Sciences (Newburyport, 
MA, U.S.A.). PierceTM Protein A/G magnetic beads (Cat. No. 88802/3) were acquired from 
Fisher Scientific (Landsmeer, The Netherlands), and these were separated using a Promega 
MagnaBot® 96 separation device. Acetonitrile (ACN; LC-MS grade) was purchased from 
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Biosolve (Valkenswaard, The Netherlands), sinapinic acid (Cat. No. M002) was from LaserBio 
Labs (Sophia-Antipolis, France), and polystyrene U-bottom microtiter plates (Cat. No. 650-
101) were obtained from Greiner Bio-One (Alphen aan den Rijn, The Netherlands). All other 
chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). 

2.2.2. Plasma samples
For method development and preparation of QC-samples, a bulk quantity of human plasma 
from Seralab (West Sussex, U.K.) was used. This plasma was either used directly as QC-medium 
sample, diluted four times with rat plasma (obtained from Seralab) to prepare the QC-low 
sample, or fortified with recombinant IGF1 to obtain the QC-high sample. Spike recovery 
experiments were carried out using six different sources of human plasma (all from Seralab). 
For method testing, 1,038 plasma samples were analyzed from a cohort of renal transplant 
recipients (plus screened donors and healthy controls) that is being studied at the University 
Medical Center Groningen (UMCG).41 For this study, ethical approval has been granted by 
the UMCG’s review board (METc 2008/186), and the study adheres to the Declaration of 
Helsinki. All samples were stored at -80 °C.

2.2.3. Calibrants and internal standard
Lyophilized IGF1 was reconstituted in 2% ovalbumin (in 100 mM PBS, pH 7.2) to obtain a 
200 µg/mL solution. This solution was diluted to 10 µg/mL with rat plasma or 2% ovalbumin 
to obtain a stock solution for calibration or sample fortification purposes, respectively. Using 
the stock solution in rat plasma, calibration samples were prepared in blank rat plasma at 10, 
20, 50, 100, 200, 500, and 1,000 ng/mL. For the internal standard (IS), lyophilized 15N-IGF1 
was reconstituted in 10 mM ammonium bicarbonate to obtain a 500 µg/mL solution. After 
checking the compound’s (isotopic) purity by MALDI-TOF MS, the stock was diluted 
sequentially in 2% ovalbumin to obtain a 400 ng/mL IS working solution.

2.2.4. Immunoaffinity enrichment
Three microliters of magnetic beads were washed thrice with 100 µL Wash Buffer (0.1 % 
Tween-20 in 100 mM PBS, pH 7.2), and incubated (1 hour; 750 RPM) in 100 µL Wash 
Buffer containing 0.5 µg antibody. Next, unbound antibody was removed following three 
washing steps with 100 µL Wash Buffer. During incubation of the beads with the antibody, 20 
µL of sample was combined with 10 µL IS working solution, and the sample was incubated 
(5 min; 900 RPM) to allow complexing of the IS with the IGFBPs. Subsequently, 50 µL of 
Dissociation Buffer (0.3% SDS in Wash Buffer) was added, and the sample was incubated (30 
min; 900 RPM) to enable dissociation of IGF/IGFBP-complexes. After diluting the dissociated 



24 

|  CHAPTER II

sample with 50 µL of Wash Buffer, this mixture was added to the antibody-conjugated beads 
for immunoaffinity enrichment of IGF1 (1 hour; 750 RPM). Subsequently, the beads were 
washed thrice with 100 µL Wash Buffer and once with 100 µL Milli-Q water, prior to elution 
of IGF1 from the beads (10 min; 900 RPM) with 20 µL Elution Solution (0.45% TFA + 33% 
ACN in H2O). Finally, 5 µL of eluate was mixed 1:1 with a saturated solution of sinapinic acid 
in Elution Solution, and 1 µL of this mixture was spotted in quadruplicate onto a polished 
steel MALDI target plate. The immunopurification workflow was automated with an Agilent 
Bravo liquid handling platform equipped with a 96-channel LT pipetting head.

2.2.5. MALDI-TOF MS
Linear positive MALDI-TOF spectra were recorded between 4,000 and 10,000 Da with a 
Bruker ultrafleXtreme mass spectrometer operated under Bruker flexControl software (version 
3.4). Acquisition was performed under the following conditions: 50 ns delayed extraction; 
signal deflection up to m/z 4,000; 2 kHz Smartbeam-IITM UV laser (Nd:YAG; λ = 355 nm) 
operating with the “4_large” parameter set; 5 GS/s digitizer sampling rate; and ion source 1, 
2, and lens voltages of 25.00, 23.30, and 5.75 kV, respectively. For every sample, 2,500 shots 
were acquired in 100 shot steps following a ‘hexagon’ measuring raster, although only spectra 
of sufficient resolution (≥ 500, after “Centroid” peak detection (peak width = 5 m/z) using 
“TopHat” baseline subtraction) were averaged for each mass spectrum.

2.2.6. Data processing
MALDI spectra were smoothed (SavitzkyGolay filter; width = 5 m/z; cycles = 1), baseline 
subtracted (Median; flatness = 0.1; median level = 0.5), and peaks were detected and integrated 
(Centroid algorithm; peak width = 5 m/z) using Bruker flexAnalysis software (version 3.4). 
Peak intensity values for the IGF1 and 15N-IGF1 peaks as well as for their oxidation peaks were 
retrieved from obtained mass lists, and processed further using customized Microsoft Excel 
(version 2010 & 2013) spreadsheets.

2.2.7. Method validation
The method was validated based on FDA guidelines on bioanalytical method validation.40 The 
following criteria were addressed: selectivity (e.g. spike recovery and IGFBP3 challenge test), 
accuracy & precision, calibration curve, and stability (e.g. 24h benchtop, 3x freeze-thaw, and 7 
days MALDI sample stability). With respect to the selectivity tests, samples were spiked with 
IGF1 (25, 100 and 500 ng/mL) or IGFBP3 (2,500 ng/mL; protein was reconstituted & diluted 
in 2% ovalbumin), and incubated for 30 min prior to analysis with the MALDImmunoassay. 
This incubation step was included to allow complexing of IGF1 with IGFBP3 and other IGF 
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binding proteins. Furthermore, the method was compared with the IDS-iSYS IGF1 assay 
using a cohort consisting of 20 ‘normal’ samples and 20 samples from patients with growth 
hormone deficiency or excess.42

2.3. RESULTS AND DISCUSSION

2.3.1. Characterization of mass spectra
Figure 1-A shows a linear positive MALDI-TOF MS spectrum representative of the clinical 
samples that were measured. The intense peaks at m/z 7,650 and 7,743 represent IGF1 and 
15N-IGF1, respectively. Both peaks are accompanied by their sinapinic acid adduct peaks (+ 
206 mass units), as well as by a peak around m/z 8,350, which was previously observed and 
denoted as a possible IGF1 variant.18 Figure 1-A also features a zoom-in of the spectrum 
between 7.6 and 7.8 kDa clearly displaying the oxidation peaks of both IGF1 and 15N-IGF1, 
which likely arise as the result of oxidation of the methionine residue at position 59. The 
percent abundance of these oxidation peaks (relative to the cumulative intensity of the oxidized 
and non-oxidized peaks) was monitored and on average, oxidation peak abundances for IGF1 
and 15N-IGF1 were around 15% for the clinical samples. In order to assess analytical accuracy, 
the constancy of the ratio between these abundances was monitored and ensured for all samples 
(see ‘Quality assessment of MALDI measurements’ section below). 

Figure 1. (A) MALDImmunoassay spectrum of IGF1 in plasma from an individual expressing wild-type 
IGF1 and (B) from an individual expressing wild-type IGF1 and an IGF1 variant giving rise to a 30 m/z 
mass increase which likely arises from an alanine-to-threonine substitution at position 67 or 70. Besides peaks 
originating from IGF1 and 15N-IGF1, MALDI spectra also displayed peaks representing sinapinic acid adducts 
of IGF1 (†) and 15N-IGF1 (‡) as well as an unknown peak that was previously18 denoted as a possible IGF1 
variant (§). In addition, Figure 1-A features a zoom-in of the spectrum between 7.6 and 7.8 kDa displaying 
oxidation peaks of IGF1 and 15N-IGF1.
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Figure 1-B displays a spectrum that contains an additional IGF1 signal at m/z 7,680, 
which was observed in one out of more than 1,000 clinical samples. This IGF1 variant has 
been observed previously and could originate from a nonsynonymous single nucleotide 
polymorphism (SNP) giving rise to an alanine-to-threonine substitution at position 67 
(rs17884626) or 70 (rs151098426).18,43 In samples from patients carrying these SNPs, a large 
discrepancy can be expected between IGF1 levels based on wild-type IGF1 as obtained with 
the MALDImmunoassay and those that are obtained with conventional immunoassays or 
even with available LC-MS methods targeting proteotypic IGF1 peptides that do not cover 
the regions relevant for detection of these SNPs. Intensities of the peaks at m/z 7,650 and 
7,680 may be summed up to give the total concentration of these IGF1 proteoforms, however 
it is currently unknown whether the potencies of these variants are the same as the potency of 
wild-type IGF1.

2.3.2. Selection of internal standard and calibration matrix
For quantitative MALDI-TOF MS (and quantitative MS methods in general), calibration is 
ideally performed with authentic analyte in authentic matrix, and by using a stable-isotope-
labeled (SIL) version of the authentic analyte as internal standard (IS).44,45 Given that IGF1-
free human plasma was not available, we studied the applicability of several surrogate matrices, 
including bovine serum albumin in PBS and plasma from other species. Corresponding 
experiments indicated that a high degree of similarity between the authentic and surrogate 
matrix was needed, notably to compensate for technical variation during the IGF1/IGFBP-
complex dissociation step and for the influence of SDS during the subsequent immunocapture 
of IGF1. Ultimately, rat plasma was selected as surrogate matrix since it enables reliable IGF1 
quantitation (as demonstrated during method validation; see below), and because it does not 
interfere with measuring human IGF1 or the internal standard (as depicted in Figure S-1). In 
addition, rat plasma does not give rise to signals that interfere with known endogenous IGF1 
variants (e.g. des(1-3)IGF1, IGF1 A67T, and IGF1 A70T) or synthetic IGF1 analogues that 
may be used as doping agents (e.g. R3IGF1 and LONG®R3IGF1). 
 As mentioned above, SIL versions of analytes are the preferred internal standards for 
MALDImmunoassays. Such standards allow accurate compensation for variability in both 
sample preparation and MS detection; however, SIL-analogues are not readily available for 
every protein. In cases when such analogues are not available, alternative internal standards (e.g. 
close structural analogues) may be appropriate, though justification of their applicability must 
be supported by full method validation according to internationally recognized guidelines (e.g. 
EMA, FDA and/or CLSI guidelines).46 
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Differences in analytical behavior between analytes and alternative internal standards 
should ideally be absent, though it is not inconceivable that differences become apparent, 
which we experienced when using LONG®R3IGF1 as internal standard for IGF1.18 We 
found that LONG®R3IGF1 is not an ideal internal standard for IGF1, since an equimolar 
mixture of both compounds yielded an over 5-fold higher intensity for IGF1 compared to 
LONG®R3IGF1. More importantly, some MALDI-TOF spectra revealed three oxidation peaks 
for LONG®R3IGF1 compared to only one for IGF1 (see Figure S-2). Most probably, the two 
additional methionine residues of the LONG®-peptide were oxidized and gave rise to these 
peaks. On the contrary, ionization efficiency and oxidation behavior of 15N-IGF1 were highly 
similar to IGF1 (see Figure 1), and therefore we employed 15N-IGF1 as internal standard to 
accurately compensate for variability during the entire analytical procedure.

2.3.3. Assay characteristics
Results from the method validation experiments are included in Tables S1-S10 (Supporting 
Information), while Table 1 displays a concise summary of the validation data. The calibration 
curve (1/x weighting) consisted of 7 non-zero standards with values ranging from 10 ng/mL 
(LLOQ: CV & bias ± 20%) to 1,000 ng/mL. Signal intensities based on peak height and peak 
area were both evaluated during method validation, yet peak height was ultimately selected for 
calculation of the IGF1 levels as it gave more accurate results, which has also been reported 
previously.34,47,48 
 Evaluation of accuracy and precision as well as all stability assessments demonstrated biases 
and CVs within ±15%. Notably, observed CVs were lowest for the midrange QC-samples, 
which has also been observed by others.22,34,49,50 For corresponding IGF1 levels, the analyte and 
internal standard were present on the MALDI spot in near equimolar amounts, which appears 
to be favorable for the internal standard’s effectiveness in correcting for variation arising 
from the MALDI-TOF process. This effect was further demonstrated by calculating 4-spot 
CVs for each sample and by relating these to the corresponding (4-spot) IGF1/15N-IGF1-
ratios (Figure S-3 displays graphical representations of these relationships for four selected 
analytical runs carried out for clinical sample analysis). Observed variation was typically lowest 
for IGF1/15N-IGF1-ratios around 1 and increased with both higher and lower ratios. These 
observations illustrate the generally limited span of calibration ranges for MALDI-TOF MS-
based quantitative methods. Furthermore, these results also emphasize the need to match the 
amount of spiked internal standard to the median of expected concentrations, or to the level 
that is most important for clinical decision-making.
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Table 1. Summary of validation data. 

QC-low QC-medium QC-high

CV biasa CV biasa CV biasa

Accuracy & precision (3 runs in 6-fold) run 1 5% 1% 5% 8% 13% 4%

run 2 6% -4% 4% -6% 15% -10%

run 3 10% 2% 4% -2% 15% 6%

Bench-top stability (24h, in 3-fold) 14% -9% - - 1% 9%

Freeze-thaw stability -20 °C (3 cycles, in 3-fold) 6% -13% - - 4% 12%

MALDI-sample stability (7 days, in 6-fold) day 0 5% 1% 5% 8% 13% 4%

day 7 3% 10% 4% 10% 4% 12%

20 ng/mL calibrant QC-low QC-medium

CV bias CV biasa CV biasa

IGFBP3 challenge test (in 5-fold) 5% -7% 4% -6% 1% -2%

+ 25 ng/mL + 100 ng/mL + 500 ng/mL

CV bias CV bias CV bias

Spike recovery (6 different plasma samples) 9% 4% 7% 11% 12% 4%
a The average value of measured concentrations during the precision and accuracy experiments was used as nominal 
concentration.

 It is of particular relevance for quantitative IGF1 assays to ensure that IGF1 is properly 
liberated from its binding proteins (e.g. IGFBP3) and to demonstrate that these binding 
proteins do not interfere with the assay. For this assay, disruption of IGF1/IGFBP-complexes 
was realized by treating samples with SDS, similar to the approaches of previously published 
IGF1 methods.9,18,38,51 The effectiveness of this step was demonstrated by means of an IGFBP3 
challenge test, in which calibration and QC samples were spiked with an excess of IGFBP3, 
as well as through spike recovery experiments using six different sources of human plasma. 
After the samples were spiked with IGFBP3 or IGF1, they were incubated for 30 minutes 
to allow IGF1/IGFBP-complex formation. Subsequently, samples were analyzed with the 
MALDImmunoassay to assess accuracy and precision. Results of these experiments showed 
that SDS treatment does not introduce a significant bias or imprecision into the assay (± 15%), 
and thereby demonstrate (to our understanding for the first time) the effectiveness of an SDS-
based strategy for IGF1/IGFBP-complex dissociation.
 The MALDImmunoassay was compared with the IDS-iSYS IGF1 immunoassay using a set 
of 40 clinical samples42 (corresponding scatter and Bland-Altman plots are shown in Figure 2). 
The negative intercept of the regression line in Figure 2-A and the positive relative differences 
in Figure 2-B indicate that there is a bias between the measurements with the IDS-iSYS IGF1 
immunoassay giving higher values than the MALDImmunoassay. This bias may be explained 



29

INSULIN-LIKE GROWTH FACTOR 1 MALDIMMUNOASSAY  |

C
ha

pt
er

 II

by the different assay principles of both methods. With the MALDImmunoassay, IGF1 levels 
are calculated solely based on the response of IGF1 with a mass of 7,649 Da, while the IDS-
iSYS IGF1 immunoassay may also respond to other IGF1 proteoforms, such as des(1-3)IGF1, 
proteolytic fragments and potential post translational modifications of IGF1 that escape the 
MALDImmunoassay. 
 Moreover, Figure 2 indicates that there are two regions with different biases, one for lower 
IGF1 concentrations (below ± 150 ng/mL) and one for higher IGF1 concentrations (above 
± 150 ng/mL). For the lower concentrations, there is a relative difference between the assays 
of approximately 60% which decreases to about 20% for the higher concentrations. Lower 
values for the MALDImmunoassay may be due to pre-analytical variables leading to a reduced 
availability of wild-type IGF1 (e.g. proteolytic degradation, methionine oxidation) or may be 
caused by incomplete IGF1 extraction from specific plasma samples. Higher levels for the IDS-
iSYS IGF1 immunoassay may be the result of cross-reactivity of the antibodies, which cannot 
be checked since the readout is indirect. In order to elucidate the reason(s) for the observed 
bias, further research is needed.

As for the abovementioned pre-analytical variables, we must acknowledge that potential 
degradation products may be ‘missed’ by the MALDImmunoassay. Yet, this characteristic could 
either be an advantage or a disadvantage of this assay depending on which samples and clinical 
questions are being studied. The MALDImmunoassay has the distinct advantage over IGF1 
immunoassays that the levels obtained are based on defined chemical information and thereby 
relate to one IGF1 proteoform with a given potency, whereas methods that respond to multiple 
IGF1 proteoforms with different potencies yield IGF1 levels that cannot be directly related to 
potency. In particular, des(1-3)IGF1 and LONG®R3IGF1 are known to be more potent than 
wild-type IGF1, which is presumably caused by altered binding affinities towards IGFBPs 
as a result of N-terminal structural differences.38,52 The MALDImmunoassay discriminates 
wild-type IGF1 from these variants, and thereby allows separate detection of these variants 
in the same experiment. When including calibrants and proper internal standards for these 
compounds, the resulting assay may even be used to quantify specific variants, which could 
be of interest, for example, in the field of doping analysis. Ultimately, one method is not 
necessarily better than the other, and the choice of the method for specific applications should 
depend on the available samples as well as the relevant clinical questions.
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Figure 2. Comparison between the IGF1 MALDImmunoassay and the IDS-iSYS IGF1 immunoassay using 
(A) linear regression and (B) the Bland-Altman plot.

2.3.4. Quality assessment of MALDI measurements
To study the performance of the MALDImmunoassay more extensively, the method was 
applied to over 1,000 clinical samples. Ninety-six samples were processed per analytical 
run (i.e. 81 clinical samples, 8 calibrants, 1 blank, and duplicate QC-L, QC-M & QC-H 
samples). After a few runs, we observed that more time was needed per sample to reach the 
required number of acceptable spectra (with sufficient resolution). Peaks that fulfilled the 
preset acquisition specifications could not be found easily, and total MALDI measurement 
time increased significantly as a consequence. Ultimately, we found that this prolongation 
of analysis time was due to accumulation of matrix deposits in the MALDI source, and that 
this prolongation could be reversed by cleaning the source. Cleaning, however, necessitates 
venting of the instrument, so it goes hand in hand with considerable instrument downtime. 
Thus, maintaining good analytical quality comes at the price of reducing the method’s (weekly) 
throughput.
 To assess whether matrix deposits in the source affect data quality, we searched for readouts 
that allowed monitoring of data quality. In this regard, we observed that in parallel with the 
increasing analysis time the relative abundances of oxidation peaks also increased (Figure 3-A: 
run 1, 4 & 8). These abundances decreased again after cleaning of the source (Figure 3-A: 
run 12), thereby confirming that accumulating deposits in the source led to increased IGF1 
oxidation during MALDI-TOF analysis, which is most likely due to prolonged exposure of the 
samples to UV irradiation. Subsequently, we calculated the ratio between the relative oxidation 
peaks of IGF1 and 15N-IGF1, since methionine oxidation is not necessarily problematic if the 
internal standard can correct for this phenomenon. Figure 3-B shows these ratios for some of 
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the analytical runs, and indicates that corresponding distributions are slightly different for the 
displayed runs. The impact of these differences on the reported IGF1 levels is, however, limited 
which becomes apparent when comparing ‘regularly calculated’ IGF1 levels with IGF1 levels 
that are calculated using the sum of peak intensities from both non-oxidized and oxidized 
IGF1 (see Figure S-4). The differences between the obtained concentrations are well within ± 
15% with the exception of two samples for run 8 (see Figure S-5), and indicate that data was 
not substantially affected by matrix deposits in the source. Nonetheless, these figures highlight 
the significance of an appropriate cleaning interval for the MALDI source and also emphasize 
the need for using 15N-IGF1 as internal standard. Eventually, we believe that monitoring 
oxidation peaks would be of interest for IGF1 (and potentially also for other methionine-
containing proteins) as it enables to follow changing conditions in the MALDI source thus 
allowing to establish criteria for regular cleaning.

Figure 3. (A) Bee swarm plots of the relative abundance of the IGF1 oxidation peak and (B) the ratio of the 
IGF1 and 15N-IGF1 relative abundances as observed in 4 (of the 13) analytical runs carried out for clinical 
sample analysis. With respect to the selected runs, the MALDI source was cleaned after run 8, thus run 1, 4 and 
8 are shown to illustrate the effect of an increasing level of matrix deposits in the source, and run 12 is shown to 
illustrate the effect of cleaning the source. In order to calculate the relative abundances, the peak intensity of the 
oxidized analyte was divided by the sum of the peak intensities from the ‘native’ and the oxidized analyte. To 
calculate the ratio, the relative abundance of the IGF1 oxidation peak was divided by the relative abundance 
of the 15N-IGF1 oxidation peak. 

  Besides evaluating oxidation peak abundances, we also monitored the variation between 
the results obtained for the different MALDI spots belonging to the same sample. Following 
the calculation of 4-spot CV values for every sample, a straightforward measure for monitoring 
MALDI measurement quality was obtained, which is not dependent on an analyte’s chemical 
composition (e.g. whether it contains one or more methionine residues). Figure 4 shows 
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observed 4-spot CV values plotted against the corresponding IGF1/15N-IGF1-ratios for the 
samples of a run that was performed under optimal analytical conditions (run 1) and for 
samples that were obtained with a ‘dirty’ source (run 8). This graph is rather revealing in 
several ways. Firstly, the patterns of both data series show that variation is typically lowest 
when IGF1 and the IS are present in equimolar amounts. This finding is in line with our 
previous observation that the precision for the midrange QC-samples was better than that of 
the QC-low and QC-high samples (see above). Secondly, 4-spot variation is clearly larger when 
the source contains matrix deposits and thus is in need of cleaning. We adopted a 4-spot CV 
cutoff value of 10% to ensure acceptable measurement quality. All samples with 4-spot CVs 
exceeding this value were re-analyzed with a clean source which resulted in CVs well below 
10%. Admittedly, monitoring 4-spot variation necessitates using multiple spots per sample 
which affects the method’s throughput. Nevertheless, we recommend to monitor this quality 
indicator to ensure accurate data acquisition and to follow accumulation of matrix deposits in 
the source (additional data that support this recommendation are shown in Figure S-7 and the 
Tables S-11 and S-12). 

Figure 4. Scatter plot of observed 4-spot coefficients of variation plotted against the relative IGF1 quantities 
for run 1 (black dots, clean source) and run 8 (grey diamonds, source containing excessive matrix deposits). 
Individual plots for run 1, 4 , 8, and 12 are shown in the Supporting Information in Figure S-6. 
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2.4. CONCLUSIONS

We describe a MALDImmunoassay for quantification of IGF1 in human plasma which 
complies with current international guidelines on quantitative bioanalysis. The assay shows 
good correlation with the IDS-iSYS IGF1 immunoassay. However, a positive bias was observed 
for the IDS-iSYS immunoassay as compared to the MALDImmunoassay, and the exact reasons 
for this bias are still unknown. 
 MALDImmunoassays combine immunoaffinity enrichment with MALDI-TOF MS 
detection, and both these methodological features are known sources of analytical variability. 
Consequently, the most critical feature of a reliable quantitative assay is the application of an 
appropriate internal standard which is capable of correcting for these sources of analytical 
variability. A stable-isotope-labeled (SIL) version of the full-length analyte is preferred for 
MALDImmunoassays, and therefore 15N-IGF1 was used as internal standard in our IGF1 
MALDImmunoassay. Another critical step for an IGF1 assay is proper liberation of IGF1 from 
its binding proteins which could interfere with the detection of IGF1. We demonstrate in an 
IGFBP3 challenge experiment as well as in spike recovery experiments that the SDS-based 
dissociation step is effectively leading to dissociation of the IGF1/IGFBP-complexes. 
 Application of the MALDImmunoassay to a clinical study comprising more than 1,000 
clinical samples indicated that contamination of the MALDI source led to various degrees 
of oxidation of Met59. This variation in IGF1 oxidation was corrected for by the 15N-IGF1 
internal standard emphasizing the need for a SIL internal standard. Furthermore, variation 
in IGF1 oxidation as well as the inter-spot variation were useful indicators of MALDI-TOF 
performance. Therefore, we recommend to monitor these quality indicators in order to assure 
consistent performance of the assay. 

In conclusion, our work reports a validated MALDImmunoassay for quantification of IGF1 
in human plasma and addresses some of the challenges of MALDImmunoassays that must be 
met in order to advance implementation of this technology into routine clinical diagnostics.
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2.6. SUPPORTING INFORMATION

The Tables S-1 to S-10 can be found in the online version of the Supporting Information 
which is available on the ACS Publications website at DOI: 10.1021/acs.analchem.7b01125.

Figure S-1. MALDImmunoassay spectrum from non-spiked rat plasma (used as calibration matrix) showing 
that rat plasma does not give rise to peaks that interfere with the peaks originating from human IGF1 (used for 
preparation of the calibration curves) and 15N-labeled human IGF1 (used as internal standard), or relevant 
IGF1 variants.

Figure S-2. MALDImmunoassay spectrum showing differences in the number of (putative) oxidation peaks for 
IGF1 and LONG®R3IGF1 (LR3-IGF1).
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Figure S-3. Scatter plot of observed IGF1/15N-IGF1 ratios of relative oxidation peak abundances plotted 
against the relative IGF1 quantities for 4 (of the 13) analytical runs carried out for clinical sample analysis. 
With respect to the selected runs, the MALDI source was cleaned after run 8, thus run 1, 4 and 8 are shown to 
illustrate the effect of accumulating matrix deposits in the source, and run 12 is shown to illustrate the effect of 
cleaning the source. In order to calculate the relative abundances, the peak intensity of the oxidized analyte was 
divided by the sum of the peak intensities from the native and the oxidized analyte. To calculate the ratio, the 
relative abundance of the IGF1 oxidation peak was divided by the relative abundance of the 15N-IGF1 
oxidation peak.
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Figure S-4. Scatter plot of IGF1 levels based on the sum of non-oxidized and oxidized IGF1 plotted against 
IGF1 levels calculated using solely non-oxidized IGF1 for 4 (of the 13) analytical runs carried out for clinical 
sample analysis. With respect to the selected runs, the MALDI source was cleaned after run 8, thus run 1, 4 and 
8 are shown to illustrate the effect of accumulating matrix deposits in the source, and run 12 is shown to 
illustrate the effect of cleaning the source. 
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Figure S-5. Bland-Altman plots displaying the relative differences between IGF1 levels calculated using solely 
non-oxidized IGF1 and levels based on the sum of non-oxidized and oxidized IGF1 plotted against the average 
of both IGF1 levels for 4 (of the 13) analytical runs carried out for clinical sample analysis. With respect to the 
selected runs, the MALDI source was cleaned after run 8, thus run 1, 4 and 8 are shown to illustrate the effect 
of accumulating matrix deposits in the source, and run 12 is shown to illustrate the effect of cleaning the source. 
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Figure S-6. Scatter plot of observed 4-spot coefficients of variation plotted against the relative IGF1 quantities 
for 4 (of the 13) analytical runs carried out for clinical sample analysis. With respect to the selected runs, 
the MALDI source was cleaned after run 8, thus the runs 1, 4 and 8 are shown to illustrate the effect of 
accumulating matrix deposits in the source, and run 12 is shown to illustrate the effect of cleaning the source.
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Figure S-7. Scatter plots for the comparison of IGF1 levels that are calculated using 1, 2 or 3 spots per sample versus IGF1 
levels that are calculated using 4 spots per sample, as observed for 4 (of the 13) analytical runs carried out for clinical sample 
analysis. With respect to the selected runs, the MALDI source was cleaned after run 8, thus the runs 1, 4 and 8 are shown to 
illustrate the effect of accumulating matrix deposits in the source, and run 12 is shown to illustrate the effect of cleaning the 
source. Linear regression data belonging to the data series in the graphs above are presented in Table S-11. Furthermore, Table 
S-12 provides an overview of the relative differences between IGF1 levels that are calculated based on 4-spot IGF1/15N-
IGF1-ratios and levels that are calculated based on fewer spots per sample.
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Table S-11. Linear regression data belonging to the comparisons of Figure S-7.

Run Linear regression 3- vs. 4-spot 
IGF1/IS-ratio

2- vs. 4-spot 
IGF1/IS-ratio

1- vs. 4-spot 
IGF1/IS-ratio

1 slope (95% CI) 0.9999 (0.9943 to 1.0060) 0.9992 (0.9912 to 1.0070) 0.9974 (0.9854 to 1.0090)

intercept (95% CI) 0.0015 (-0.0034 to 0.0065) 0.0040 (-0.0031 to 0.0110) 0.0057 (-0.0048 to 0.0161)

R2 0.9994 0.9987 0.9972

4 slope (95% CI) 0.9966 (0.9918 to 1.0010) 0.9991 (0.9916 to 1.0070) 1.0030 (0.9885 to 1.0180)

intercept (95% CI) 0.0042 (0.0001 to 0.0082) 0.0029 (-0.0033 to 0.0092) 0.0026 (-0.0096 to 0.0149)

R2 0.9995 0.9989 0.9958

8 slope (95% CI) 0.9875 (0.9744 to 1.0010) 0.9700 (0.9408 to 0.9992) 1.0050 (0.9696 to 1.0390)

intercept (95% CI) 0.0114 (0.0016 to 0.0211) 0.0211 (-0.0006 to 0.0428) -0.0144 (-0.0403 to 
0.0116)

R2 0.9965 0.9823 0.9765

12 slope (95% CI) 1.0000 (0.9938 to 1.0060) 1.0030 (0.9951 to 1.0110) 1.0090 (0.9966 to 1.0210)

intercept (95% CI) 0.0004 (-0.0030 to 0.0037) -0.0016 (-0.0058 to 0.0027) -0.0071 (-0.0138 to -0.0004)

R2 0.9992 0.9988 0.9971

Table S-12. Relative differences between IGF1 levels calculated using 1, 2 or 3 spots per sample and IGF1 
levels that are calculated using 4 spots per sample. The table shows the number of samples per run (=81 samples) 
clustered based on the magnitude of the differences between the calculated levels.

Run |Difference|
3- vs. 4-spot 

IGF1/IS-ratio
2- vs. 4-spot 

IGF1/IS-ratio
1- vs. 4-spot 

IGF1/IS-ratio

1 <5.0% 81 79 75

5.0-15.0%  0 2 6

>15.0% 0 0 0

4 <5.0% 81 80 72

5.0-15.0%  0 1 9

>15.0% 0 0 0

8 <5.0% 77 74 64

5.0-15.0%  2 5 14

>15.0% 2 2 3

12 <5.0% 80 80 77

5.0-15.0%  1 1 4

>15.0% 0 0 0





CHAPTER III
A fully validated liquid 
chromatography-mass spectrometry 
method for the quantification of 
the soluble receptor of advanced 
glycation end-products (sRAGE) in 
serum using immunopurification in a 
96-well plate format

Frank Klonta,*, Simon D. Pouwelsb,*, Jos Hermansa, Nico C. van de Merbela,c, 
Péter Horvatovicha, Nick H.T. ten Hackenb, Rainer Bischoffa

aDepartment of Analytical Biochemistry, Groningen Research Institute of Pharmacy, University of Groningen, 
The Netherlands; bDepartment of Pulmonary Diseases, University Medical Center Groningen, University of 
Groningen, The Netherlands; cBioanalytical Laboratory, PRA Health Sciences, Early Development Services, 
Assen, The Netherlands; *Both authors contributed equally to the manuscript

Talanta 2018; 182: 414-421



46 

|  CHAPTER III

ABSTRACT

The study of proteins is central to unraveling (patho)physiological processes and 

has contributed greatly to our understanding of biological systems. Corresponding 

studies often employ procedures to enrich proteins from their biological matrix 

using antibodies or other affinity binders coupled to beads with a large surface area 

and a correspondingly high binding capacity. Striving for maximal binding capacity 

may, however,  not always be required or desirable,  for example for proteins of 

low abundance. Here we describe a simplified immunoprecipitation in 96-well ELISA 

format (IPE) approach for fast and easy enrichment of proteins. The applicability 

of this approach for enriching low-abundant proteins was demonstrated by an 

IPE-based quantitative workflow using liquid chromatography-mass spectrometry 

(LC-MS) for the soluble Receptor of Advanced Glycation End-products (sRAGE), 

a promising biomarker in chronic obstructive pulmonary disease (COPD). The 

method was validated according to U.S. Food and Drug Administration (FDA) and 

European Medicines Agency (EMA) guidelines and enabled accurate quantitation of 

sRAGE between 0.1 and 10 ng/mL in 50 µL serum. The assay showed substantial 

correlation with the two most commonly-used sRAGE immunoassays (ELISAs) (R2-

values between 0.7 and 0.8). However, the LC-MS method reported 2 to 4 times 

higher sRAGE levels compared to the ELISAs, which is largely due to a suboptimal 

amount of capturing antibody and/or calibration strategy used by the immunoassays. 

In conclusion, our simplified IPE approach proved to be an efficient strategy for 

enriching the low-abundant protein sRAGE from serum and may provide an easy to 

use platform for enriching other (low-abundant) proteins from complex, biological 

matrices.
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3.1.  INTRODUCTION

Studying proteins in complex, biological matrices is a common feature of (bio)medical research 
and has contributed considerably to our current understanding of life processes. For studies 
on protein expression, structure, and interactions, a variety of analytical techniques is being 
deployed including gel electrophoresis, liquid chromatography and mass spectrometry, which 
may all require specific protein enrichment procedures depending on the aim of a study and/
or the protein(s) of interest.1,2 Immunopurification is an eminent example of such enrichment 
techniques and uses specific ‘bait’ proteins to selectively bind and purify the targets of interest 
(e.g. antigens).3 Antibodies are generally used to capture proteins or even protein complexes, 
though conversely, antigens may also serve as baits to capture antibodies which may be valuable 
for analyzing autoantibodies.4,5 The former approach is a widely-used application of antibodies 
in basic and applied scientific research, and has contributed to the conception of antibodies 
being the ‘workhorses’ of (bio)medical experiments.6

Besides bait proteins, immunopurification strategies require a (solid) support to which a 
bait protein is or can be coupled thereby allowing to separate the bait/target-complex from the 
original matrix.7 Examples of such supports comprise gel-based (e.g. agarose) and magnetic 
beads each having specific advantages and disadvantages in terms of binding capacity, protocol 
flexibility and throughput as well as the degree and extent of non-specific binding.8 As alternative 
to bead-based supports, (adsorptive) microtiter plates commonly used for immunoassays, have 
also been employed for immunoaffinity enrichment purposes.9-12 Some hybrid assays based on 
immunoaffinity enrichment and digestion in microtiter plates followed by LC-MS detection 
demonstrated efficient enrichment of low abundant proteins.9,10 A similar approach (referred 
to as immunoprecipitation in 96-well ELISA format, or IPE ) showed matching capabilities, 
though IPE features a decoupled enrichment and digestion strategy and thereby also allows 
to study intact proteins, for example by top-down proteomics or Western Blot analysis.11 This 
approach utilizes microtiter plates coated with Protein (A/)G to which antibodies are bound 
and covalently coupled with disuccinimidyl suberate (DSS). Although this methodology has 
many potential applications, examples of such applications are absent in literature, which 
may be because IPE’s advantages compared to (magnetic) beads-based alternatives are less 
pronounced due to its dependence on Protein (A/)G-coated plates. 
 The soluble Receptor of Advanced Glycation End-products (sRAGE) is a potential 
biomarker for chronic obstructive pulmonary disease (COPD) and an example of a clinically 
relevant protein of low abundance.13 sRAGE is formed after proteolytic cleavage of membrane-
bound RAGE, a pattern recognition receptor involved in pro-inflammatory signaling 
pathways.14 In addition, sRAGE can be formed upon alternative splicing of the AGER gene 
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thereby leading to a RAGE splice variant known as endogenous secretory RAGE (esRAGE).15 
Circulating RAGE has anti-inflammatory properties by acting as a decoy receptor for pro-
inflammatory RAGE ligands and also by inhibiting homo-dimerization of membrane-bound 
RAGE which is presumed to be essential for RAGE activation.16-18 In several (large-scale) 
biomarker studies, sRAGE was put forward as useful biomarker in COPD, particularly 
with respect to the presence and progression of emphysema, and sRAGE was consequently 
considered for biomarker qualification by the U.S. Food and Drug Administration (FDA).19,20 
However, current knowledge about sRAGE is strongly depending on measurements with 
“research-grade” enzyme-linked immunosorbent assays (ELISA) from a single vendor, and 
appropriately validated assays are lacking.19 Furthermore, it is known that sRAGE is regulated 
by alternative splicing and post translational modifications, including proteolytic cleavage and 
N-linked glycosylation.21 Circulating RAGE thus likely comprises a series of related proteins 
(also referred to as ‘protein species’ or ‘proteoforms’) with potentially different functions, 
activities or ligand specificities.21-23 It is therefore not only essential that sRAGE assays for 
clinical use are adequately validated, but these assays also need to be adequately characterized 
with respect to the exact forms of circulating RAGE that are being quantified.
 In this study, we present an efficient, fast, and easy to use enrichment strategy for proteins 
in complex matrices on the basis of antibodies directly immobilized on high affinity microtiter 
plates. This methodology was combined with liquid chromatography-mass spectrometry (LC-
MS) for quantifying sRAGE in human serum based on specific peptides in its N-terminal 
region which is essential for the binding of most RAGE ligands.14,24 The method was validated 
according to FDA and European Medicines Agency (EMA) guidelines with a lower limit of 
quantification (LLOQ) of 0.1 ng/mL.25,26 The validated LC-MS assay for sRAGE is expected 
to contribute to the development of sRAGE as biomarker in COPD. 

3.2.  EXPERIMENTAL SECTION

3.2.1.  Chemicals and materials 
Recombinant human RAGE encompassing the extracellular domain of this protein (Cat. 
No. C423; UniProtKB ID ‘Q15109’; Ala23-Ala344 with C-terminal hexa-histidine tag) was 
purchased from Novoprotein (Summit, NJ, U.S.A.), monoclonal anti-RAGE antibody (Cat. 
No. MAB11451; clone 176902) was obtained from R&D Systems (Abingdon, U.K.), and 
stable-isotope-labeled RAGE peptides (i.e. IGEPLVLK* & VLSPQGGGPWDSVAR*) were 
synthesized by Pepscan Presto (Lelystad, The Netherlands). Acetonitrile (ACN; LC-MS grade) 
was obtained from Biosolve (Valkenswaard, The Netherlands) and sequencing grade modified 
trypsin was purchased from Promega (Madison, WI, U.S.A.). Nunc-Immuno™ MicroWell™ 
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96 wells plates with MaxiSorp™ coating (Cat. No. M9410), bovine serum albumin (BSA; Cat. 
No. A7638), and phosphate buffered saline (PBS; 10x; Cat. No. D1408) as well as all other 
chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).

3.2.2.  Serum samples
Serum was obtained from healthy volunteers and was pooled for preparation of the quality 
control (QC-)samples. Pooled serum was used directly as QC-medium sample, diluted 
eight times with 1% BSA in 1x PBS, pH 7.4 (Surrogate Matrix) for preparation of the QC-
low sample, or fortified with 5 ng/mL recombinant RAGE to obtain the QC-high sample. 
Recovery and spike recovery experiments were carried out using six different sources of human 
serum from healthy subjects (all from Seralab). Spike recovery experiments were furthermore 
performed on a lipemic serum sample (triglyceride content >150 mg/dL; obtained from 
Seralab) and a hemolytic sample which was prepared by adding freeze-thawed whole blood 
(2%) to human serum. 

3.2.3.  Calibrants and internal standard. 
Lyophilized RAGE was dissolved in Milli-Q water to obtain a 200 µg/mL solution (based on 
the quantity as declared by the supplier) which was diluted to 100 µg/mL with 1´ PBS, pH 
7.4 (PBS Buffer) after checking protein purity by SDS-PAGE and MALDI-TOF MS, which 
did not reveal the presence of proteins other than sRAGE. The resulting stock solution was 
sequentially diluted to 100 ng/mL with Surrogate Matrix (see Serum samples section above), 
and calibration samples were prepared at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 8.0 and 10.0 ng/mL. For 
the internal standard (IS), SIL-peptides (supplied as 5 pmol/µL solutions in 5% ACN) were 
mixed 1:1 and diluted to 5 fmol/µL with 1% dimethyl sulfoxide (DMSO) in water.

3.2.4.  Simplified IPE protocol
(1: plate coating) The plate was coated using 100 µL aliquots of PBS Buffer containing 
0.5 µg of antibody (from a 200 µg/mL stock solution; antibody was reconstituted in PBS 
Buffer) which were added to microplate wells, followed by overnight incubation at room 
temperature. (2: plate blocking) After removal of unbound antibody by three washing steps 
with 300 µL Wash Buffer (0.05% Tween-20 in PBS Buffer), uncoated surface was blocked 
with 300 µL Surrogate Matrix for 60 minutes while shaking on a plate shaker (600 RPM; 
room temperature). (3: immunocapture) Wells were washed three times with 300 µL Wash 
Buffer, and 100 µL of Sample Solution (for which 60 µL of serum was pre-mixed with 60 µL 
Surrogate Matrix to allow quantitative transfer of Sample Solution) was added to the wells 
for the immunocapture of sRAGE (120 min; 600 RPM; room temperature). (4: analyte 
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collection) The wells were washed three times with 300 µL Wash Buffer, and sRAGE was 
eluted from the antibodies with 100 µL 0.1% aqueous trifluoroacetic acid (TFA) solution 
(10 min; 600 RPM; room temperature). The IPE eluate was collected in low binding tubes 
(Eppendorf; Cat. No. 022431081) using low binding tips (VWR; Cat. No. 613-0891), and 
the samples were dried in a vacuum centrifuge at 60 ºC. 

3.2.5.  In-solution digestion
Proteins were reconstituted in 50 µL Digestion Buffer (100 fmol/mL SIL-peptides in 50 mM 
ammonium bicarbonate (ABC)). Subsequently, disulfide bonds were reduced with 10 mM 
dithiothreitol (DTT) (5 µL 110 mM DTT in 50 mM ABC) for 30 minutes (60 ºC; 600 
RPM), and thiols were alkylated with 20 mM iodoacetamide (IAM) (5 µL 240 mM IAM in 
50 mM ABC) for 30 minutes in the dark (room temperature). After quenching the excess of 
IAM with a 0.5 molar excess of DTT (6 µL 110 mM DTT in 50 mM ABC), 100 ng trypsin 
was added to each sample, and proteins were digested by overnight incubation (37 °C; 600 
RPM). The IPE digests were acidified by adding 2 µL of 50% formic acid (FA), and 15 µL of 
sample was analyzed by LC-MS. 

3.2.6.  LC-MS
Analyses were performed with a Waters Ionkey/MS system using an ACQUITY M-Class 
UPLC and a XEVO TQ-S mass spectrometer (Milford, MA, U.S.A.). Chromatographic 
separation was achieved on a C18-bonded Waters iKey HSS T3 Separation Device (1.8 μm 
particles, 100 Å pore size, 150 μm × 100 mm; Cat. No. 186007261) which was kept at 40 °C, 
using 0.1% FA in H2O as mobile phase A and 0.1% FA in ACN as mobile phase B. Samples 
were loaded onto a Dionex Acclaim PepMap100 C18 trap column (5 μm particles, 100 Å pore 
size, 300 μm × 5 mm; Cat. No. 160454) for 2.5 min with 3% B at 20 µL/min. Subsequently, 
peptides were separated on the analytical column at 3 µL/min with a 10 minute linear gradient 
from 3 to 33% B, after which the column was cleaned (0.6 min at 60% B and 2.1 min at 95% 
B) and equilibrated (4.3 min at 3% B). Mass spectrometric detection was performed using the 
following conditions: ESI positive, capillary voltage 3.5 kV, cone voltage 30 V, source offset 
50 V, source temperature 120 °C, cone gas (nitrogen) flow 150 L/h, sheath (nanoflow) gas 
(nitrogen) flow 0.2 Bar, and collision gas (argon) flow 0.15 mL/min. MRM transitions and 
settings for IGEPLVLK (selected for quantification) and VLSPQGGGPWDSVAR (selected 
for confirmation) are presented in Table S-1 (Supporting Information). The Ionkey/MS system 
was operated under the Waters MassLynx software suite (version 4.1), and the TargetLynx 
module of this package was used for data processing.  
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3.2.7.  Method validation
The method was validated according to FDA and EMA guidelines, and the following criteria 
were addressed: selectivity (e.g. spike recovery and ligand challenge tests), accuracy & precision, 
recovery, calibration curve, and stability (e.g. 13 days benchtop, 10× freeze-thaw, 4 months -20 
°C & -80 °C storage, 28 days autosampler (10 °C), and 443 days stock stability).25,26 For the 
recovery experiment, 10 µL 50 ng/mL sRAGE was added to 240 µL serum (addition of 2 
ng/mL sRAGE; < 5% non-matrix solution in the final sample) to obtain the pre-IPE spiked 
samples, and 10 µL 10 ng/mL sRAGE was added to IPE eluates (addition of 2 ng/mL) to 
obtain the post-IPE spiked samples. The sRAGE dilutions for this experiment were prepared in 
50 mM ABC since adding Surrogate Matrix to the IPE eluates would introduce excessive BSA 
to the samples thereby interfering with digestion and LC-MS analysis. sRAGE in Surrogate 
Matrix was used for the spike-recovery experiments, and the corresponding spiking procedure 
was similar to that of the pre-IPE spiked samples of the recovery experiment. Ligand challenge 
tests were performed by adding 200 ng of fully-reduced HMGB1 (HMGBiotech, Milano, 
Italy; Cat. No. HM-116), S100A12 (Novoprotein; Cat. No. C743), serum amyloid A1 (SAA1; 
Novoprotein; Cat. No. C633), Nε-(carboxymethyl)lysine-modified bovine serum albumin 
(CML-BSA; Academy Bio-Medical Co., Houston, TX, U.S.A.; Cat. No. 30P-CML-BS102), 
or by adding 5% cigarette smoke extract (the first-hand smoke of two research cigarettes with 
filters cut off (University of Kentucky, Lexington, KY, U.S.A.; Cat. No. 3R4F) was pumped 
through 25 mL of RMPI-1640 medium using a peristaltic pump to obtain a 100% CSE 
solution) to the samples, or through addition of 5% A549 human alveolar epithelial cell lysate 
(10,000,000 cells/mL in RMPI-1640 medium which were lysed by 30 seconds of sonication 
using a probe sonicator followed by centrifugation for 5 min at 1,000 × g to pellet debris). For 
recovery and selectivity experiments, samples were incubated for at least 30 minutes following 
addition of sRAGE or the ligands prior to initiating sRAGE immunocapture.

3.2.8.  Method comparison
For method comparison, 40 serum samples were analyzed from a cross-sectional study 
(NCT00807469) within the University Medical Center Groningen (UMCG).27 For this 
study, ethical approval has been granted by the UMCG’s review board (METc 2008/136), 
and the study adheres to the Declaration of Helsinki. Blood samples were collected in plastic 
coagulation tubes (Becton Dickinson), which were incubated for at least 30 minutes at room 
temperature prior to centrifugation at 1,000 x g and 4 °C for 10 minutes. After collecting the 
serum fraction, samples were aliquoted into 1.4 mL polypropylene storage tubes (Thermo 
Fisher, Cat. No. 3712), and stored at -80 °C until further analysis. In all 40 samples, sRAGE 
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was quantified by LC-MS as well as with the R&D Systems Human RAGE DuoSet (Cat. 
No. DY1145) and Quantikine (Cat. No. DRG00) ELISA kits, both performed according to 
manufacturer’s instructions.

3.3.  RESULTS AND DISCUSSION

3.3.1.  Development of the simplified immunoprecipitation in 96-well ELISA 
format (IPE) approach for sRAGE in serum

As serum sRAGE levels are reported to be in the low to sub ng/mL range, enrichment of 
sRAGE prior to LC-MS analysis is required.16 For this purpose, we adopted a strategy which 
builds upon the widely-used microtiter plate-based format that forms the basis of most 
immunoassays. Our strategy furthermore represents a simplified version of the previously 
described immunoprecipitation in 96-well ELISA format (IPE)11 for which we particularly 
aimed to circumvent the need to use Protein (A/)G coated plates (comparable with previously 
published approaches9,10) as non-occupied Protein (A/)G residues may favor non-specific 
binding and thus may lead to increased background signals.28 Accordingly, the resulting 
approach initially follows the typical steps of an ELISA, but instead of adding a secondary 
antibody for signal amplification and detection, enriched proteins are eluted from the capturing 
antibody. Proteins can subsequently be studied in their intact form by mass spectrometry and 
Western Blot analysis, or can be digested with a protease (e.g. trypsin) and analyzed by LC-MS, 
which was the selected strategy for our sRAGE assay. Optimization of the amount of antibody 
per sample (see Figure S-1) revealed that less than 0.5 µg of antibody was needed to detect 
sRAGE at clinically relevant levels with sensitivity down to 0.1 ng/mL (see Figure 1). The 
required amount of antibody obviously depends greatly on the dissociation constant (Kd) and 
quality of an antibody28, yet 0.25 to 0.5 µg of antibody per sample corresponds well with the 
amounts that are generally used for immunoassays and is furthermore eight to twenty times 
lower than the amounts that were previously used in IPE protocols.11

3.3.2. Selection of internal standard and calibration matrix
Stable-isotope-labeled (SIL) versions of authentic analytes are the internal standards of 
choice to enable adequate correction for variability arising from sample preparation or LC-
MS, particularly when an immunopurification step is included for analyte enrichment.29,30 
Unfortunately, such standards are often not available (in sufficient quality) for intact proteins, 
as is the case for sRAGE. Consequently, SIL versions of selected proteotypic peptides were 
employed as internal standards which were added to the samples after the IPE procedure. To 
check whether this strategy introduces a bias, recovery of sRAGE during IPE was evaluated 
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during method validation revealing a consistently high and precise recovery of sRAGE using 
the IPE protocol (see the Assay characteristics section below).

Figure 1. Selected Ion Chromatograms of the sRAGE-derived proteotypic peptides (A) IGEPLVLK and (B) 
VLSPQGGGPWDSVAR at 0.1 ng/mL in Surrogate Matrix (1% BSA in 1× PBS, pH 7.4). 

 For selection of proteotypic peptides, Skyline software (version 3.5.0.9319; UniProtKB 
reference proteome: ‘UP000005640 canonical + isoforms’) and the online MRM Peptide 
Picking Tool (version 1.0; UniProtKB entry: ‘Q15109’) were employed.31,32 Trypsin was 
selected as protease, and peptides were evaluated on the basis of their uniqueness, presence 
in the mature protein, presence in relevant isoforms (e.g. esRAGE), peptide length, absence 
of post translational modification (PTM) sites (e.g. N-linked glycosylation), and location 
close to or, preferably, within the N-terminal domain of sRAGE which is most relevant for 
ligand binding.14,24 In addition, genetic variation was considered by consulting the ExAC 
Browser (version 0.3; Ensembl gene: ‘ENSG00000204305’) and peptides encompassing 
highly prevalent SNP-sites (e.g. rs2070600 SNP leading to the Gly82Ser substitution) were 
excluded.33 Upon in silico evaluation of proteotypic peptides as well as empirical assessment of 
their ESI-ionization properties, the following two peptides were selected for further method 
development: r.IGEPLVLK.c (30-37) and k.VLSPQGGGPWDSVAR.v (63-77). Since 
the IGEPLVLK peptide performed best in terms of accuracy and precision during method 
validation, this peptide was selected for sRAGE quantification (quantifier peptide), whereas 
the VLSPQGGGPWDSVAR peptide was used to confirm the presence of sRAGE (qualifier 
peptide).

With respect to selection of the calibration matrix, employing an authentic matrix for 
preparation of the calibration samples would be preferable, yet an analyte-free, authentic matrix 
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could not be obtained.29 Accordingly, several surrogate matrices were evaluated including 
complex matrices (e.g. fetal calf serum) as well as a simple, artificial matrix consisting of 1% 
BSA in PBS. The recovery of spiked (recombinant human) sRAGE from these matrices was 
comparable to that of spiked sRAGE from human serum (see Figure S-2). Therefore, 1% BSA 
in PBS was selected as surrogate matrix and its suitability was demonstrated during method 
validation (see the Assay characteristics section below).

3.3.3.  Assay characteristics
A concise summary of the validation results is presented in Table 1 while a full overview is 
given in Tables S-2 to S-19 (Supporting Information). Accurate quantification of sRAGE was 
demonstrated for a 1/x weighted linear calibration model using 8 non-zero standards between 
0.1 ng/mL (LLOQ: CV & bias ± 10%) and 10 ng/mL. Evaluation of accuracy and precision 
revealed comparable biases and CVs for all three QC-levels (approximately ±5% and 10%, 
respectively) suggesting that methodological variation due to the IPE procedure (for which an 
internal standard to compensate for methodological variability is absent) is constant for low, 
midrange, and high sRAGE levels and within the approved limits for regulated bioanalysis. 
The extent of the IPE recovery was consistently high ranging from 81 to 84% and precise (CVs 
of 6-7%) regardless of whether the average of duplicate measurements or individual replicates 
were considered. Accordingly, these data justify quantifying sRAGE by single measurements 
which entails that LC-MS analysis of samples from one 96-well microtiter plate (i.e. 81 clinical 
samples, 9 calibrants, and 6 QC-samples) can be performed within two days.
 Sample stability was assessed under conditions going beyond what is relevant for typical 
clinical assays after 13 days of storage on the benchtop (room temperature), 4 months of 
storage in the freezer (-20 °C and -80 °C), and upon 10 freeze-thaw cycles. These stability 
assessments indicated that sRAGE is a rather stable biomarker with respect to IPE enrichment 
and the proteotypic peptide that is used for sRAGE quantification by LC-MS.
 Selectivity of the sRAGE method was studied by spike-recovery and ligand challenge 
testing. Spike-recovery experiments were carried out using six different sources of serum which 
were processed in duplicate. The observed biases were within ± 15% when either the average 
sRAGE level of both replicates or the levels of the individual replicates were assessed. With 
respect to these data, it should be noted that one of the samples (subject ♂3, see Table S-17) 
contributed mostly to the observed (negative) bias. The reason for this difference is currently 
unclear. Even though the overall bias is within acceptable limits, this observation indicates 
that employing a whole-protein SIL internal standard should be considered as relevant future 
enhancement for our assay. Moreover, spike-recovery assessment was extended to a hemolytic 
and a lipemic sample which yielded biases within ± 15% as well. For evaluation of potential 
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Table 1. Summary of validation data.a

QC-low QC-medium QC-high

CV biasb CV biasb CV biasb

accuracy & precision 
(3 runs, in 6-fold)

run 1 12% -5% 11% 1% 4% 1%

run 2 10% 1% 5% 7% 6% 4%

run 3 8% 4% 14% -8% 11% -5%

autosampler stability 10 °C 
(28 days, in 3-fold) 1% 2% 1% -4%

bench-top stability room temperature 
(13 days, in 3-fold) 6% 2% 1% 5%

freeze-thaw stability -20 °C 
(10 cycles, in 3-fold) 7% 0% 12% -8%

storage stability -20 °C 
(4 months, in 3-fold) 11% -7% 2% -2%

storage stability -80 °C 
(4 months, in 3-fold) 7% -3% 6% 3%

10 ng/mL 
calibrant

CV bias

stock stability -20 °C (443 days, in 5-fold) 3% 1%

replicate 1 replicate 2 average of 
replicates

recovery CV recovery CV recovery CV

recovery 
(6 different serum samples, in 1- or 2-fold) 81% 6% 84% 7% 83% 6%

replicate 1 replicate 2 average of 
replicates

bias bias bias

spike recovery 
(6 different serum samples, in 1- or 2-fold) -10% -13% -12%

lipemic sample spike recovery 
(in 2-fold) -13%

hemolytic sample spike recovery 
(in 2-fold) -8%

0.2 ng/mL 
calibrant

0.2 ng/mL 
calibrant

CV bias CV bias

HMGB1 challenge 
(4 µg/mL, in 5-fold) 6% 10% CML-BSA challenge 

(4 µg/mL, in 5-fold) 12% 4%

S100A12 challenge 
(4 µg/mL, in 5-fold) 4% 12% CSE challenge 

(5%, in 5-fold) 6% -8%

SAA1 challenge 
(4 µg/mL, in 5-fold) 9% 7% Cell lysate challenge 

(5%, in 5-fold) 6% -1%

a An extensive summary of the validation results is presented in Tables S-2 to S-19 (Supporting Information). 
b The average value of measured concentrations during the precision and accuracy experiments was used as nominal 
concentration
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interfering ligands, we selected high mobility group box 1 protein (HMGB1) which is the most 
studied and characterized RAGE ligand21,34, S100 calcium-binding protein A12 (S100A12) 
and serum amyloid A1 (SAA1) as examples of damage-associated molecular pattern (DAMP) 
proteins known to bind RAGE35,36, and Nε-(carboxymethyl)lysine-modified bovine serum 
albumin (CML-BSA) was included as a surrogate for advanced glycation end-product-modified 
proteins.17 All ligands were added at 4 µg/mL (>10,000-times molar excess). Furthermore, we 
aimed to mimic potential interferences arising from cigarette smoking by challenging samples 
with cigarette smoke extract (CSE) in view of future studies on COPD patients. Since many 
RAGE ligands are DAMPs which are released upon cigarette smoke-induced cell death, we 
also studied potential interferences by challenging samples with lysed human alveolar epithelial 
A549 cells.37,38 Ultimately, none of the tested ligands affected the measured sRAGE levels, as 
reported previously for the Quantikine sRAGE ELISA as well.39 

3.3.4.  Method comparison
Agreement between the LC-MS sRAGE assay and two widely-used sRAGE immunoassays 
(i.e. R&D Systems DuoSet and Quantikine ELISAs for RAGE) was assessed on the basis 
of 40 clinical samples using linear regression and Bland-Altman plots (see Figure 2). These 
comparisons revealed substantial correlations between the LC-MS assay and the DuoSet and 
Quantikine ELISAs with coefficients of determination of 0.72 and 0.79, respectively, as well 
as substantial correlation between the immunoassays (R2 = 0.80). However, sRAGE levels 
obtained with the ELISAs were considerably lower than those obtained by the LC-MS assay 
with average relative differences of -84% and -131% (2.0 and 3.9 times lower sRAGE levels) 
for the Quantikine and DuoSet ELISAs, respectively. 

Possible explanations for the observed differences in sRAGE levels obtained by the assays 
include different specificities for the antibodies used in the assays (information on the epitopes 
is not available), incomplete capture of sRAGE from serum due to an insufficient amount of 
primary antibody in the immunoassays as well as differences between the declared and the 
actual protein quantities of the sRAGE stocks used for preparation of the calibration curves. The 
latter two explanations were investigated by increasing the amount of antibody for the DuoSet 
ELISA whose design is rather flexible thereby allowing to deviate from recommended protocol, 
from 0.1 µg (manufacturer’s recommendation; this amount was actually insufficient for the 
IPE method, see Figure S-1) to 0.5 µg per sample (i.e. the amount used for IPE). Furthermore, 
the DuoSet sRAGE standard was quantified using the LC-MS assay, and ELISA data were 
corrected for the observed difference between the expected and the actual sRAGE concentrations 
(4.0 and 2.9 ng/mL, respectively) as measured by LC-MS. Upon increasing the amount of 
antibody, signals for the ELISA increased significantly (see ‘0.1 µg’ and ‘0.5 µg’ in Figure 3) 
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yielding sRAGE levels comparable with those obtained by the LC-MS assay for the QC-low 
sample, albeit to a lesser extent for the QC-medium and QC-high samples. Referencing the 
ELISA protein stock against that of the LC-MS assay, however, led to a downward adjustment 
of the sRAGE levels determined by ELISA (see ‘0.1 µg corr.’ and ‘0.5 µg corr.’ in Figure 3). 
Increasing the amount of capturing antibody in the ELISA was thus the most important factor 
to bring the results more in line with the IPE assay. However, it is conceivable that optimizing 
the calibration strategy of the ELISA, for example by employing a surrogate matrix which 
better resembles the complexity and composition of serum than the surrogate matrix used for 
the ELISA (i.e. 1% BSA in PBS), furthermore represents a strategy to improve the accuracy of 
this particular assay. 

Figure 3. sRAGE levels for the (A) QC-low, (B) QC-medium, and (C) QC-high samples as measured by the 
DuoSet ELISA using 0.1 µg (manufacturer’s recommendation; N = 2) and 0.5 µg of capturing antibody per 
well (N = 2), and also as measured by IPE LC-MS (nominal sRAGE levels as determined during validation). 
ELISA calibration was performed with the supplied sRAGE protein standard either using the protein quantity 
as declared by the manufacturer (‘0.1 µg’ and ‘0.5 µg’) or by using the corrected protein quantity upon 
referencing the ELISA protein standard against the protein standard of the LC-MS method (‘0.1 µg corr.’ and 
‘0.5 µg corr.’).

The remaining bias may be the result of the different detection principles of both assay 
platforms. Whereas readouts of an ELISA are indirect and rely on the ability of a detection 
antibody to bind the target molecule in order to generate a signal, LC-MS-based approaches 
analyze the target molecule based on protein-specific peptides. This readout is thus based on 
confined chemical information which in case of our method relates to whether a circulating 
RAGE molecule (enriched by IPE) contains the IGEPLVLK sequence. Considering this 
principle, a form of RAGE lacking the N-terminal domain which is essential for binding 
of RAGE to most of its ligands, will not be picked up by the MS-based assay, as both the 
quantifier and qualifier peptides are located in the N-terminal domain.14,24 Furthermore, the 
MS-based method does not discriminate between circulating RAGE formed upon shedding of 
membrane-bound RAGE by metalloproteases and esRAGE which is produced by alternative 
splicing of the AGER gene, since the N-terminal domain is preserved in both proteoforms.15 
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Thus, results obtained with the different assay platforms are prone to be different due to the 
distinct detection principles of both platforms and the expected heterogeneity of circulating 
RAGE molecules.

3.3.5.  Perspectives for the IPE assay
The IPE approach is easy to set up and use, antibody efficient, and a robust strategy for 
enriching low-abundant proteins like sRAGE from highly complex biological samples such as 
serum. It is conceivable that this assay format can be applied to other low-abundant proteins 
in other biological matrices and possibly also for studying protein-protein interactions or with 
the purpose of finding missing proteins (of low abundance).40,41 In fact, the IPE principle is 
currently being investigated for pull-down assays of low-abundant, intracellular proteins with 
encouraging results (data not shown). With respect to future applications, it should however be 
noted that the IPE Wash Buffer contains Tween-20 which proved to be necessary for recovery of 
sRAGE, but which may interfere with LC-MS analyses. In our case, Tween-20 did not present 
difficulties, and remaining detergent in the LC system was removed by regularly flushing the 
LC flow paths with high percentages of eluent B. This may not be possible for some other 
applications, and washing conditions may need to be optimized accordingly. Moreover, the 
use of surfactants that can be removed more easily or that are more compatible with ESI-MS 
comprises another area that needs to be investigated.  

3.4.  CONCLUSIONS

The simplified immunoprecipitation in 96-well ELISA format (IPE) methodology is an easy 
and efficient platform for immunoaffinity enrichment. Its potential for enriching proteins 
from complex matrices was demonstrated in a mass spectrometry-based workflow to quantify 
the low-abundant biomarker sRAGE in human serum. The method was validated according to 
U.S. Food and Drug Administration and European Medicines Agency guidelines and enabled 
quantification of sRAGE in human serum at clinically relevant levels (between 0.1 and 10 
ng/mL). Comparison of this assay with the two most widely-used sRAGE ELISAs revealed 
substantial correlation between all three assays; however, IPE LC-MS reported 2 to 4 times 
higher sRAGE levels compared to the ELISAs. This discrepancy can largely be explained by an 
insufficient amount of capturing antibody per well used by the ELISAs to capture all sRAGE 
in serum samples, though an improper calibration strategy of the ELISA and the different 
detection principles of both assay platforms may provide partial explanations as well. In 
conclusion, the IPE format allows to efficiently establish immunoaffinity enrichment strategies 
which may simplify and foster the study of proteins in complex matrices.
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3.6.  SUPPORTING INFORMATION

The Tables S-2 to S-19 can be found in the online version of the Supporting Information which 
is available on the ScienceDirect Publications website at DOI: 10.1016/j.talanta.2018.02.015.

Figure S-1. Results of the IPE antibody titration experiments using (A) QC-low and (B) QC-high samples 
(displayed as mean sRAGE levels plus standard deviation; N = 2).

Figure S-2. Evaluation of sRAGE recovery from human serum (endogenous sRAGE level ± 1.5 ng/mL), 1% 
BSA in PBS (BSA), and fetal calf serum (FCS) using linear regression (N = 1).
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Figure S-3. Comparisons between the individual replicates (replicate 1 = black & replicate 2 = grey) as 
measured by the quantitative IPE LC-MS sRAGE method and the R&D Systems Human RAGE DuoSet and 
Quantikine ELISAs using (A) linear regression and (B) Bland-Altman plots.
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Table S-1. MRM transitions and settings for the proteotypic sRAGE peptides and their SIL versions.

Peptide Precursor ion m/z Product ion m/z Dwell 
time (s)

Cone 
voltage 

(V)

Collision 
Energy 

(V)

IGEPLVLK 434.79 - [M+2H]2+ 755.47 - y71+ 0.05 45 16

569.40 - y51+ 0.05 45 16

698.44 - y61+ 0.05 45 14

IGEPLVL[K]a 438.79 - [M+2H]2+ 763.48 - y71+ 0.05 45 16

577.42 - y51+ 0.05 45 16

706.46 - y61+ 0.05 45 14

VLSPQGGGPWDSVAR 763.39 - [M+2H]2+ 613.80 - y122+ 0.05 60 24

657.32 - y132+ 0.05 60 24

1001.48 - y101+ 0.05 60 32

VLSPQGGGPWDSVA[R]a 768.40 - [M+2H]2+ 618.80 - y122+ 0.05 60 24

662.32 - y132+ 0.05 60 24

1011.49 - y101+ 0.05 60 32
a 13C and 15N labelled arginine (R) or lysine (K). Underlined product ions represent the quantifier ions.
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ABSTRACT 

Antibodies are indispensable tools in biomedical research, but their size, complexity, 

and sometimes lack of reproducibility created a need for the development of 

alternative binders to overcome these limitations.  Affimers are a novel class of affinity 

binders based on a structurally robust protease inhibitor scaffold (i.e. Cystatin A), 

which are selected by phage display and produced in a rapid and simple E. coli protein 

expression system. These binders have a defined amino acid sequence with defined 

binding regions and are versatile thereby allowing for easy engineering. Here we 

present an affimer-based liquid chromatography-mass spectrometry (LC-MS) method 

for quantification of the soluble Receptor of Advanced Glycation End-products 

(sRAGE), a promising biomarker for chronic obstructive pulmonary disease (COPD). 

The method was validated according to European Medicines Agency and U.S. Food and 

Drug Administration guidelines and enabled quantitation of serum sRAGE between 

0.2 and 10 ng/mL. Comparison between the affimer-based method and a previously 

developed, validated antibody-based method showed good correlation (R2 = 0.88), 

and indicated that 25% lower sRAGE levels are reported by the affimer-based assay. 

In conclusion, we show the first-time application of affimers in a quantitative LC-MS 

method, which supports the potential of affimers as robust alternatives to antibodies.
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4.1.  INTRODUCTION

Antibodies have found numerous applications in present-day biomedical research owing to 
their capability of binding antigens with high affinity and specificity. These affinity reagents 
are for example widely used for the enrichment of target molecules, the detection of target 
molecules, and the analysis of cells.1 Antibodies have furthermore become well-rooted in 
clinical practice as exemplified by the more than 60 therapeutic antibodies reaching the market 
since the first therapeutic antibody, Muromonab-CD3, received regulatory approval from the 
United States (U.S.) Food and Drug Administration (FDA) in 1986.2 
 The possibilities and importance of antibodies are beyond dispute though these proteins are 
not without their limitations.2 For example, antibodies are large and complex proteins with a 
molecular weight around 150 kilodalton featuring several disulfide bonds and N-glycosylated 
asparagine residues.3 Antibody production accordingly is a challenging and costly process. Their 
production is furthermore difficult to control as reflected in an increasing number of reports 
describing reproducibility issues.2-5 Consequently, considerable efforts have been expended in 
recent years to develop non-antibody affinity ligands, which resulted in an impressive number 
of putative antibody alternatives, including adnectins, affibodies, anticalins, avimers, DARPins, 
fynomers, knottins, and kunitz domains.2,6 Affimers which are derived from the cysteine protease 
inhibitor Cystatin A, represent another example of antibody alternatives. These innovative affinity 
ligands can be produced quickly, relatively easily, and without the use of animals. Affimers are 
small, versatile, and stable proteins which can be engineered to bind target proteins with high 
affinity and selectively.6 Examples of their application are still limited in number as affimer 
technology has only been established recently, though the few available examples do indicate 
that affimers represent attractive alternatives to antibodies, at least for some applications.7-15

 Recently, we reported on the development and validation of an antibody-based 
immunoaffinity liquid chromatography-mass spectrometry (LC-MS) method for quantification 
of the soluble Receptor of Advanced Glycation End-products (sRAGE) in human serum.16 
sRAGE has anti-inflammatory properties by acting as a decoy receptor for pro-inflammatory 
ligands in the lungs and is considered to be a promising biomarker candidate for chronic 
obstructive pulmonary disease (COPD) on the basis of findings in several large-scale clinical 
studies.17-21 In addition, sRAGE is considered to be an interesting biomarker as well for 
other diseases including diabetes mellitus, autoimmune diseases, and neurological diseases.22 
The corresponding findings are, however, all based on data obtained with a single sRAGE 
immunoassay.20 In our initial report on the antibody-based LC-MS method, we presented data 
that triggered concerns about the accuracy of the immunoassay.16 Since our antibody-based 
LC-MS method relies on antibodies from the vendor of the sRAGE immunoassay, we felt the 
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need for complementary, antibody-free strategies for enriching sRAGE to support the further 
development of sRAGE as a biomarker. 

In this study we describe the application of affimers in an LC-MS method for the 
quantification of sRAGE in human serum. The affimer-based method met the requirements 
as stipulated in the European Medicines Agency (EMA) and FDA guidelines on bioanalytical 
method validation, and its measurements correlated well with those carried out using a 
previously developed antibody-based LC-MS method. The successful application of affimers 
in a quantitative sRAGE method is expected to contribute to further elucidating the role of 
sRAGE in COPD pathophysiology and in facilitating further development for this highly 
promising COPD biomarker candidate.

4.2.  EXPERIMENTAL SECTION

4.2.1.  Chemicals and materials
Recombinant human sRAGE (rh-sRAGE; Cat. No. C423; UniProtKB ID ‘Q15109’; Ala23-
Ala344 with C-terminal hexa-histidine tag) was purchased from Novoprotein (Summit, NJ, 
U.S.A.), anti-sRAGE affimers (raised against recombinant human sRAGE from Novoprotein, 
Cat. No. C423) were produced and supplied by Avacta Life Sciences (Wetherby, U.K.), and 
stable-isotope-labeled RAGE peptides (i.e. IGEPLVLK* & VLSPQGGGPWDSVAR*) were 
synthesized by Pepscan Presto (Lelystad, The Netherlands). Acetonitrile (ACN; LC-MS grade) 
was obtained from Biosolve (Valkenswaard, The Netherlands) and sequencing grade modified 
trypsin was purchased from Promega (Madison, WI, U.S.A.). Nunc-Immuno™ MicroWell™ 
96 wells plates with MaxiSorp™ coating (Cat. No. M9410), bovine serum albumin (BSA; 
Cat. No. A7638), Trizma base (tris; Cat. No. T6791), and phosphate buffered saline (PBS; 
10×; Cat. No. D1408) as well as all other chemicals were purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherlands).

4.2.2.  Serum samples
Pooled human serum from Seralab (West Sussex, U.K.) was diluted with 10 mM tris-buffered 
saline, pH 7.5 (TBS Buffer) containing 1% BSA for preparation of the QC-low sample or 
was fortified with recombinant RAGE at two levels to obtain the QC-medium and QC-
high samples. Recovery and spike recovery experiments were carried out using six different 
sources of human serum from healthy subjects (all from Seralab). Recovery and spike recovery 
experiments were furthermore performed on a lipemic serum sample (triglyceride content 
>150 mg/dL; obtained from Seralab) and a hemolytic sample which was prepared by adding 
freeze-thawed whole blood (2%) to human serum. 
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4.2.3.  Calibrants and internal standard
Lyophilized sRAGE was dissolved in Milli-Q water to obtain a 200 µg/mL solution (based on 
the quantity as declared by the supplier) which was diluted to 100 µg/mL with 1× PBS, pH 
7.4 (PBS Buffer) after verifying the absence of proteins other than sRAGE using SDS-PAGE 
and MALDI-TOF MS. The resulting solution was sequentially diluted to 100 ng/mL with 
1% BSA in TBS Buffer (Surrogate Matrix), and calibration samples were prepared at 0.1, 0.2, 
0.5, 1.0, 2.0, 5.0, 8.0 and 10.0 ng/mL in Surrogate Matrix. The internal standard (IS) stock 
solution was prepared by mixing equimolar amounts of the two SIL-peptides (supplied as 5 
pmol/µL solutions in 5% ACN) and subsequently diluting these peptides to 5 fmol/µL with 
1% dimethyl sulfoxide (DMSO) in water.

4.2.4.  Affimer-based sRAGE capture and in-well digestion
(1: plate coating) Microplate wells were coated overnight (room temperature) with 100 µL 
PBS Buffer containing 0.5 µg of the affimers B7 and G10 (affimers were supplied as 1 mg/
mL solutions in citrate buffered saline, pH 6.5 containing 5 mM TCEP and 0.02% sodium 
azide). (2: plate blocking) After removal of unbound affimers by three washing steps with 300 
µL Wash Buffer (0.05% Tween-20 in TBS Buffer), uncoated surface was blocked with 300 µL 
Blocking Buffer (0.01% BSA in TBS Buffer) for 30 minutes while shaking on a plate shaker 
(600 RPM; room temperature). (3: sRAGE capture) Wells were washed three times with 300 
µL Wash Buffer, and 100 µL of Sample Solution (for which 60 µL of serum was pre-mixed 
with 60 µL Surrogate Matrix to allow quantitative transfer of Sample Solution) was added to 
the wells for the capture of sRAGE (120 min; 600 RPM; room temperature). (4: disulfide 

bond reduction) After three washing steps with 300 µL Wash Buffer, 100 µL Digestion Buffer 
(50 fmol/mL SIL-peptides in 50 mM ammonium bicarbonate (ABC) containing 10 mM 
TCEP) was added to the wells, and disulfide bonds were reduced following 30 minutes of 
incubation (600 RPM; room temperature). (5: cysteine alkylation) Thiols were alkylated in 
20 mM iodoacetamide (IAM) (5 µL 420 mM IAM in ABC) for 30 minutes in the dark (600 
RPM; room temperature) after which non-reacted IAM was quenched with a 0.5 molar excess 
of DTT (5 µL 210 mM DTT in ABC). (6: trypsin digestion) 100 ng of trypsin was added 
to each sample, plates were sealed with a 96 well cap mat (Screening Devices B.V., Cat. No. 
SD964075), and proteins were digested following overnight incubation in an oven kept at 
37 °C. Next, plates were briefly centrifuged in a plate centrifuge to spin down droplets and 
condensation, and the digests were acidified through addition of 5 µL of 25% formic acid 
(FA). 



72 

|  CHAPTER IV

4.2.5.  LC-MS
Analyses were performed with a Waters Ionkey/MS system using an ACQUITY M-Class UPLC 
and a XEVO TQ-S mass spectrometer (Milford, MA, U.S.A.). Chromatographic separation 
was achieved on a C18-bonded Waters iKey HSS T3 Separation Device (1.8 μm particles, 100 
Å pore size, 150 μm × 100 mm; Cat. No. 186007261) which was kept at 40 °C, using 0.1% 
FA in H2O as mobile phase A and 0.1% FA in ACN as mobile phase B. 20 µL of sample was 
loaded onto a Dionex Acclaim PepMap100 C18 trap column (5 μm particles, 100 Å pore 
size, 300 μm × 5 mm; Cat. No. 160454) for 2.5 min with 3% B at 20 µL/min. Subsequently, 
peptides were separated on the analytical column at 3 µL/min with a 10 minute linear gradient 
from 3 to 33% B, after which the column was cleaned (0.6 min at 60% B and 2.1 min at 95% 
B) and equilibrated (4.3 min at 3% B). Mass spectrometric detection was performed using the 
following conditions: ESI positive, capillary voltage 3.5 kV, cone voltage 30 V, source offset 
50 V, source temperature 120 °C, cone gas (nitrogen) flow 150 L/h, sheath (nanoflow) gas 
(nitrogen) flow 0.2 Bar, and collision gas (argon) flow 0.15 mL/min. MRM transitions and 
settings for IGEPLVLK (selected for quantification) and VLSPQGGGPWDSVAR (selected 
for confirmation) are presented in Table S-1. The Ionkey/MS system was operated under the 
Waters MassLynx software suite (version 4.1), and the TargetLynx module of this package was 
used for data processing.  

4.2.6.  Method validation
The method was validated according to EMA and FDA guidelines, and the following criteria 
were addressed: selectivity (e.g. spike recovery and ligand challenge tests), accuracy & precision, 
recovery, calibration curve, and stability (e.g. 28 days benchtop, 10× freeze-thaw, and 13 days 
autosampler (10 °C)).23,24 For the recovery experiment, samples were fortified with 5 ng/mL 
sRAGE either before or after sRAGE capture to obtain the pre-capture and post-capture spiked 
samples, respectively. The sRAGE dilutions for the recovery experiment were prepared in 50 
mM ABC since adding Surrogate Matrix to the post-capture spiked samples would introduce 
excessive BSA to the samples thereby interfering with digestion and LC-MS analysis. sRAGE in 
Surrogate Matrix was used for the spike-recovery experiments, and the corresponding spiking 
procedure was similar to that of the pre-capture spiked samples of the recovery experiment. Ligand 
challenge tests were performed by adding 200 ng of fully-reduced HMGB1 (HMGBiotech, 
Milano, Italy; Cat. No. HM-116), S100A12 (Novoprotein; Cat. No. C743), serum amyloid A1 
(SAA1; Novoprotein; Cat. No. C633), and Nε-(carboxymethyl)lysine-modified bovine serum 
albumin (CML-BSA; Academy Bio-Medical Co., Houston, TX, U.S.A.; Cat. No. 30P-CML-
BS102) to the samples. For recovery and selectivity experiments, samples were incubated for at 
least 30 minutes following addition of sRAGE or the ligands prior to initiating sRAGE capture.
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4.2.7.  Method comparison
For method comparison, 40 serum samples were analyzed from a cross-sectional study 
(NCT00807469) within the University Medical Center Groningen (UMCG).25 Ethical 
approval for this study has been granted by the UMCG’s review board (METc 2008/136), and 
the study adheres to the Declaration of Helsinki. Blood samples were collected as described 
previously.16 In all 40 samples, sRAGE was quantified using the affimer-based sRAGE assay as 
well as with the previously described antibody-based sRAGE assay.16 

4.3.  RESULTS AND DISCUSSION

4.3.1.  Affimer-based sRAGE enrichment
The affimers were supplied with an added C-terminal cysteine residue (see Figure 1) which 
allows coupling of the affimers to maleimide-activated solid supports (e.g. microtiter plates, 
magnetic beads) through formation of stable thioether bonds, thus allowing for controlled 
orientation for a capture surface. Initially, the performance of the three affimers – A11, B7, and 
G10 – was assessed on the basis of recombinant human sRAGE (rh-sRAGE) spiked into saline-
based buffers (e.g. PBS, TBS) at high concentrations (0.1-1 µg/mL) and by using maleimide-
activated microtiter plates (Thermo Fisher Scientific, Cat. No. 15150) or magnetic beads 
(Cube Biotech, Cat. No. 51201) according to the manufacturer’s instructions. When affimer 
performance testing was extended to more complex samples (e.g. 1% BSA in TBS, serum) 
fortified with rh-sRAGE, it was observed that an increased matrix complexity led to decreased 
signals for rh-sRAGE. Specifically, the relative peak areas for two sRAGE peptides (see data for 
rh-sRAGE in Figure 2) were around 10 times lower than expected based on samples containing 
the same amount of sRAGE spiked in buffer only. In addition, it was found that the individual 
affimers were incapable of enriching endogenous sRAGE from serum (see data for non-spiked 
serum and the individual affimers in Figure 2). However, endogenous sRAGE was successfully 
enriched when combining the B7 affimer with at least one of the two other affimers (see data 
for non-spiked serum and the affimer combinations in Figure 2). 
 We hypothesized that the B7 affimer may ‘unveil’ the binding sites of the other two 
affimers, and furthermore reasoned that the observed extraction differences for endogenous and 
recombinant sRAGE may be due to different ligands being bound to these proteins. Differences 
in ligand binding may, for example, be explained by varying N-glycans on asparagine residues 
25 and 81 of sRAGE, which are proposed to determine the ligands to which sRAGE will bind.26 
Alternatively, it could be possible that one affimer alone does not bind endogenous sRAGE 
strongly enough to extract it from the complex environment of serum comprising numerous 
sugars, lipids, electrolytes, metabolites, and proteins. Minor structural differences between the 
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binding sites of endogenous and recombinant sRAGE may in such a case represent a plausible 
explanation for the varying extraction behaviors that we observed thereby pointing to a general 
difficulty when using recombinant proteins as surrogates for the corresponding endogenous 
proteins. It is also possible that the affimers used in combination create an avidity effect, thus 
increasing binding efficiency by targeting discontinuous conformational epitopes of sRAGE. 
In order to rule out any batch-specific effect, we requested the production of a second batch 
of affimers, which confirmed the need for using a combination of affimer B7 with one of the 
other two affimers. Corresponding experiments furthermore revealed excellent batch-to-batch 
consistency for the affimers’ effectiveness in enriching sRAGE from serum (see Figure S-1). 
With respect to the affimer binding sites, we aimed to provide an estimate of their locations by 
means of epitope slicing and epitope extraction experiments for which we used the proteases 
trypsin and GluC. However, we were unable to map any of the affimer binding sites, which 
suggests the presence of conformational binding sites. In addition, in other experiments we 
observed that sRAGE could not be enriched from samples that were acidified and subsequently 
neutralized, which hints at conformational binding sites as well. 
 We evaluated the affimers’ performance in a quantitative workflow for serum sRAGE by 
coating the best performing affimer combination (i.e. B7 and G10, see Figure 2) on adsorptive 
microtiter plates, which represent a more straightforward alternative to the maleimide-
activated solid supports, in analogy to our antibody-based sRAGE method.16 The method was 
optimized with respect to affimer coating, sRAGE enrichment, and protein digestion resulting 
in the final protocol as outlined in the ‘Experimental’ section (see Table S-2 for details). The 
resulting method fulfilled all requirements as stipulated in regulatory guidance documents on 
bioanalytical method validation (see ‘Method Validation’ section below). Still, we acknowledge 
that elucidating the mechanism behind the multi-affimer requirement would be desirable 
to exploit the affimers to their full potential. We furthermore acknowledge that calibration 
materials for complex analytes such as proteins are potential sources of bias as it is implausible 
that one recombinant protein can adequately represent all different forms of the analyte (so-
called ‘proteoforms’ or ‘protein species’)27,28 which are present in biological samples. 

Figure 1. Amino acid sequence of the affimer scaffold in which the added C-terminal cysteine residue and a 
hexahistidine-tag as well as the sequences of the inserted loops relevant for sRAGE binding are indicated.
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Figure 2. Performance evaluation of the individual affimers A11, B7, and G10 (indicated as A, B, and G, 
respectively) as well as all affimer combinations based on enrichment of endogenous sRAGE and/or recombinant 
human sRAGE (rh-sRAGE) from 1% BSA in TBS (BSA) and human serum, which contained endogenous 
sRAGE at a level of approximately 1 ng/mL. The figure shows the mean relative peak areas (plus standard 
deviations; N = 3) of the proteotypic sRAGE peptides IGEPLVLK (in black; selected as quantifier peptide) and 
VLSPQGGGPWDSVAR (in grey; selected as qualifier peptide due to its deamidation-sensitive ‘QG’ sequence 
motive and due to a single nucleotide polymorphism leading to substitution of the C-terminal arginine by a 
cysteine (e.g. rs116828224) occurring in 0.6% of the population).

4.3.2.  Quantitative assay development
We aimed to develop an alternative for our previously developed antibody-based sRAGE LC-
MS assay, and accordingly adopted the same internal standard quantification approach using 
stable-isotope-labelled (SIL) peptides. Details on the selection of the SIL-peptides can be 
found in the corresponding publication.16 
 Affimer titration experiments indicated that 0.5 µg of the affimers is sufficient for the 
reliable and reproducible enrichment of endogenous sRAGE across the entire concentration 
range that is relevant for sRAGE quantification in human serum (see Figure S-2). For 
preparation of the calibration curves, we tested 1% BSA in TBS and fetal calf serum (FCS) as 
surrogate matrices given that analyte-free, authentic matrix could not be obtained. The slopes 
of calibration curves prepared by spiking recombinant sRAGE in the BSA-based matrix and 
in human serum were similar as judged from the overlapping 95% confidence intervals (see 
Figure S-3). Enrichment of sRAGE from FCS was, however, slightly, yet significantly less 
efficient compared to serum (see Figure S-3). Consequently, the suitability of 1% BSA in 
TBS as surrogate matrix was tested further during method validation. Corresponding spike-
recovery experiments yielded an acceptable bias of ± 15% (see the ‘Method validation’ section 
below), and we therefore employed 1% BSA in TBS as surrogate matrix for preparation of 
calibrants in analogy to our antibody-based sRAGE LC-MS assay.
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4.3.3.  Method validation
Table 1 features a concise summary of the validation results while a full overview is given 
in the Tables S-3 to S-15 (Supporting Information). Accurate quantification of sRAGE was 
demonstrated for a 1/x weighted linear calibration model using 7 non-zero standards between 
0.2 ng/mL (LLOQ: CV & bias < 20%) and 10 ng/mL. We did not reach the LLOQ of our 
previously developed antibody-based sRAGE LC-MS method16 (i.e. 0.1 ng/mL), since the 0.1 
ng/mL calibration standard in the third accuracy and precision run deviated too much from 
the predicted sRAGE level (see Table S-16). This result was the sole obstacle to demonstrating 
an LLOQ of 0.1 ng/mL (see Table S-17), and we therefore did include a summary of the 
validation results based on an LLOQ of 0.1 ng/mL in the Supporting Information (see Table 
S-18). Levels of background noise were furthermore comparable for both methods, and peak 
areas were similar too, as is exemplified by the LLOQ selected ion chromatograms presented 
in Figure 3. With respect to the required LLOQ, we can state that we did not observe sRAGE 
levels below 0.4 ng/mL in around 1,000 samples from various clinical studies, and we therefore 
consider that an LLOQ of 0.2 ng/mL will not affect the applicability of the affimer-based 
method.

Figure 3. Selected Ion Chromatograms of the y7+ (quantifier), y5+ (qualifier 1), and y6+ (qualifier 2) fragments 
of the sRAGE-derived proteotypic peptide IGEPLVLK at 0.1 ng/mL in Surrogate Matrix obtained by (A) the 
affimer-based method and (B) the antibody-based method.16 The y-axes of the three MRM traces were linked 
and scaled to the highest observed signal observed in these traces. The presented peak areas represent the average 
values for all samples which were measured for the lower limit of quantification (LLOQ) determination. No 
statistically significant differences (p < 0.05, two-tailed Student’s t-test) between both methods were observed 
for all three fragments. 
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 Evaluation of accuracy and precision revealed acceptable biases and CVs (within ± 
15%), which were slightly higher for the QC-low compared to the QC-medium and QC-
high samples. The recovery of the affimer-based enrichment procedure was high (>90%) and 
precise (CVs <10%) when considering the average of duplicate measurements as well as when 
based on the individual replicates. Furthermore, assessment of sample stability after 28 days 
of storage on the benchtop (room temperature) and upon 10 freeze-thaw cycles indicated that 
sRAGE is a rather stable biomarker, based on the sites that are recognized by the affimers and 
the proteotypic peptide that is used for sRAGE quantification by LC-MS. 

Table 1. Summary of validation data.a

QC-low QC-medium QC-high

CV biasb CV biasb CV biasb

accuracy & precision 
(3 runs, in 6-fold)

run 1 10% -4% 4% -3% 5% 1%
run 2 11% -4% 6% 1% 7% -1%
run 3 5% 8% 8% 3% 7% 0%

autosampler stability 10 °C 
(13 days, in 3-fold) 5% -14% 14% -1%

bench-top stability room temperature 
(28 days, in 3-fold) 7% -15% 6% -11%

freeze-thaw stability -20 °C 
(10 cycles, in 3-fold) 11% -13% 7% -1%

replicate 1 replicate 2 average of replicates

recovery CV recovery CV recovery CV

recovery 
(6 different serum samples, in 1- or 2-fold) 91% 9% 97% 8% 94% 4%

replicate 1 replicate 2 average of replicates

bias bias bias

spike recovery 
(6 different serum samples, in 1- or 2-fold) 10% 10% 10%

recovery bias (spike 
recovery)

lipemic sample (spike) recovery
(in 2-fold) 95% -2%

hemolytic sample (spike) recovery 
(in 2-fold) 91% 7%

0.2 ng/mL 
calibrant 0.2 ng/mL calibrant

CV bias CV bias

HMGB1 challenge 
(4 µg/mL, in 5-fold) 13% -6% SAA1 challenge 

(4 µg/mL, in 5-fold) 9% 15%

S100A12 challenge 
(4 µg/mL, in 5-fold) 11% 7% CML-BSA challenge 

(4 µg/mL, in 5-fold) 12% 2%

a An extensive summary of the validation results is presented in Tables S-3 to S-15 (Supporting Information). 
b The average value of measured concentrations during the precision and accuracy experiments was used as nominal 
concentration



78 

|  CHAPTER IV

To assess the selectivity of the sRAGE method, spike-recovery and ligand challenge testing 
experiments were carried out. The spike-recovery experiments which included six different 
sources of serum, a lipemic sample, and a hemolytic sample, revealed acceptable biases 
within ± 15%. Ligand challenge testing was performed by fortifying 0.2 ng/mL calibrants 
with >10,000-times molar excesses of high mobility group box 1 protein (HMGB1) which 
is the most studied and characterized RAGE ligand29,30, S100 calcium-binding protein A12 
(S100A12) and serum amyloid A1 (SAA1) as examples of damage-associated molecular 
pattern (DAMP) proteins known to bind RAGE31,32, or Nε-(carboxymethyl)lysine-modified 
bovine serum albumin (CML-BSA), which we included as surrogate for advanced glycation 
end-product-modified proteins.18 Ultimately, none of the tested ligands affected the measured 
sRAGE levels. 

Figure 4. Comparison between the affimer-based sRAGE LC-MS assay and a previously developed antibody-
based LC-MS method for sRAGE quantification16 using (A) linear regression and (B) the Bland-Altman plot.

4.3.4.  Method comparison
Agreement between the affimer-based LC-MS sRAGE assay and the previously developed 
antibody-based LC-MS sRAGE assay16 was assessed on the basis of 40 clinical samples using 
linear regression and Bland-Altman plots (see Figure 4). Comparison between both methods 
revealed good correlation (R2 = 0.88) but also showed that around 25% lower sRAGE levels 
were reported by the affimer-based assay. Given that the same sRAGE stock was used for 
preparation of the calibrants for both methods, the observed difference likely represents a 
biology-based bias rather than a calibration-related artifact. While the reason for this slight bias 
remains unclear at present, it is conceivable that the different affinity ligands enrich a different 
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subset of sRAGE proteoforms or that sRAGE molecules bound to specific sRAGE ligands 
are enriched with different efficiencies by the two methods. Thereby, these data emphasize 
the need to differentiate between sRAGE proteoforms and to study the ‘sRAGE ligandome’ 
in order to gain a better insight in the biological role and clinical biomarker potential of this 
protein.

4.4.  CONCLUSIONS

Affimers are attractive alternatives to antibodies for binding target proteins with high affinity 
and specificity. Their exceptional thermal and chemical stability and the fact that affimers can 
be produced easily in bacterial cultures (E. coli) in a reproducible and scalable manner are clear 
advantages towards their use as reagents in clinical and bioanalytical assays. In our study we 
showed the application of affimers in an LC-MS-based method for quantification of the low-
abundant biomarker sRAGE in human serum. The novel method was validated according to 
EMA and FDA guidelines and enabled quantification of serum sRAGE at clinically relevant 
levels between 0.2 and 10 ng/mL. Moreover, the method showed good correlation with a 
previously developed, fully validated, antibody-based LC-MS method for serum sRAGE 
quantification, although 25% lower sRAGE levels were reported by the affimer-based method. 
In conclusion, affimers are small and versatile affinity ligands with significant potential for 
biomedical applications as alternatives to antibodies.
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4.6.  SUPPORTING INFORMATION

The Tables S-3 to S-18 can be found in the online version of the Supporting Information 
which is available on the ACS Publications website at DOI: 10.1021/acs.jproteome.8b00414.

Figure S-1. Equivalence testing of two different affimer batches based on fivefold analysis of the QC-medium 
serum sample. Batch 1, produced in January/February 2016, had been stored at -20 °C for two years and had 
undergone numerous freeze-thaw cycles. Batch 2, produced in January/February 2018, was placed in the fridge 
(2-8 °C) upon arrival and was kept refrigerated until the experiments were carried out (4 days after arrival). 
The figure shows the mean relative peak areas (plus standard deviations; N = 5) of the proteotypic sRAGE 
peptides IGEPLVLK (in black) and VLSPQGGGPWDSVAR (in grey). No statistically significant differences 
(p < 0.05, two-tailed Student’s t-test) were observed between the batches.
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Figure S-2. Results of affimer titration experiments using (A) QC-low and (B) QC-high samples (N = 2).

Figure S-3. Evaluation of sRAGE recovery from human serum (endogenous sRAGE level approximately 1 ng/
mL), 1% BSA in PBS (BSA), and fetal calf serum (FCS) using linear regression (N = 1).
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Table S-1. MRM transitions and settings for the proteotypic sRAGE peptides and their SIL versions.

Peptide Precursor ion 
m/z

Product ion 
m/z

Dwell time 
(s)

Cone voltage 
(V)

Collision 
Energy (V)

IGEPLVLK 434.79 - [M+2H]2+ 755.47 - y71+ 0.05 45 16

569.40 - y51+ 0.05 45 16

698.44 - y61+ 0.05 45 14

IGEPLVL[K]a 438.79 - [M+2H]2+ 763.48 - y71+ 0.05 45 16

577.42 - y51+ 0.05 45 16

706.46 - y61+ 0.05 45 14

VLSPQGGGPWDSVAR 763.39 - [M+2H]2+ 613.80 - y122+ 0.05 60 24

657.32 - y132+ 0.05 60 24

1001.48 - y101+ 0.05 60 32

VLSPQGGGPWDSVA[R]a 768.40 - [M+2H]2+ 618.80 - y122+ 0.05 60 24

662.32 - y132+ 0.05 60 24

1011.49 - y101+ 0.05 60 32
a 13C and 15N labelled arginine (R) or lysine (K). Underlined product ions represent the quantifier ions.
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Table S-2. Summary of method optimization experiments and outcomes.

Parameter Testing conditions/range Outcome

Plate coating:

 Affimer amount 0.1 – 1 µg per sample see Figure S-2

 Coating buffer 10 mM PBS & 10 mM TBS PBS ≥ TBS

 Coating duration 4 hours & overnight overnight >> 4 hours

 Coating temperature room temperature & 37 °C room temperature >> 37 °C

Plate blocking:

 BSA concentration 0.01% – 1% 0.01% = 0.1% = 1%

 Blocking duration 30 – 120 minutes 30 minutes = 60 minutes = 
120 minutes

Plate washing:

 Wash buffer PBS & TBS TBS > PBS

 Wash buffer strength 10 mM – 1,000 mM 10 mM = 100 mM = 1,000 mM

 Wash buffer pH 6.5 – 8.5 6.5 = 7.0 = 7.5 = 8.0 = 8.5

 Detergent addition 0.005% – 0.1% Tween-20 0.05% > 0.1% > 0.01% >> 0.005%

 Additional detergent-free wash step with & without extra wash step 
with TBS

added wash is not beneficial

sRAGE capture:

 Incubation duration 10 – 120 minutes ≥ 90 minutes is required

sRAGE denaturation/proteolysis:

 Digestion strategy indirect digestiona & in-well 
digestion

in-well digestion is a faster 
alternative

 Reducing agent DTT (60 °C) & TCEP 
(25 and 60 °C)

TCEP (25 °C) > TCEP (60 °C) 
> DTT (60 °C)

 Protease trypsin & trypsin/Lys-C trypsin > trypsin/Lys-C

a sRAGE denaturation and proteolysis performed after eluting sRAGE from the affimers with 0.1% aqueous TFA, 
evaporating the samples to dryness in a vacuum centrifuge, and reconstitution of proteins in digestion buffer (following 
the simplified immunoprecipitation in 96-well ELISA format (IPE) strategy as previously developed for the antibody-
based sRAGE method).
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ABSTRACT

The study of low abundant proteins contributes to increasing our knowledge 

about (patho)physiological processes and may lead to the identification and clinical 

application of disease markers. However, studying these proteins is challenging as 

high-abundant proteins complicate their analysis. Antibodies are often used to 

enrich proteins from biological matrices prior to their analysis, though antibody-

free approaches have been described for some proteins as well. Here we report an 

antibody-free workflow on the basis of strong cation exchange (SCX) enrichment and 

liquid chromatography-mass spectrometry (LC-MS) for quantification of the soluble 

Receptor of Advanced Glycation End-products (sRAGE), a promising biomarker in 

chronic obstructive pulmonary disease (COPD). sRAGE was quantified in serum at 

clinically relevant low to sub ng/mL levels. The method was validated according to 

U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) 

guidelines and was compared to an antibody-based LC-MS sRAGE method. The SCX-

based method builds upon the bipolar charge distribution of sRAGE, which has a highly 

basic N-terminal part and an acidic C-terminal part resulting in an overall neutral 

isoelectric point (pI). The highly basic N-terminal part (pIcalculated = 10.3) allowed for 

sRAGE to be enriched by SCX at pH 10, a pH at which most serum proteins do not 

bind. This study shows that ion exchange-based enrichment is a viable approach for 

the LC-MS analysis of several low abundant proteins following a thorough analysis of 

their physical-chemical properties.
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5.1.  INTRODUCTION

The quantification of proteins in blood-based samples is one of the hallmarks of modern 
laboratory medicine and allows for the diagnosis and staging of disease as well as for monitoring 
disease progression and treatment efficacy. Blood is, however, a highly complex matrix with 
only a few proteins (e.g. albumin, immunoglobulins) accounting for most of the total protein 
content.1 These high abundant proteins complicate the analysis of many other proteins and 
often need to be depleted to enable the detection of clinically relevant proteins of lower 
abundance.2,3

 Antibody-based enrichment procedures are commonly used to enrich low abundant 
proteins prior to their quantification, yet it has been shown in recent years that antibody-
free workflows can quantify proteins in the ng/mL range as well.4 Antibody-free workflows 
are based on specific properties of a target protein that allow it to be separated from most 
other proteins in a biological sample. For example, some small, hydrophobic proteins can be 
enriched following protein precipitation procedures in which these smaller proteins remain 
in solution while larger proteins denature and precipitate.5 In addition, proteins exhibiting 
regions rich in histidine, cysteine, and/or tryptophan residues, which form complexes with 
transition metal ions (e.g. Zn2+, Cu2+, Ni2+, Co2+), can be enriched by immobilized metal affinity 
chromatography (IMAC).6 Solid-phase extraction (SPE) furthermore offers a range of options 
for efficient enrichment of protein subclasses with specific physical-chemical properties. For 
example, proteins with an elevated net negative or positive charge can be enriched by strong 
anion exchange (SAX) or strong cation exchange (SCX)-based procedures, respectively.4

 The soluble Receptor of Advanced Glycation End-products (sRAGE) is an example of a 
clinically relevant protein of low abundance, which can currently only be quantified using 
affinity ligands (e.g. antibodies). This protein is a circulating form of membrane-bound 
RAGE, an important receptor of the innate immune system that is involved in triggering and 
sustaining inflammation, in particular in the lungs.7 sRAGE is formed after proteolytic cleavage 
of RAGE by metalloproteases (e.g. ADAM10, MMP9) or by alternative splicing of the AGER 
gene leading to the so-called endogenous secretory RAGE (esRAGE) splice variant. sRAGE 
is proposed to act as a decoy receptor for various pro-inflammatory RAGE ligands thereby 
attenuating inflammation.8-11 Several large-scale clinical studies advanced sRAGE as promising 
biomarker for chronic obstructive pulmonary disease (COPD), and sRAGE is currently being 
considered for biomarker qualification by the U.S. Food and Drug Administration (FDA).12,13 
 sRAGE is a member of the immunoglobulin superfamily and consists of three 
immunoglobulin-like domains, the N-terminal ‘V domain’, the ‘C1 domain’, and the 
C-terminal ‘C2 domain’, which together result in a fairly neutral isoelectric point (pI).7,8 
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However, the V domain of sRAGE displays a net positive charge at neutral pH due to 16 
positively charged amino acids versus 7 negatively charged residues, whereas its C2 domain 
displays a net negative charge at neutral pH by carrying 10 negatively charged amino acids 
versus 3 positively charged residues (see Figure S-1). The bipolar charge distribution of sRAGE 
thereby provides opportunities for ion exchange-based protein enrichment, which is not 
obvious when solely considering the average pI of this protein.

In this study, we developed an ion-exchange-based enrichment approach for the 
quantification of sRAGE in human serum by liquid chromatography-mass spectrometry (LC-
MS) at clinically relevant low to sub ng/mL levels. In addition, we identified other low abundant 
proteins for which ion-exchange-based protein enrichment may represent an alternative to the 
commonly-used affinity-based strategies for quantification by LC-MS.

5.2.  EXPERIMENTAL SECTION

5.2.1.  Chemicals and Materials
Recombinant human sRAGE (rh-sRAGE; Cat. No. C423; UniProtKB ID ‘Q15109’; Ala23-
Ala344 with C-terminal hexa-histidine tag) was purchased from Novoprotein (Summit, 
NJ, U.S.A.) and stable-isotope-labeled sRAGE peptides (SIL peptides; i.e. IGEPLVLK* & 
VLSPQGGGPWDSVAR*) were synthesized by Pepscan Presto (Lelystad, The Netherlands). 
TSKgel SP-3PW SCX resin (250 Å; Cat. No. 0021977; this resin was used for all experiments 
described in this manuscript unless stated otherwise), TSKgel SP-5PW SCX resin (1000 
Å; Cat. No. 0043282), and TSKgel SuperQ-5PW SAX resin (1000 Å; Cat. No. 0043283) 
were supplied by Tosoh Bioscience (Darmstadt, Germany) and empty solid-phase extraction 
reservoirs (Cat. No. 120-1111-A) were purchased from Biotage (Uppsala, Sweden). Acetonitrile 
(Cat. No. 01200702) was obtained from Biosolve (Valkenswaard, The Netherlands), ethanol 
(Cat. No. 1.00983.2500) from VWR (Amsterdam, The Netherlands), ammonia (Cat. No. 
1054321000) from Merck (Amsterdam, The Netherlands), and sequencing grade modified 
trypsin (Cat. No. V5111) from Promega (Madison, WI, U.S.A.). Acetic acid (Cat. No. 
1000631000), ammonium acetate (Cat. No. 73594), and all other chemicals were purchased 
from Sigma-Aldrich (Zwijndrecht, The Netherlands).

5.2.2.  Serum Samples
Pooled human serum from Seralab (West Sussex, U.K.) was used directly as QC-low sample or 
was fortified with rh-sRAGE at two levels to obtain the QC-medium and QC-high samples. 
Recovery and spike recovery experiments as well as shotgun proteomics experiments were 
carried out using six different sources of human serum from healthy subjects (all from Seralab).
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5.2.3.  Calibrants and Internal Standard
rh-sRAGE was dissolved in Milli-Q water to obtain a 200 µg/mL solution (based on the 
quantity as declared by the supplier) which was diluted to 100 µg/mL with 10 mM phosphate 
buffered saline, pH 7.4. The resulting solution was sequentially diluted to 100 ng/mL with rat 
serum, and calibration samples were prepared at 0.2, 0.5, 1.0, 2.0, 5.0, 8.0 and 10.0 ng/mL in 
rat serum. The internal standard (IS) stock solution was prepared by mixing equimolar amounts 
of the two SIL-peptides (supplied as 5 pmol/µL solutions in 5% ACN) and subsequently 
diluting these peptides to 5 fmol/µL with 1% dimethyl sulfoxide (DMSO) in water.

5.2.4.  SCX-Based sRAGE Enrichment
The supplied suspension of the SCX resin was homogenized by agitation and 100 µL of this 
suspension was transferred to a microcentrifuge tube. The resin was washed with 800 µL 
ethanol and then with 800 µL 20 mM ammonium acetate, pH 10 (SCX buffer) by gentle 
vortex-mixing after which the resin was pelleted by centrifugation (3,000 × g; 2 min), and 
the washing solution was discarded. Next, the resin was resuspended in 750 µL SCX buffer 
and 50 µL of serum (or calibrant) was added. After 15 minutes of incubation on a rotating 
wheel, the sample was briefly centrifuged to spin down droplets from the lid, and the resin 
was loaded into an empty SPE reservoir which was placed in a Varian CerexTM SPE processor 
(positive pressure was applied to let solvents pass through the SPE reservoirs in a dropwise 
manner)  and which had been rinsed with 1 mL water. The resin was subsequently washed with 
1 mL SCX buffer, and sRAGE was eluted with 250 µL of a 1% aqueous ammonia solution 
and then collected in low binding tubes (Eppendorf; Cat. No. 525-0133) containing 50 µL 
of a 15% aqueous acetic acid solution. After drying the eluate in a vacuum centrifuge at 60 
°C, the residue was reconstituted in 50 μL Digestion Buffer (100 fmol/mL SIL-peptides in 
100 mM ammonium bicarbonate (ABC)). Next, disulfide bonds were reduced with 10 mM 
dithiothreitol (DTT; 5 μL 110 mM DTT in ABC) for 30 min (60 °C; 600 RPM), and thiols 
were alkylated with 20 mM iodoacetamide (IAM; 5 μL 240 mM IAM in ABC) for 30 min 
in the dark (room temperature). After quenching the excess of IAM with a 0.5 molar excess 
of DTT (5.5 μL of 110 mM DTT), 100 ng trypsin was added to each sample, and proteins 
were digested overnight (37 °C; 600 RPM). The digests were acidified by adding 5 μL of 
25% formic acid (FA), and 20 μL of sample was analyzed by LC-MS in the multiple reaction 
monitoring (MRM) mode.

5.2.5.  Targeted analysis by LC-MRM/MS
Targeted analyses were performed on a Waters Ionkey/MS system using an ACQUITY M-Class 
UPLC and a XEVO TQ-S mass spectrometer (Milford, MA, U.S.A.). Chromatographic 
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separation was achieved on a C18-bonded Waters iKey HSS T3 Separation Device (1.8 μm 
particles, 100 Å pore size, 150 μm × 100 mm; Cat. No. 186007261) at 40 °C using 0.1% 
FA in H2O as mobile phase A and 0.1% FA in ACN as mobile phase B. 20 µL of sample was 
loaded onto a Dionex Acclaim PepMap100 C18 trap column (5 μm particles, 100 Å pore 
size, 300 μm × 5 mm; Cat. No. 160454) for 4.5 min with 3% B at 20 µL/min. Peptides were 
subsequently separated on the analytical column at 3 µL/min with a 10 minute linear gradient 
from 3 to 33% B, after which the column was cleaned (0.6 min at 60% B and 2.1 min at 95% 
B) and equilibrated (4.3 min at 3% B). Mass spectrometric detection was performed using the 
following conditions: ESI positive, capillary voltage 3.5 kV, cone voltage 30 V, source offset 
50 V, source temperature 120 °C, cone gas (nitrogen) flow 150 L/h, sheath (nanoflow) gas 
(nitrogen) flow 0.2 bar, and collision gas (argon) flow 0.15 mL/min. MRM transitions and 
settings for IGEPLVLK (selected for quantification) and VLSPQGGGPWDSVAR (selected 
for confirmation) are presented in Table S-1. The Ionkey/MS system was operated under the 
Waters MassLynx software suite (version 4.1), and the TargetLynx module of this package was 
used for data processing.

5.2.6.  Method validation and comparison
The method was validated according to EMA and FDA guidelines by addressing the following 
criteria: selectivity (e.g. spike recovery), accuracy & precision, recovery, calibration curve, and 
stability (e.g. 6 days benchtop, 5× freeze-thaw, and 6 days autosampler (10 °C)).14,15 Samples 
were fortified with 5 ng/mL sRAGE either before or after SCX-SPE to obtain the pre-SCX-
SPE spiked and post-SCX-SPE spiked samples for recovery assessment, respectively. For the 
spike-recovery experiments, samples were processed either directly or were fortified with 5 
ng/mL sRAGE (before SCX-SPE) to obtain the non-spiked and spiked samples, respectively. 
Furthermore, the method was compared with a previously developed immunoaffinity-LC-MS 
method for sRAGE quantification.16 For this purpose, 40 serum samples were analyzed from 
a cross-sectional study (NCT00807469) within the University Medical Center Groningen 
(UMCG).17 Ethical approval for this study had been granted by the UMCG’s review board 
(METc 2008/136), and the study adheres to the Declaration of Helsinki. Blood samples were 
collected as described previously.16

5.2.7.  Shotgun proteomics
Proteins enriched by SCX at pH 10 (see ‘SCX-Based sRAGE Enrichment’ paragraph above) 
or SAX at pH 4 (SPE was performed following the same steps that are described in the ‘SCX-
Based sRAGE Enrichment’ paragraph above, however, with the following solutions: loading 
and washing with 20 mM ammonium acetate, pH 4; elution with 250 µL 3% aqueous acetic 
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acid; and eluate collection in 50 µL 5% aqueous ammonia) were identified on the basis of 
six serum samples. For these experiments, TSKgel SuperQ-5PW SAX and TSKgel SP-5PW 
SCX resins were used, and a trichloroacetic acid (TCA) precipitation step was included after 
SPE-enrichment to concentrate the samples. Briefly, the SPE eluates were mixed 1:1 (v:v) with 
a 12% aqueous TCA solution, incubated for 5 minutes at 60 °C, placed on ice for at least 
30 minutes, vortexed-mixed, and centrifuged (10 min; 20,000 × g; 4 °C). After discarding 
(most of ) the supernatant, 400 µL ice-cold acetone was added, the samples were vortex-mixed 
and centrifuged (5 min; 20,000 × g; 4 °C), and (most of ) the supernatant was removed after 
which the pellets were left to dry in air. Shotgun proteomics analyses were performed using 
an UltiMate 3000 RSLC UHPLC system connected to an Orbitrap Q Exactive Plus mass 
spectrometer operating in the data-dependent acquisition (DDA) mode. A sample volume of 
6 µL was injected onto an Acclaim PepMap100 C18 trap column (see above) using μL-pickup 
with 0.1% FA in H2O at 20 μL/min. Peptides were separated on an Acclaim PepMap RSLC 
C18 analytical column (2 μm particles, 100 Å pore size, 75 μm × 500 mm; Cat. No. 164540) 
at 40 °C using a 60 min linear gradient from 3 to 50% eluent B (0.1% FA in ACN) in eluent 
A (0.1% FA in H2O) at a flow rate of 200 nL/min. For DDA, survey scans from 300 to 1650 
m/z were acquired at a resolution of 70,000 (at 200 m/z) with an AGC target value of 3 × 
106 and a maximum ion injection time of 50 ms. From the survey scan, a maximum number 
of 10 of the most abundant precursor ions with a charge state of 2+ to 6+ were selected for 
fragmentation by higher energy collisional dissociation (HCD). Fragment ion spectra were 
acquired between 200 and 2,000 m/z at a resolution of 17,500 (at 200 m/z) with an AGC 
target value of 1 × 105, a maximum ion injection time of 110 ms, a normalized collision energy 
of 28%, an isolation window of 1.6 m/z, an intensity threshold of 1 × 104, and the dynamic 
exclusion parameter set at 15 s. Shotgun proteomics data were processed using PEAKS Studio 
software (version 8.5)18, and peak lists were searched against the UniProtKB homo sapiens 
‘UP000005640’ reference proteome (canonical; 40,424 entries; downloaded on August 22, 
2017) with trypsin selected as protease (≤ 3 missed cleavages), cysteine carbamidomethylation 
as fixed modification, methionine oxidation as variable modification, and allowing ≤6 
modifications per peptide, ≤10.0 ppm precursor mass deviation (using monoisotopic mass), 
≤0.2 Da fragment ion mass deviation, and ≤0.1% false discovery rates (FDR) for peptide-
spectrum matches (PSMs), peptides and proteins, as well as requiring at least two unique 
peptides for protein identification.
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5.3.  RESULTS AND DISCUSSION

5.3.1.  SCX-based protein enrichment
The bipolar charge distribution of sRAGE, which has an average pI of 7.8 (calculated using 
Expasy’s ProtParam tool19 for the extracellular domain of RAGE, Ala23-Ala342), formed the 
basis for protein enrichment based on ion-exchange solid-phase extraction. On the one hand, 
the C-terminal C2 domain of sRAGE with a pI of 4.6 (Pro227-Ser317) allowed for binding 
to the SAX material down to pH 6 (see Figure 1A), while the N-terminal V domain with a pI 
of 10.3 (Ala23-Arg116) bound to the SCX material up to pH 10 (see Figure 1B). The latter 
strategy was selected for quantitative method development given that most human proteins 
are acidic in nature.20

Figure 1. Enrichment of endogenous sRAGE from serum by (A) strong anion exchange (SAX) and (B) strong 
cation exchange (SCX) solid-phase extraction (SPE) at different pH values. In these experiments, TSKgel 
SuperQ-5PW SAX and TSKgel SP-5PW SCX resins were used and SPE conditioning, loading, and washing 
steps were performed as described in the ‘Shotgun proteomics’ paragraph of the experimental section. Next, 
sRAGE was eluted with 1M NaCl and 0.02% Tween-20 in 10 mM phosphate buffer, pH 7.2, which allowed 
the eluates to be directly processed with a previously developed sRAGE immunoaffinity enrichment procedure16 
in order to reduce sample complexity (mostly relevant for the pH 6-8 samples) which was required for mass 
spectrometric detection of endogenous sRAGE.

The SCX-based protein enrichment method was developed using highly cross-linked 
polymethacrylate beads functionalized with sulfopropyl groups. Resin was transferred into an 
empty SPE cartridge after incubation with serum under alkaline conditions (pH 10). Loading 
and washing were performed using a 20 mM ammonium acetate buffer, pH 10 (see Figure 
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S-2), sRAGE was eluted from the SCX material with 1% aqueous ammonia (pH appr. 11.5), 
and eluates were directly neutralized by collecting them in tubes containing 15% aqueous 
acetic acid (see Figure S-3). The eluate was subsequently dried to reduce the sample volume 
and to remove most of the ammonium acetate. Including a TCA precipitation step after SCX 
enrichment instead of drying the eluates was also tested and resulted in a faster protocol 
and cleaner samples. However, the corresponding protein pellets were fragile and detached 
easily from the walls of the tubes leading to outliers that were incompatible with a validated 
quantitative bioanalytical method. The TCA precipitation procedure was, however, used for 
the shotgun proteomic analyses (see protocol outlined in the ‘Shotgun proteomics’ paragraph 
of the Experimental Section and corresponding data in the ‘Ion exchange-based protein 
enrichment for targeted protein bioanalysis by LC-MS’ paragraph below).

5.3.2.  Quantitative assay development
sRAGE was detected by means of two unique tryptic peptides. r.IGEPLVLK.c (30–37) was 
selected as quantifier peptide, since this peptide performed best in terms of accuracy and 
precision. k.VLSPQGGGPWDSVAR.v (63–77) was selected as qualifier peptide due to its 
deamidation-prone ‘QG’ sequence motif and due to a single nucleotide polymorphism (SNP) 
leading to an arginine-to-cysteine substitution (i.e. rs116828224) with an expected frequency 
of 0.6% in the general population (based on data from the ExAC Browser21). Both peptides 
are derived from the V domain and thereby reflect the fraction of sRAGE forms (so-called 
‘proteoforms’ or ‘protein species’)22,23 to which most ligands will bind.7,8 Tryptic peptides from 
the C2-domain could not be analyzed in parallel, as this domain only gives rise to two tryptic 
peptides consisting of 41 and 43 amino acids, respectively, as well as a C-terminal peptide 
containing an unknown proteolytic cleavage site as a result of RAGE shedding. The amino 
acid sequence of the C1-domain should yield detectable tryptic peptides (with an approximate 
maximal length of 20 amino acids), yet these peptides were not detected in clinical samples 
possibly due to incomplete digestion, low ionization efficiency, and/or loss of peptides during 
sample preparation or LC-MS analysis.

5.3.3.  Method validation. 
Table 1 summarizes the validation results. A full overview of all validation results is given in 
Tables S-2 to S-10 (Supporting Information). Stable-isotope-labelled (SIL) peptides were added 
after the SCX enrichment procedure, since a SIL version of sRAGE was not available. Variability 
originating from the enrichment procedure could thus not be compensated for, and sRAGE 
recovery after SCX enrichment was accordingly evaluated during method validation. Recovery 
was found to be 74% (see Table S-2) with a CV of 4% showing that sRAGE enrichment by 
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SCX was reproducible according to the FDA guidelines for bioanalytical method validation. 
The recovery of a previously developed antibody-based enrichment procedure was 83% with a 
CV of 4% thereby being somewhat higher but equally reproducible.16

 For preparing the calibration curve, we found that a surrogate matrix of sufficient complexity 
(e.g. serum from other organisms) was required and that a simple, artificial matrix consisting 
of bovine serum albumin (BSA) in PBS gave very low sRAGE recovery. We reasoned that BSA 
will be depleted following SCX at pH 10, as this protein has a calculated pI of 5.6, and that 
the sample after SCX-SPE will have a very low remaining protein concentration thereby likely 
inducing adsorption of sRAGE after the enrichment procedure. Complex matrices, in turn, are 
expected to lead to co-enrichment of other proteins, which serve as carrier proteins preventing 
sRAGE adsorption. Rat serum was found to be a suitable surrogate matrix, as demonstrated by 
an average spike-recovery bias of 10% (see Table S-3), which is well within acceptable limits (± 
15%).
 Accurate quantification of sRAGE at clinically relevant levels between 0.2 and 10 ng/mL 
was demonstrated for a 1/x weighted linear calibration model using 7 non-zero standards. 
Reaching the desired sensitivity was, however, challenging and considerable chemical 
background was observed in the chromatograms of the calibrants (see Figure S-4A), though 
acceptable biases and CVs within 10% were found for all calibrants (see Table S-4). In 
comparison with an immunoaffinity-LC-MS method for sRAGE quantification16, chemical 
background was somewhat higher for samples that were prepared using the SCX-SPE method, 
as can be deduced from the selected ion chromatograms of six serum samples prepared with 
both methods (see Figure S-5A and S-5B). TCA precipitation after SCX enrichment reduced 
the chemical background (see Figure S-5C) illustrating the added benefit of incorporating such 
a step in the protocol, provided that this procedure can be performed in a reproducible manner 
without producing outliers.

Accuracy of the method was high with biases ranging from -7% to 7% for the three QC-
samples, and precision was acceptable with CVs below or equal to 15% (see Tables S-5 to S-7). 
Stability assessments indicated that storing samples for 6 days on the benchtop or subjecting 
them to 5 freeze-thaw cycles did not affect sRAGE levels (see Tables S-8 and S-9). Stability of 
the final peptide digests was furthermore assessed for up to 6 days of storage in the autosampler 
at 10 °C and corresponding biases and CVs were well within the acceptance limits (see Table 
S-10).
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Table 1. Summary of validation data.a

QC-low QC-medium QC-high

CV biasb CV biasb CV biasb

accuracy & precision (3 runs, in 6-fold) run 1 14% 0% 7% -1% 12% -3%

run 2 15% 7% 14% -5% 10% 5%

run 3 5% -7% 14% 6% 13% -2%

autosampler stability 10 °C  (6 days, in 3-fold) 9% -3% 11% -3%

bench-top stability room temperature (6 days, in 3-fold) 14% -8% 1% 6%

freeze-thaw stability -20 °C (5 cycles, in 3-fold) 2% 12% 10% 12%

recovery CV bias

recovery (6 different serum samples) 74% 4%

spike recovery (6 different serum samples) 110% 9% 10%

a An extensive summary of the validation results is presented in Tables S-2 to S-10 (Supporting Information). 
b The average value of measured concentrations during the precision and accuracy experiments was used as nominal 
concentration

5.3.4.  Method comparison
Agreement between the SCX-based LC-MS sRAGE method and a previously developed 
antibody-based LC-MS sRAGE method16 was assessed on the basis of 40 clinical samples 
using linear regression and Bland-Altman plots (see Figure 2). Comparison between the two 
methods revealed moderate correlation (R2 = 0.48) and an increasingly positive bias for the 
SCX-based method with increasing sRAGE concentrations relative to the antibody-based 
method. Different sRAGE levels have been reported before when comparing the antibody-
based LC-MS method with a commercial ELISA (i.e. the Human RAGE Quantikine ELISA 
kit from R&D Systems), which represents the most frequently used sRAGE assay in clinical 
biomarker studies.16 The ELISA was found to report 84% lower sRAGE levels compared to 
the antibody-based LC-MS method, while correlation between these assays was rather good 
with an R2 of 0.79.

These differences indicate that the measured sRAGE concentration strongly depends on 
methodology even though all three methods represent validated assays. It is, for example, 
conceivable that the methods capture a different subset of sRAGE proteoforms or sRAGE-
containing complexes. sRAGE molecules are known to bind to each other as well as to several 
other proteins7, and the binding sites of antibodies may thereby become inaccessible. In addition, 
some proteoforms lack certain regions or feature specific posttranslational modifications which 
might interfere with an enrichment strategy. With respect to the ELISA and the antibody-based 
LC-MS method, a lack of binding capacity of the antibodies may furthermore be a reason for 
the lower levels reported by these assays. In fact, an insufficient binding capacity would affect 
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higher protein levels disproportionally, in agreement with the increasingly positive bias for the 
SCX-based method shown in Figure 2. However, it should be noted that the antibody-based 
LC-MS method was validated over a much wider concentration range than strictly needed 
for the 40 samples included in the method comparison. The increasingly positive bias of the 
SCX-based method relative to the immunoaffinity-based method might also be due to a lower 
affinity of sRAGE for the SCX material, which would affect lower concentrations to a greater 
extend. The linear response of rh-sRAGE spiked in rat serum for the calibration samples did, 
however, not indicate such an effect. A further caveat is that data based on rh-sRAGE may not 
be representative for endogenous sRAGE pointing to a general problem in biomarker research, 
namely the lack of well-characterized authentic protein standards.

Figure 2. Comparison between the SCX-based LC-MS method (SCX) and a previously developed antibody-
based LC-MS method (Antibody)16 using (A) linear regression and (B) Bland-Altman plots.

5.3.5.  Ion exchange-based protein enrichment for targeted protein bioanalysis 
by LC-MS

Unlike affinity ligands which enrich their targets from a biological matrix based on well-
defined binding sites, ion exchange-based enrichment procedures yield a series of proteins 
with common physical-chemical properties with respect to number of charges and charge 
distribution under a given set of experimental conditions. Several other proteins are therefore 
expected to be co-enriched by the SCX-based method, and we aimed to identify more proteins 
by shotgun proteomics in the SCX eluate at pH 10. We extended these experiments to the 
enrichment of serum proteins on an SAX resin at pH 4 to investigate whether the principle 
holds for both types of ion exchangers. As expected, SCX-based enrichment led to considerably 
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less complex samples compared to SAX, as reflected by 3 times higher total ion current and 
base peak chromatograms and twice as many identified proteins in the SAX-enriched samples.
 Table S-11 gives an overview of proteins that were identified in the SCX- or SAX-enriched 
fractions of six different serum samples after removing the top 20 high abundant blood proteins3 
and common contaminants such as keratins. Many of the proteins comprised medium to high 
abundant blood proteins such as apolipoproteins, coagulation-related proteins or proteins of 
the complement system, yet some clinically relevant, lower abundant proteins were identified 
as well. When viewing these results, it must be kept in mind that MRM-based targeted protein 
analyses are more sensitive than shotgun analyses due to the stochastic nature of DDA. It is 
thus not surprising that sRAGE, the protein biomarker that we quantified in the SCX fraction, 
was not identified in any of the shotgun analyses.

Figure 3 shows the calculated pI values of the proteins included in Table S-11 plotted against 
their concentrations in the circulation, as retrieved from the Plasma Proteome Database.24 
Based on the scatter observed in both plots we concluded that the (calculated) average pI is 
rather uninformative when aiming to predict the ion exchange behavior of proteins. The SCX 
fraction, for example, contained the low µg/mL insulin-like growth factor binding protein 
(IGFBP)3 (UniProtKB ID ‘P17936’) and the ng/mL IGFBP5 (‘P24593’) and IGFBP7 
(‘Q16270’), which all have an average pI between 8 and 9. In addition, A disintegrin and 
metalloprotease with thrombospondin motifs 13 (ADAMTS13; ‘Q76LX8’) and intercellular 
adhesion molecule 2 (ICAM2; ‘P13598’) were identified in the SAX fraction and hepatocyte 
growth factor activator (HGFA; ‘Q04756’) was identified in both the SAX and SCX fractions, 
in spite of their calculated average pIs of 7.0, 7.1, and 7.0, respectively. These proteins likely 
contain charged domains, such as the 4 kilodalton short chain of HGFA featuring a pI of 
11.7 which might explain its binding to the SCX resin at pH 10. These results thus open up 
new opportunities for enriching proteins by SAX at acidic or by SCX at basic pH. Still, it 
is important to assess the charge distribution in a protein rather than its calculated average 
pI when evaluating whether ion exchange SPE might be suitable approach for enrichment. 
With any prediction it must, however, be realized that post-translational modifications may 
alter binding to ion exchangers thereby stressing the significance of a thorough analysis of the 
physical-chemical properties of endogenous proteins. Furthermore, it should be taken into 
account that conditions under which SAX and SCX are performed can affect protein structure 
or stability. Protein stability should therefore be evaluated and monitored closely when 
developing quantitative methods for intact proteins, whereas proteotypic peptide selection 
and evaluation should be done diligently when developing quantitative methods targeting 
proteotypic peptides.
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Figure 3. Scatterplot displaying the relation between expected concentrations in blood (based on data from the 
Plasma Proteome Database24, accessed in April 2018) and isoelectric points (pI; calculated for complete protein 
sequences using ExPASy’s online ProtParam tool19) of serum proteins enriched by (A) strong anion exchange 
(SAX) solid-phase extraction at pH 4 and (B) strong cation exchange (SCX) solid-phase extraction at pH 10 
using TSKgel SuperQ-5PW SAX resin and TSKgel SP-5PW SCX resin, respectively.

5.4. CONCLUSIONS

Protein enrichment is a prerequisite for many biological, biomedical, and clinical studies. The 
availability of good quality antibodies and other affinity ligands have opened up and expanded 
opportunities to study proteins for researchers working in biological and medical sciences. 
Methods that do not rely on affinity ligands are, however, also suitable to enrich proteins from 
complex biological matrices with protocols that are as simple and straightforward as those 
of affinity-based methods. These methods take the specific physical-chemical characteristics 
of a protein of interest into account, such as the presence of transition metal-chelating sites, 
which can be targeted through immobilized metal affinity chromatography, or the presence 
of positively or negatively charged regions, which can be targeted by ion exchange resins. The 
resulting protocols enable the highly reproducible enrichment of low abundant proteins from 
serum, as demonstrated by the development and validation of a quantitative LC-MS method 
for sRAGE based on a strong cation exchange enrichment procedure. Our work furthermore 
emphasizes that protein concentrations must be seen in the context of the methodology that 
was used to measure them due to the complexity of the proteome and, as a consequence, the 
possibility that different methods may enrich a different subset of proteoforms. We showed 
further that ion exchange-based enrichment represents a relevant option for enriching other 
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proteins of interest. However, for a rationally designed ion exchange-based enrichment 
procedure it is essential not to rely on the average, calculated isoelectric point of a protein but 
to study its charge distribution along the three-dimensional orientation of the molecule.
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5.6. SUPPORTING INFORMATION

The Tables S-2 to S-10 can be found in the online version of the Supporting Information 
which is available on the ScienceDirect Publications website at DOI: doi.org/10.1016/j.
aca.2018.09.050.

A.
AQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQGGGPWDSVARVLPNGSLFL-
PAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIVDSASELTAGVPNKVGTCVSEG-
SYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSF-
SPGLPRHRALRTAPIQPRVWEPVPLEEVQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMK-
DGVPLPLPPSPVLILPEIGPQDQGTYSCVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLA

B .
AQNITARIGEPLVLKCKGAPKKPPQRLEWKLNTGRTEAWKVLSPQGGGPWDSVARVLPNGSLFL-
PAVGIQDEGIFRCQAMNRNGKETKSNYRVRVYQIPGKPEIVDSASELTAGVPNKVGTCVSEG-
SYPAGTLSWHLDGKPLVPNEKGVSVKEQTRRHPETGLFTLQSELMVTPARGGDPRPTFSCSF-
SPGLPRHRALRTAPIQPRVWEPVPLEEVQLVVEPEGGAVAPGGTVTLTCEVPAQPSPQIHWMK-
DGVPLPLPPSPVLILPEIGPQDQGTYSCVATHSSHGPQESRAVSISIIEPGEEGPTAGSVGGSGLGTLA

Figure S-1. Amino acid sequence of the extracellular domain of the receptor of advanced glycation end-
products (UniProtKB ID ‘Q15109’; Ala23-Ala342) in which (A) the V domain is shown in blue, the C1 
domain is shown in green, the C2 domain is shown in red, the tryptic cleavage sites are shown in bold, and 
(B) in which the acidic amino acids are shown in bold red and the basic amino acids are shown in bold blue.
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Figure S-2. Evaluation of the strength of the SCX loading and washing buffer (ammonium acetate, pH 10) based on LC-MS analyses 

of two unique sRAGE peptides (A) IGEPLVLK and (B) VLSPQGGGPWDSVAR (N=2). The relative peak area, as presented 

on the y-axis, was calculated by dividing the peak area of the endogenous sRAGE signal by the peak area of the corresponding internal 

standard, which was added in an amount of 5 fmol per 50 µL serum. 

 

 

  

Figure S-2. Evaluation of the strength of the SCX loading and washing buffer (ammonium acetate, pH 10) 
based on LC-MS analyses of two unique sRAGE peptides (A) IGEPLVLK and (B) VLSPQGGGPWDSVAR 
(N=2). The relative peak area, as presented on the y-axis, was calculated by dividing the peak area of the 
endogenous sRAGE signal by the peak area of the corresponding internal standard, which was added in an 
amount of 5 fmol per 50 µL serum.
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Figure S-3. Optimization of the SCX elution conditions based on LC-MS analyses of two unique sRAGE 
peptides (A) IGEPLVLK and (B) VLSPQGGGPWDSVAR (N=2). sRAGE was eluted with 1% ammonia 
(NH4OH; pH appr. 11.5) or 0.1 M sodium hydroxide (NaOH) and samples were either dried directly or 
mixed with acetic acid (CH3COOH) or hydrochloric acid (HCl) to neutralize the pH prior to evaporating the 
samples to dryness. The relative peak area, as presented on the y-axis, was calculated by dividing the peak area 
of the endogenous sRAGE signal by the peak area of the corresponding internal standard, which was added in 
an amount of 5 fmol per 50 µL serum.

Figure S-4. Selected Ion Chromatograms of the y5+- and y6+-fragments of the sRAGE-derived proteotypic 
peptide IGEPLVLK at (A) 0.2, (B) 0.5 and (C) 1.0 ng/mL in rat plasma after SCX-enrichment. The y-axes 
of the two MRM traces were linked and scaled to the highest observed signal. The given peak areas represent 
average values for the corresponding calibration samples, which were measured as part of the method validation 
experiments.
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Figure S-5. Selected Ion Chromatograms of the y5+-fragment of the sRAGE-derived proteotypic peptide 
IGEPLVLK for six serum samples that were subjected to (A) antibody-based, (B) SCX-based, or (C) SCX-
based sRAGE enrichment including a TCA precipitation step.
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Table S-1. MRM transitions and settings for the proteotypic sRAGE peptides and their SIL versions.

Peptide Precursor ion m/z Product ion 
m/z

Dwell time 
(s)

Cone voltage 
(V)

Collision 
Energy (V)

IGEPLVLK 434.79 - [M+2H]2+ 569.40 - y51+ 0.05 45 16

698.44 - y61+ 0.05 45 14

755.47 - y71+ 0.05 45 16

IGEPLVL[K]a 438.79 - [M+2H]2+ 577.42 - y51+ 0.05 45 16

706.46 - y61+ 0.05 45 14

763.48 - y71+ 0.05 45 16

VLSPQGGGPWDSVAR 763.39 - [M+2H]2+ 613.80 - y122+ 0.05 60 24

657.32 - y132+ 0.05 60 24

1001.48 - 
y101+ 0.05 60 32

VLSPQGGGPWDSVA[R]a 768.40 - [M+2H]2+ 618.80 - y122+ 0.05 60 24

662.32 - y132+ 0.05 60 24

1011.49 - 
y101+ 0.05 60 32

a 13C and 15N labelled arginine (R) or lysine (K). Underlined product ions represent the quantifier ions.

Table S-11. Overview of proteins identified in six different serum samples subjected to strong anion exchange 
(SAX)-based sample cleanup at pH 4 or strong cation exchange (SCX)-based sample cleanup at pH 10. Only 
proteins that were identified in all six samples were included, and the top 20 high abundant serum proteins 
as well as keratins were excluded. Entries in black represent proteins identified in the SAX and SCX eluates, 
whereas proteins displayed in red and blue were only identified in the SAX and SCX eluates, respectively. 

UniProtKB ID Protein name Isoelectric 
pointa

Protein 
concentration 

(µg/mL)b

Peak area - 
SAXc

Peak area - 
SCXc

P49747 Cartilage oligomeric matrix protein 4.36 1.094 6.54E+08

P02655 Apolipoprotein C-II 4.64 67.500 5.51E+09 4.99E+07

Q14515 SPARC-like protein 1 4.71 0.053 5.62E+07

P13591 Neural cell adhesion molecule 1 4.79 0.033 7.56E+07

Q92496 Complement factor H-related protein 4 4.84 0.059 5.62E+07

P09871 Complement C1s subcomponent 4.85 33.040 2.95E+08 1.59E+08

Q9NQ79 Cartilage acidic protein 1 4.95 0.027 1.19E+08

P22105 Tenascin-X 5.05 0.267 8.38E+07

P20851 C4b-binding protein beta chain 5.05 182.765 2.76E+08

P05090 Apolipoprotein D 5.06 82.000 7.11E+07 6.89E+07

P27169 Serum paraoxonase/arylesterase 1 5.08 112.600 5.51E+09

Q08380 Galectin-3-binding protein 5.12 4.770 1.14E+09

Q96KN2 Beta-Ala-His dipeptidase 5.14 0.230 2.51E+08

Q9Y4L1 Hypoxia up-regulated protein 1 5.16 0.007 3.09E+07
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Table S-11. Continued 

UniProtKB ID Protein name Isoelectric 
pointa

Protein 
concentration 

(µg/mL)b

Peak area - 
SAXc

Peak area - 
SCXc

P02656 Apolipoprotein C-III 5.23 246.000 2.76E+08 1.24E+08

Q6UXB8 Peptidase inhibitor 16 5.24 1.069 2.70E+07

Q9BWP8 Collectin-11 5.26 not available 1.42E+07

O43866 CD5 antigen-like 5.28 5.600 3.63E+08 1.45E+08

P06727 Apolipoprotein A-IV 5.28 93.537 1.57E+10 1.22E+08

P48740 Mannan-binding lectin serine protease 1 5.29 0.155 5.51E+09

P04275 von Willebrand factor 5.29 3.459 2.51E+08

P15144 Aminopeptidase N 5.31 0.036 6.52E+07

O95497 Pantetheinase 5.32 0.056 5.39E+07

P01011 Alpha-1-antichymotrypsin 5.33 245.835 7.14E+10

P00740 Coagulation factor IX 5.34 2.900 1.19E+08

P02774 Vitamin D-binding protein 5.40 253.454 1.17E+08

Q13790 Apolipoprotein F 5.42 7.367 9.33E+07

P02765 Alpha-2-HS-glycoprotein 5.43 476.403 2.88E+09 4.03E+07

P02748 Complement component C9 5.43 38.788 7.11E+07

P02751 Fibronectin 5.46 213.175 7.14E+10 1.22E+08

P07225 Vitamin K-dependent protein S 5.48 17.425 8.42E+09

Q06033 Inter-alpha-trypsin inhibitor heavy 
chain H3 5.49 2.000 5.82E+09

O00533 Neural cell adhesion molecule L1-like 
protein 5.51 0.014 6.48E+07

P05452 Tetranectin 5.52 18.905 9.49E+07

P04004 Vitronectin 5.55 215.962 3.65E+10 1.65E+09

P04217 Alpha-1B-glycoprotein 5.56 3779.595 1.56E+09

P02647 Apolipoprotein A-I 5.56 1252.483 2.16E+09

O14786 Neuropilin-1 5.58 0.013 4.78E+07

O14791 Apolipoprotein L1 5.60 3.550 5.62E+07 1.65E+09

P22792 Carboxypeptidase N subunit 2 5.63 3.900 8.42E+09

P00734 Prothrombin 5.63 68.353 5.96E+07 1.59E+08

P43652 Afamin 5.64 79.409 5.96E+07

P08185 Corticosteroid-binding globulin 5.64 47.067 2.99E+09

P22891 Vitamin K-dependent protein Z 5.64 1.823 2.99E+09

P02649 Apolipoprotein E 5.65 656.745 7.92E+07 5.11E+08

O95445 Apolipoprotein M 5.66 1.500 1.01E+08 9.49E+07

P00742 Coagulation factor X 5.68 7.333 3.83E+09
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Table S-11. Continued 

UniProtKB ID Protein name Isoelectric 
pointa

Protein 
concentration 

(µg/mL)b

Peak area - 
SAXc

Peak area - 
SCXc

P12259 Coagulation factor V 5.68 6.320 1.14E+09 4.99E+07

P04180 Phosphatidylcholine-sterol 
acyltransferase 5.71 0.220 7.47E+08

P25311 Zinc-alpha-2-glycoprotein 5.71 65.820 2.83E+08

P43251 Biotinidase 5.81 0.490 6.96E+08

P00736 Complement C1r subcomponent 5.82 56.860 2.16E+09 1.24E+08

P04070 Vitamin K-dependent protein C 5.85 1.593 1.42E+07

P01019 Angiotensinogen 5.87 24.344 1.18E+09

P08697 Alpha-2-antiplasmin 5.87 61.159 6.54E+08

P10909 Clusterin 5.88 145.929 2.70E+07 5.11E+08

P06396 Gelsolin 5.90 221.347 5.28E+08 2.93E+07

P80108 Phosphatidylinositol-glycan-specific 
phospholipase D 5.91 30065.092 2.16E+09

P07333 Macrophage colony-stimulating factor 1 5.93 0.024 2.12E+07

P02760 Protein AMBP 5.95 42.917 1.57E+10

P36955 Pigment epithelium-derived factor 5.97 15.784 7.92E+07 1.94E+09

P26038 Moesin 6.08 0.047 7.87E+06

Q14520 Hyaluronan-binding protein 2 6.09 249.100 4.15E+09

P05155 Plasma protease C1 inhibitor 6.09 192.534 7.47E+08

P10643 Complement component C7 6.09 46.920 8.38E+07

P02743 Serum amyloid P-component 6.10 30.757 2.76E+08

P01031 Complement C5 6.11 88.750 1.57E+10

P51884 Lumican 6.16 4.000 3.21E+09

P14151 L-selectin 6.20 0.631 4.41E+07

P08603 Complement factor H 6.21 272.736 9.33E+07 6.34E+06

P18428 Lipopolysaccharide-binding protein 6.23 8.368 8.16E+07 1.58E+08

P02652 Apolipoprotein A-II 6.27 315.504 2.95E+08

P19827 Inter-alpha-trypsin inhibitor heavy 
chain H1 6.31 17.210 6.74E+10

P01008 Antithrombin-III 6.32 159.855 1.18E+09 5.11E+08

P35858 Insulin-like growth factor-binding 
protein complex acid labile subunit 6.33 184.875 3.19E+09

P01042 Kininogen-1 6.34 182.939 1.56E+09 9.49E+07

P13671 Complement component C6 6.39 35.925 1.01E+08

P19823 Inter-alpha-trypsin inhibitor heavy 
chain H2 6.40 21.000 6.88E+10

P05546 Heparin cofactor 2 6.41 53.098 6.96E+08
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Table S-11. Continued 

UniProtKB ID Protein name Isoelectric 
pointa

Protein 
concentration 

(µg/mL)b

Peak area - 
SAXc

Peak area - 
SCXc

P02750 Leucine-rich alpha-2-glycoprotein 6.45 24.567 9.84E+08

Q14624 Inter-alpha-trypsin inhibitor heavy 
chain H4 6.51 42.000 1.66E+10

P55058 Phospholipid transfer protein 6.53 0.064 2.95E+08

P02790 Hemopexin 6.55 589.972 7.69E+08

P00751 Complement factor B 6.67 179.400 7.92E+07

Q9NZP8 Complement C1r subcomponent-like 
protein 6.75 2.880 2.83E+08

Q9BXR6 Complement factor H-related protein 5 6.80 0.011 1.22E+08

P15169 Carboxypeptidase N catalytic chain 6.86 263.333 3.83E+09 3.98E+07

Q76LX8 A disintegrin and metalloproteinase with 
thrombospondin motifs 13 6.96 0.001 9.33E+07

Q04756 Hepatocyte growth factor activator 6.99 0.320 1.73E+08 1.43E+08

P13598 Intercellular adhesion molecule 2 7.09 0.037 3.08E+07

P04196 Histidine-rich glycoprotein 7.09 97.489 4.39E+08

P06276 Cholinesterase 7.12 4.835 4.39E+08

P04003 C4b-binding protein alpha chain 7.15 188.000 5.39E+07 9.49E+07

Q6EMK4 Vasorin 7.16 130.042 1.01E+08

P06681 Complement C2 7.23 23.314 9.77E+07 6.89E+07

O75882 Attractin 7.24 0.660 6.37E+08

Q96PD5 N-acetylmuramoyl-L-alanine amidase 7.25 14.000 6.08E+08

P29622 Kallistatin 7.34 11.600 1.33E+08

Q15113 Procollagen C-endopeptidase enhancer 1 7.41 0.110 1.59E+08

P00746 Complement factor D 7.65 2.226 4.99E+07

P02654 Apolipoprotein C-I 8.01 24.649 8.38E+07

P00748 Coagulation factor XII 8.04 18.247 5.28E+08

P49908 Selenoprotein P 8.08 3.070 9.33E+07

Q16270 Insulin-like growth factor-binding 
protein 7 8.25 0.186 9.94E+06

P22352 Glutathione peroxidase 3 8.26 15.867 1.35E+08

Q9UK55 Protein Z-dependent protease inhibitor 8.28 1.087 1.35E+08

P27918 Properdin 8.32 18.666 7.87E+06

P02749 Beta-2-glycoprotein 1 8.34 142.537 9.77E+07 1.59E+08

P07360 Complement component C8 gamma 
chain 8.49 1.100 3.65E+10

P07358 Complement component C8 beta chain 8.50 2.800 1.17E+08 1.94E+09

P24593 Insulin-like growth factor-binding 
protein 5 8.58 0.705 2.87E+07



C
ha

pt
er

 V

111

SRAGE BY LC-MS AFTER ENRICHMENT BY SCX-SPE AT THE PROTEIN LEVEL  |

Table S-11. Continued 

UniProtKB ID Protein name Isoelectric 
pointa

Protein 
concentration 

(µg/mL)b

Peak area - 
SAXc

Peak area - 
SCXc

Q13103 Secreted phosphoprotein 24 8.59 0.800 7.11E+07

P03952 Plasma kallikrein 8.60 34.200 6.37E+08

P69905 Hemoglobin subunit alpha 8.72 41.000 4.41E+07

P17936 Insulin-like growth factor-binding 
protein 3 9.03 2.198 6.22E+07

P07998 Ribonuclease pancreatic 9.10 4.700 4.99E+07

O00391 Sulfhydryl oxidase 1 9.13 0.150 9.77E+07 6.89E+07

P35542 Serum amyloid A-4 protein 9.17 51.900 1.22E+08

P05164 Myeloperoxidase 9.19 0.104 6.34E+06

Q99969 Retinoic acid receptor responder protein 
2 9.30 0.570 1.24E+08

P61626 Lysozyme C 9.38 0.051 1.74E+08

Q92954 Proteoglycan 4 9.53 0.260 5.11E+08

P03950 Angiogenin 9.73 0.507 9.84E+06

a Protein isoelectric points were calculated for complete protein sequences using ExPASy’s online ProtParam tool. 
b Protein concentrations were based on data from the Plasma Proteome Database, which was accessed in April 2018. In case more 
than one protein concentration was present in the database, available protein concentrations were averaged. In case entries consisted 
of a concentration range rather than a single concentration, the average of the presented range limits was calculated and this value 
was subsequently treated as a single concentration. 
c Peak areas presented in this table represent the peak areas as reported by the PEAKS software which were averaged for the six serum 
samples.
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ABSTRACT

For mass spectrometry-based proteomics, the selected sample preparation 

strategy is a key determinant for information that will be obtained. However, the 

corresponding selection is often not based on a fit-for-purpose evaluation. Here we 

report a comparison of in-gel (IGD), in-solution (ISD), on-filter (OFD), and on-pellet 

digestion (OPD) workflows on the basis of targeted (QconCAT-multiple reaction 

monitoring (MRM) method for mitochondrial proteins) and discovery proteomics 

(data dependent acquisition, DDA) analyses using three different human head and 

neck tissues (i.e. nasal polyps, parotid gland, and palatine tonsils). Our study reveals 

differences between the sample preparation methods, for example with respect to 

protein and peptide losses, quantification variability, protocol-induced methionine 

oxidation and asparagine/glutamine deamidation as well as identification of cysteine 

containing peptides. However, none of the methods performed best for all types of 

tissues, which argues against the existence of a universal sample preparation method 

for proteome analysis.
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6.1.  INTRODUCTION

Mass spectrometry (MS)-based proteomics is a powerful technological platform for studying 
proteins in various biological contexts, and has a prominent role in identifying and elucidating 
(patho)physiological processes.1,2 Using strategies ranging from detecting proteins in their 
intact form (“top-down” proteomics) to analyzing proteins by means of peptides released 
through proteolysis (“bottom-up” proteomics), this platform has opened up and expanded 
opportunities to study proteins, for example by profiling proteomes, characterizing proteins, 
quantifying proteins and by studying protein-protein interactions.3 As a result of ongoing 
advances, proteomics has become a tool capable of delivering answers to key biological 
questions, and its role in basic and applied science will likely expand in the coming decade(s).2,4

 Sample preparation strategies for bottom-up proteomics experiments encompass a protein 
digestion procedure using proteolytic enzymes (e.g. trypsin, endoproteinase LysC) in order 
to release peptides which can then be analyzed by liquid chromatography-mass spectrometry 
(LC-MS).3 In more simple protocols, proteins are digested directly, though digestion is often 
preceded by a protein denaturation procedure (e.g. disulfide bond reduction and subsequent 
cysteine alkylation) to enhance digestion efficiency.5,6 With such an approach, often referred to 
as “in-solution digestion” (ISD), any compound present in a sample or added during sample 
preparation will be injected into the LC-MS instrument.7 Since researchers often use chemicals 
that are not compatible with digestion and/or LC-MS detection (e.g. detergents, chaotropes) to 
improve the performance of their workflow,7-11 several contaminant removal procedures have 
been devised which are mostly based on protein precipitation and gel- or centrifugal filter-
aided sample clean-up.7,12-16 All of these different methods have specific advantages yet also 
exhibit (protocol-specific) biases.5,8-11,17,18 The selection of sample preparation methods thereby 
influences the subset of proteins that can be reliably identified and/or quantified by LC-MS, 
and thus is a determining factor for the potential outcomes of a proteomics experiment.
 When designing a proteomics experiment, previously published projects on the same type of 
starting material (and with comparable aims) may form the basis of rational sample preparation 
method selection. However, such studies are not readily available for any type of material and 
experiment. Proteomics is for example an upcoming research line in head and neck cancer,19,20 
and currently only a few studies can be referred to for assessing the applicability of sample 
preparation methods. Admittedly, most head and neck tissues are (lympho)epithelial tissues 
sharing structural features to some extent, yet basing workflow selection-related decisions on 
such an assumption may be risky.

Here we describe a comparison of in-gel digestion, in-solution digestion, on-filter 
digestion, and on-pellet digestion sample preparation methodologies that are commonly-
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used in LC-MS-based proteomics. For this study, we selected three human tissues originating 
from the head and neck area (i.e. nasal polyps, parotid gland, and palatine tonsils) thereby 
aiming to cover the diversity of (solid) tissues that can be encountered within a medical 
discipline, in this case otorhinolaryngology. The methods were compared based on their 
performance in discovery proteomics experiments as well as in targeted proteomics on the 
basis of a QconCAT (quantification concatamers) multiple reaction monitoring method 
targeting a set of mitochondrial proteins.21 Methods were compared on the basis of peptide 
and protein losses, precision of quantification, discovery potential, and the distribution of 
selected physicochemical properties (e.g. size, charge characteristics, and hydrophobicity) of 
identified proteins and peptides. In addition, we compared distributions of physicochemical 
properties for detected proteins and peptides to corresponding distributions of potentially 
present proteins (as predicted from the human proteome) and peptides (as predicted from 
the identified proteins in the specific tissues) thereby aiming to identify (protocol-specific) 
biases. With our work we aim to assess sample preparation bias in proteomics experiments, 
to support the rationale of selecting sample preparation methods based on a fit-for-purpose 
evaluation, and to provide leads for expanding the detection capabilities of mass spectrometry-
based proteomics workflows.

6.2.  EXPERIMENTAL SECTION

Detailed descriptions of the materials and methods used for this study are included in the 
Supporting Information whereas as concise descriptions of the materials and methods are 
presented below.

6.2.1.  Tissue samples
Three different otolaryngeal tissues (i.e. nasal polyps, parotid gland and palatine tonsils, see 
Table S-1) were obtained separately from three patients who underwent head and neck surgery 
at the University Medical Center Groningen. Immediately after resection, tissues were sliced 
into pieces of approximately 30 mm3, snap frozen in liquid nitrogen, and stored at -80 °C until 
further processing. The study could be carried out under section 7:467 of the Dutch Civil 
Code as patients gave permission to use the tissues which were regarded as residual materials 
after surgery and which furthermore cannot be traced back to the patients.

6.2.2.  Tissue homogenization & protein extraction
Tissue was pulverized using a CryoMill cryogenic grinder and suspended in 0.1% RapiGest 
in 50 mM ammonium bicarbonate (ABC) or sodium dodecyl sulfate (SDS)/urea lysis buffer 
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(2% SDS, 8 M urea and 100 mM β-mercapto-ethanol in 50 mM Tris/HCl buffer, pH 
7.6) at a final tissue concentration of 30 mg/mL. The suspensions were vortex-mixed for 5 
minutes and subjected to 3 freeze/thaw cycles. Upon another 5 minutes of vortex-mixing and 
pelleting debris via centrifugation (10 min; 14,000 × g), final lysates were collected. Protein 
concentration was determined using the micro bicinchoninic acid (BCA) assay, and lysates 
were stored at -80 °C until analysis.

6.2.3.  In-solution digestion (ISD)
A volume of RapiGest protein extract corresponding to 20 µg of total protein was diluted to 
40 µL with ABC. Proteins were reduced in 10 mM dithiothreitol (DTT) (30 min; 60 °C) 
and alkylated in the dark in 20 mM iodoacetamide (IAM) (30 min; 25 °C). After quenching 
unreacted IAM with a 0.5 molar excess of DTT (30 min; 25 °C), trypsin was added in a 
final proteinase-to-protein ratio of 1:20, and the proteins were digested overnight (37 °C). 
Digestion was stopped and RapiGest was hydrolyzed through addition of formic acid (FA) 
in Milli-Q water (H2O), and the final peptide mixture was obtained after pelleting debris via 
centrifugation (10 min; 14,000 × g).

6.2.4.  On-pellet digestion (OPD)
SDS/urea protein extract containing 20 µg of protein was diluted to 25 µL with ABC, and 
proteins were precipitated through addition of 50 µL ice-cold 100% acetone and two 50 
µL aliquots of ice-cold 85% acetone followed by centrifugation (5 min; 4 °C; 14,000 × g). 
The supernatant was removed and the precipitation step was repeated. After removing the 
supernatant of the second precipitation step, the pellet was left to dry by air. Subsequently, 
proteins were solubilized via pre-trypsination in 25 µL ABC with a final proteinase-to-protein 
ratio of 1:50 (4 hours; 37 °C). Proteins were reduced with 10 mM DTT and were alkylated in 
the dark with 20 mM IAM. After quenching unreacted IAM with DTT, trypsin was added in 
a final proteinase-to-protein ratio of 1:20, and the proteins were digested overnight. Digestion 
was stopped through addition of FA, and the final peptide mixture was obtained after pelleting 
debris.

6.2.5.  In-gel digestion (IGD)
The in-gel digestion protocol was based on the “In-Gel Digestion and Sample Cleanup” 
protocol, as described previously in Wolters et al.21 Briefly, SDS/urea protein extract containing 
20 µg of protein was diluted to 15 µL with ABC, mixed with 5 µL of NuPAGE LDS Sample 
Buffer 4×, and the sample was boiled for 2 minutes. After cooling down to room temperature, 
the sample was loaded onto a NuPAGE 4-12% Bis-Tris Protein Gel, and electrophoresis was 
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carried out at 100 V for only 5 minutes. Proteins were localized by staining the gel with Bio-
Safe Coomassie Blue G-250 stain overnight, and unbound dye was washed away with repeated 
washes with H2O. The stained protein band was excised, sliced in 2×2 mm pieces, and destained 
via repeated washes with 30% acetonitrile (ACN) in ABC (15 min; 25 °C). Gel pieces were 
dehydrated upon washing with 50% ACN in ABC (15 min; 25 °C) and 100% ACN (5 min; 
25 °C) followed by drying in an oven at 37 °C. Next, proteins were reduced in 10 mM DTT 
and, after discarding the DTT solution, alkylated in the dark in 20 mM IAM. Remaining 
IAM was discarded, and the gel pieces were dehydrated as described above. Subsequently, gel 
pieces were reswollen on ice following dropwise addition of 25 µL ABC containing trypsin 
in a final proteinase-to-protein ratio of 1:20, and the proteins were digested overnight. After 
digestion, the residual liquid was collected and remaining peptides were extracted in 25 µL 5% 
FA in 75% ACN (20 min; 25 °C). After combining the two volumes, peptides were dried in 
a CentriVap vacuum concentrator (Labconco) at 45 °C, and the residue was reconstituted in 
0.1% FA to obtain the final peptide mixture.

6.2.6.  On-filter digestion (OFD)
For on-filter digestion, the SDS/urea protein extract was processed according to the “FASP II” 
protocol, as described previously by Wisniewski et al,15 with minor modifications. Briefly, an 
amount of SDS/urea protein extract corresponding to 20 µg of protein was diluted with urea 
solution (8 M urea in 0.1 M Tris/HCl, pH 8.5) to 200 µL and was loaded onto a Microcon 
Ultracel YM-30 filtration device. After centrifugation (15 min; 14,000 × g), the concentrate 
was diluted with 200 µL of urea solution and was centrifuged again. Next, 100 µL 50 mM 
IAM in urea solution was added to the concentrate, the sample was mixed briefly (1 min; 
25 °C), and proteins were alkylated in the dark. After centrifugation, the concentrate was 
diluted with 100 µL of urea solution and was centrifuged again. This step was repeated twice. 
Subsequently, the concentrate was diluted with 100 µL of ABC and was centrifuged. After 
repeating this second wash step twice, 40 µL ABC containing trypsin in a final proteinase-to-
protein ratio of 1:20 was added to the filter, the sample was mixed briefly, and proteins were 
digested overnight in a wet chamber. Peptides were collected by centrifuging the filter unit 
followed by an additional elution (centrifugation) step with 50 µL ABC. After combining the 
two volumes, peptides were dried in a CentriVap vacuum concentrator (Labconco) at 45 °C, 
and the residue was reconstituted in 0.1% FA to obtain the final peptide mixture.

6.2.7.  Targeted LC-MS/MS analysis
Targeted proteomics analyses were performed using a TSQ Vantage Triple Quadrupole mass 
spectrometer using multiple reaction monitoring (MRM) transitions and settings that have 
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been described previously.21 Peptide separation was achieved with an UltiMate 3000 RSLC 
UHPLC system on a 50 cm Acclaim PepMap RSLC C18 analytical column (2 μm, 100 Å, 
75 μm i.d. × 500 mm) which was kept at 40 °C. For targeted analyses, the final peptide 
mixtures were spiked with pre-digested QconCAT (quantification concatamers; designed to 
target a set of mitochondrial proteins, details have been described previously)21 at a level of 
1.25 ng per µg of total protein. A sample volume corresponding to 1 µg of total protein (based 
on the micro BCA assay) was loaded onto a Acclaim PepMap100 C18 trap column (5 μm, 100 
Å, 300 μm i.d. × 5 mm) using µL-pickup with 0.1% FA in H2O at 20 µL/min. Subsequently, 
peptides were separated on the analytical column using a 100 min linear gradient from 3 to 
60% eluent B (0.1% FA in ACN) in eluent A (0.1% FA in H2O) at 200 nL/min.

6.2.8.  Shotgun LC-MS/MS analysis
Shotgun proteomics analyses were performed using an UltiMate 3000 RSLC UHPLC system 
connected to an Orbitrap Q Exactive Plus mass spectrometer operating in the data-dependent 
acquisition (DDA) mode. A sample volume corresponding to 1 µg of total protein (based on 
the micro BCA assay) was injected onto a Acclaim PepMap100 C18 trap column (vide supra) 
using µL-pickup with 0.1% FA in H2O at 20 µL/min. Peptides were separated on a 50 cm 
Acclaim PepMap RSLC C18 analytical column (vide supra) which was kept at 40 °C, using 
a 117 min linear gradient from 3 to 40% eluent B (0.1% FA in ACN) in eluent A (0.1% FA 
in H2O) at a flow rate of 200 nL/min. For DDA, survey scans from 300 to 1,650 m/z were 
acquired at a resolution of 70,000 (at 200 m/z) with an AGC target value of 3·106 and a 
maximum ion injection time of 50 ms. From the survey scan, a maximum number of 12 of 
the most abundant precursor ions with a charge state of 2+ to 6+ were selected for higher energy 
collisional dissociation (HCD) fragment analysis between 200 and 2,000 m/z at a resolution 
of 17,500 (at 200 m/z) with an AGC target value of 5·104, a maximum ion injection time of 
50 ms, a normalized collision energy of 28%, an isolation window of 1.6 m/z, an underfill 
ratio of 1%, an intensity threshold of 1·104, and the dynamic exclusion parameter set at 20 s.

6.2.9.  Data processing
Raw data for the targeted proteomics analyses were processed using the Skyline software, 
and were furthermore analyzed using Microsoft Excel (more details on processing of targeted 
proteomics data have been published previously).21 Shotgun proteomics data were processed 
using PEAKS Studio software,22 and a detailed overview of applied PEAKS search criteria is 
included in Method S-8. Label-free quantification using ion counts was performed on the 
basis of the results of the principal PEAKS search followed by further filtering and processing 
of the data using an in-house developed script in R and R Studio. With respect to peptide 
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quantification, peptide areas were summed for all peptides with the same primary amino 
acid sequence after removing PTMs and independently of the charge states. For protein 
quantification, areas of peptides belonging to the same protein group were summed, yet 
only if they were unique for the corresponding protein group. For both peptide and protein 
quantification, DDA data was scaled by median scale normalization.23

6.2.10.  Bioinformatics analysis
Data analysis and visualization was performed using R, R studio, Microsoft Excel, and 
GraphPad Prism. For evaluation of the physicochemical properties of proteins and peptides, 
the R “Peptides” and “ggplot2” packages were employed for respectively calculating and 
visualizing corresponding data.

6.3.  RESULTS

6.3.1.  Relative losses of peptides and proteins
Method-induced losses were evaluated on the basis of peptides and proteins that were quantified 
in all twenty replicates (four methods, five replicates per method) per tissue. Average levels were 
calculated for each method, the highest observed average level was set to 100%, and the other 
three average levels were related to the highest average level, which gave the relative average 
peptide and protein levels (see Figure 1). For the QconCAT-multiple reaction monitoring 
(MRM) experiments, digested QconCATs (with 13C/15N-labelled arginines and lysines) were 
added in fixed amounts to the samples prior to LC-MS analysis to compare peptide losses (yet 
also methodological variation) for the different methods.
 For all tissues, the largest losses were observed for IGD with (median relative average) 
peptide and protein levels of 27-40% as shown in Figure 1. This figure furthermore shows 
that the smallest losses were typically observed for ISD, with the exception of the palatine 
tonsil MRM experiment and all experiments targeting the parotid gland. For the latter tissue, 
OFD yielded the highest peptide and protein levels (together with OPD), and this method 
furthermore gave similar (DDA) or higher (MRM) peptide levels for palatine tonsils compared 
to ISD. However, OFD’s protein losses for the latter tissue and also the losses of peptides (both 
DDA and MRM) and proteins for nasal polyps were considerably larger compared to ISD, as 
demonstrated by the 16% (MRM) and 9% (DDA) lower peptide levels as well as the 27% lower 
protein levels for this tissue. Moreover, Figure 1 shows that OPD featured losses comparable to 
those of OFD for nasal polyps and parotid gland (15-29% and 3-6% for OPD versus 16-27% 
and 2-7% for OFD), yet OPD performed less well in the experiments targeting the palatine 
tonsils with OPD’s levels being around two-thirds of the corresponding levels for ISD and OFD. 
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In summary, IGD’s peptide and proteins levels were around three times lower compared 
to the other three methods. ISD and OFD generally performed best in terms of peptide and 
protein losses, although both methods featured markedly increased losses in case of one of the 
three tissues (i.e. parotid gland for ISD and nasal polyps for OFD). Conversely, OPD gave 
the highest peptide and protein levels for one of the three tissues (i.e. parotid gland) whereas 
considerable losses were observed for the other two. 

6.3.2.  Precision of peptide and protein quantification
To assess methodological precision, peptides and proteins that were quantified in all twenty 
replicates (four methods, five replicates per method) per tissue were included. Relative 
standard deviations (RSDs) were calculated using the five replicates per method, and data were 
visualized in beeswarm plots (MRM experiments) or RSD relative frequency polygon plots 
(discovery proteomics experiments) (see Figure 2). For the QconCAT-MRM experiments, 
digested QconCATs were added in a fixed amount to the samples before LC-MS analysis 
(as described in the section above), and for the discovery proteomics experiments, data were 
normalized following median scale normalization.23 Plots for the non-normalized data are 
shown in Figure S-1.
 In the targeted proteomics experiments, variability introduced by the LC-MS system itself, 
as determined by five repeated injections of a pooled sample, was similarly low for all four 
methods (median RSDs ranging from 2.3% to 3.3%) as shown in Figure 2A. Variability due 
to the upstream sample preparation steps was furthermore consistently low for IGD and OFD 
with (median) RSDs of 8-10% and 6-9%, respectively. ISD exhibited similar RSDs though 
with exception of the nasal polyps experiment for which an RSD of 12% was observed. RSDs 
around 12% were also observed for OPD in the parotid gland and palatine tonsil samples, yet 
an up to two times increased RSD (25%) was found for nasal polyps. Thereby, OPD featured 
rather moderate precision of peptide quantification in the MRM experiments, whereas good 
precision in all three tissues was observed for IGD and OFD and good precision in two out of 
the three tissues for ISD. 
 For the discovery proteomics analyses, variability introduced by the LC-MS system was 
higher compared to the MRM measurements with (median) peptide RSDs of 5.7-9.5% (see 
Figure 2B) and protein RSDs of 14.5-18.9% (see Figure 2C). For peptide quantification, 
additional variability, as introduced by the sample preparation methods, led to minor RSD 
increases (2-5%) in all experiments, except for ISD in the nasal polyps experiment for which an 
RSD increment of 7% was observed. Corresponding variability for protein quantification also 
revealed minor RSD increases for ISD, OFD, and OPD (3-6%, 0-4%, and 2-2%, respectively) 
whereas slightly higher increases (6-9%) were observed for IGD. In terms of overall variability, 
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Figure 2C shows that precision for peptide quantification was rather comparable for the four 
methods, and only IGD in the parotid gland experiment gave considerably higher RSDs 
compared to the other three methods. Moreover, Figure 2C shows that protein quantification 
(based on the sum of the areas of unique peptides belonging to the same protein group) was 
generally less precise than peptide quantification, and IGD furthermore featured the highest 
RSDs for all tissues. With respect to these increases, it should, however, be noted that (for any 
approach) RSDs increased with decreasing protein and peptide quantities (see Figure S-2). 
The larger losses for IGD should thus be considered as an (at least partial) explanation for the 
greater methodological imprecision observed for IGD.

On a final note, precision data for the discovery proteomics experiments were influenced to 
various degrees by the median scale normalization procedure (see Figure S-1 and the Tables S-3 
and S-4). In case of ISD and OFD, relative standard deviations were rather unaffected by this 
normalization procedure, though this procedure led to some improvements in methodological 
precision for OPD and even larger improvements for IGD.

6.3.3.  Discovery potential
The total number and the overlap of identifications were assessed for peptides (see Figure 3A) 
and proteins (see Figure 3B) that were identified in at least three of the five replicates for the 
different tissues. Peptides and proteins identified in at least four and five out of five replicates 
resulted in, respectively, around 20% and 40% fewer peptide identifications as well as 15% 
and 30% fewer protein identifications (see Figure S-3 and S-4).
 The highest numbers of peptides were identified for ISD and OPD whereas 10-20% fewer 
peptide identifications were observed for IGD and OFD. Most identified proteins were observed 
for ISD and OPD in nasal polyps and parotid gland, though 10% fewer identifications for 
OPD were observed in palatine tonsils. Furthermore, the 10-20% fewer peptide identifications 
for IGD and OFD corresponded to 5-10% fewer proteins identified for OFD and notably 
to 20-30% fewer protein identifications for IGD. The latter observation should be evaluated 
in the context of IGD’s peptide and protein losses and the approximately three times lower 
peptide and protein levels observed for IGD compared to the other three methods (see Figure 
2); however, the effect of triplicating the injection volume for IGD revealed modest increases 
in peptide and protein identifications of 11% and 12%, respectively (see Figure S-6).
 To zoom in further on the qualitative performance of the methods, trypsin digestion 
efficiency and the abundance of selected post-translational modifications (PTMs) and/or 
sample preparation artefacts were assessed. The proportion of peptides displaying zero missed 
cleavages was 95%, 89%, 93%, and 94% for IGD, ISD, OFD, and OPD, respectively (see 
Figure 3C). For ISD, 10% of the peptides contained one missed cleavage as compared to 5-6% 
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for the other methods, and only one percent (or less) of the peptides exhibited two or more 
missed cleavages. Moreover, methionine-containing peptides were more frequently oxidized 
(see Figure 3D) and asparagine- and/or glutamine-containing peptides more frequently 
deamidated (see Figure 3E) in IGD compared to ISD, OFD, and OPD (31% versus 4-8% 
and 17% versus 7-10%, respectively). Other modifications were assessed as well (see Figure 
S-7) revealing considerable overalkylation in all samples (up to 2.4% for OFD and 3.1% for 
OPD), lysine and N-terminal carbamylation of around 1% in IGD, and protein N-terminal 
acetylation of 0.7-1.1% for the studied methods.

The degree and extent of cysteine carbamidomethylation was studied more closely 
due to the absence of a distinct reduction step prior to thiol alkylation in the original (and 
also in newer versions of the) filter-aided sample preparation (FASP) protocol, which forms 
the basis of the applied OFD protocol. For all methods, cysteine carbamidomethylation was 
rather complete (see Figure S-8A), yet only 8% of the peptides identified for OFD contained 
cysteine residues compared to 15% for IGD and 14% for both ISD and OPD (see Figure 3F). 
The occurrence of the other nineteen amino acids were evaluated as well (see the Figures S-8B 
and S-8C), though relevant differences were only observed for cysteine in case of the OFD 
approach.

6.3.4.  Peptide and protein characteristics
The distribution of peptides and proteins according to their molecular weight (MW), isoelectric 
point (pI), and hydrophobicity (as expressed by the grand average of hydropathy (GRAVY) 
scale using the method of Kyte and Doolittle24) were evaluated for all sample preparation 
methods. For proteins, distributions according to the three physicochemical characteristics 
were rather similar (see Figure 4); however for IGD, the distributions for MW feature modest 
shifts towards larger proteins (see Figure 4A) and the proportion of acidic proteins (pH ± 5) 
appears to be lower compared to the other approaches (see Figure 4B). In comparison with 
the expected distributions based on all proteins present in the human reference proteome 
(i.e. UniProtKB homo sapiens ‘UP000005640’, canonical with 70,956 entries; represented by 
the straight lines in Figure 4), relatively fewer small and basic proteins were detected by the 
different methods (see Figure 4A and 4B). Furthermore, the distributions of GRAVY scores 
for observed proteins were slightly narrower compared to the corresponding distribution of all 
proteins present in the reference proteome (see Figure 4C).
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Regarding the physicochemical properties of the detected peptides, corresponding 
distributions were also rather comparable for the different methods (see Figure 5). However, 
relatively more acidic peptides (pI ± 4) were observed for OFD (see Figure 5B) and the 
MW distribution for IGD featured a minor shift towards smaller peptides (see Figure 5A). 
Differences were also observed when comparing the distributions of the four methods to those 
of in silico predicted tryptic peptides derived from all proteins present in the abovementioned 
reference proteome (straight black lines in Figure 5) and undetected (in silico predicted tryptic) 
peptides from the proteins that were actually detected in the specific tissue samples (dash-
dot lines in Figure 5). Notably, the MW distributions of peptides for the four methods were 
smaller and shifted towards larger peptides (see Figure 5A), and the GRAVY distributions 
featured modest shifts towards positive scores (more hydrophobic peptides) compared to the 
undetected peptides (see Figure 5C). In addition, the peptide pI distributions for all four 
methods indicate an underrepresentation of peptides with a pI around 8.5 (see Figure 5B), 
which thus include peptides having their lowest solubility around the pH value of the digestion 
buffer used in this study (i.e. 50 mM ammonium bicarbonate, pH ± 8.3).

6.4.  DISCUSSION

Various sample preparation methods have been described for bottom-up proteomics 
experiments targeting (solid) tissues and a wide range of modifications to these methods 
can also be found in literature.7,12,13 The most straightforward methods involve direct (in-
solution) digestion of proteins without distinct procedures to remove contaminants including 
detergents, chaotropes, lipids, and nucleic acids.7,9,10 In our study, we show that such an in-
solution digestion (ISD) approach is a good option for quantitative proteomics featuring 
limited losses and good precision for peptide and protein quantification on the basis of simple 
and highly automatable workflows. ISD furthermore gave the highest numbers of identified 
peptides and proteins in the discovery proteomics experiments and did not exhibit a bias 
regarding amino acid composition or physicochemical properties of identified peptides and 
proteins, as compared to the other methods. However, it is important for direct digestion 
approaches that samples are sufficiently ‘clean’, and we did observe column contamination 
leading to carryover and shifting retention times, which was particularly an issue for the targeted 
(timed MRM) experiments. In addition, we observed increased proportions of miscleaved 
peptides in the ISD samples which can likely be attributed to their lower degree of purity.25 
Moreover, chemicals used in ISD workflows need to be compatible with proteolytic digestion 
as well as LC-MS detection, and, for example, detergents which are often used in proteomics 
workflows to solubilize proteins (e.g. SDS, NP-40, and CHAPS), are not compatible with 
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mass spectrometric detection.7-11 MS-compatible alternatives, however, do exist (e.g. PPS Silent 
Surfactant, ProteaseMAX, Invitrosol, and RapiGest SF, which was used in our study), yet 
the non-compatible detergents are still mostly used thus requiring appropriate procedures to 
remove these compounds prior to LC-MS analysis.26,27

 Common methods for detergent removal are based on precipitating proteins with acid (e.g. 
trichloroacetic acid) or organic solvents (e.g. acetone, which was used in our study for the on-
pellet digestion method) whilst keeping detergents in solution, or by trapping proteins in gels 
or onto centrifugal filters allowing the separation of proteins from contaminants.7,12-16 These 
approaches lead to cleaner samples compared to ISD, which we also observed in our study 
as corresponding samples did not lead to noticeable carryover or retention time shifts. These 
approaches are, however, prone to induce considerable protein losses, which we found were 
most relevant for the in-gel digestion (IGD) method, which is a rather labor-intensive method 
featuring many steps during which losses may occur. Despite these losses, IGD enabled efficient 
contaminant removal and detection of considerable numbers of proteins and peptides. Good 
precision was furthermore achieved in both targeted and discovery experiments. However, 
enabling precise (label-free) quantification in the discovery experiments required (median 
scale) normalization of the data, which was likely due to the lower amounts of material that 
were eventually analyzed by LC-MS. 
 The on-pellet digestion (OPD) method is comparable to ISD with regard to its simplicity 
and high-throughput capabilities, yet also based on its performance for the nasal polyps and 
parotid gland samples in terms of the numbers of identifications, losses, and precision of 
quantification. However, median scale normalization of the data was also required for OPD to 
enable precise quantification in the discovery experiments. In the palatine tonsil experiments, 
losses were considerably larger for OPD and also relatively fewer proteins were identified. 
Accordingly, OPD’s reduced performance for this tissue highlights that one method may not 
always be performing optimally for just any type of tissue and that furthermore the outcome of 
a comparative study of sample preparation methods depends greatly on the selected tissue(s). 

One of the most widely used sample preparation methods in present-day proteomics 
research is the “FASP” method which relies on an on-filter sample clean-up and protein 
digestion protocol and furthermore features considerable high-throughput capabilities.15,28 
In our study, we have tested on-filter digestion (OFD) on the basis of the original “FASP 
II” protocol15 which showed limited losses (comparable with ISD), good precision in both 
targeted and discovery proteomics experiments, and high numbers of identified peptides 
and proteins, which were only somewhat lower compared to ISD and OPD. With respect 
to the latter, we observed a significant (negative) bias for OFD regarding the identification of 
cysteine-containing peptides. Even though our tissue lysates did contain a reducing agent, the 
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absence of a distinct reduction step in the OFD protocol prior to thiol alkylation may have led 
to this bias. This artefact likely affected the numbers of identifications negatively, and it would 
thus be advised to assess the recovery of cysteine-containing peptides when using OFD or to 
consider including a distinct reduction step in the protocol.

6.5.  CONCLUSIONS

Every method has its specific advantages and challenges (e.g. the absence of a sample clean-
up procedure in the ISD protocol, the relatively large losses for IGD or the rather varying 
losses for OPD, and the risk of losing cysteine-containing peptides with OFD, as observed 
in our study), and for all methods, numerous alternative protocols exist in literature which 
address these, and other challenges thereby resulting in optimized protocols, often for specific 
applications. With our study, we could not possibly grasp the full range of available methods 
and variants, nor could we draw any hard, general conclusions regarding the performances of 
the four methods included our study. In fact, our study shows that a method’s performance is 
depending on the type of sample being studied, and the outcomes of our comparative study 
could have been different if only one of the three tissues was included, and likely even so if 
three other tissues had been included. It may furthermore be speculated that if a different 
detection principle (e.g. data independent acquisition, DIA) had been employed for our study, 
other differences, nuances, or outcomes could have been revealed. Nonetheless, our data do 
show the relevance of selecting the most suitable protocol for an experiment based on a fit-
for-purpose evaluation rather than just using the same method for every type of sample. In 
addition, we also show that peptides and proteins detected with the four methods share similar 
distributions of physicochemical characteristics, which in turn are considerably different from 
those of potentially present proteins (as predicted from the human proteome) and peptides 
(as predicted from the identified proteins). Accordingly, efforts to improve the detection 
capabilities of proteomics workflows, for example by improving the detectability of currently 
undetected peptides, are needed to increase the potential of proteomics research.
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6.7.  SUPPORTING INFORMATION

The Figures S-1 to S-5 and S-9 to S-14 as well as the Tables S-2 to S-4 and the Methods S-1 
to S-9 can be found in the online version of the Supporting Information which is available on 
the ACS Publications website at DOI: 10.1021/acs.analchem.8b00600.

Figure S-6. Effect of increasing the injection volume on the amount of identifications using the IGD pooled 
sample. (A) Event statistics for the 2.5 µL and 7.5 µL injections of the pooled IGD sample (average of duplicate 
injections). (B) Percentage increases of MS/MS spectra and PSMs as well as peptide, protein group, and protein 
identifications following injection volume triplication (average of duplicate injections).

Figure S-7. Potentially relevant results of the combined PEAKS PTM and SPIDER searches for additional PTMs 
and sequence variants. Proportion of PSMs identified in the pooled samples containing (A) carbamidomethyl 
(CAM)-modified aspartic acid (D), glutamic acid (E), histidine (H), and/or peptide N-terminal (N-term) 
amino acid residues (relative to the total number of PSMs); (B) carbamylated lysines and/or N-terminal 
amino acids (relative to the total number of PSMs); and (C) N-terminally acetylated amino acids of PSMs 
encompassing the protein’s N-terminus (relative to the total number of PSMs).
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Figure S-8. (A) Percentage of peptides containing carbamidomethylated cysteine residues relative to the 
total number of identified cysteine carrying peptides for the pooled samples, (B) relative and (C) percentage 
occurrence of amino acids in the identified peptides for the pooled samples. Data in this graph are based on 
PEAKS searches using trypsin as protease (≤ 3 missed cleavages), and both cysteine carbamidomethylation and 
methionine oxidation as variable modifications (≤ 6 modifications per peptide).
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Table S-1. Overview of characteristics for the human nasal polyp, parotid gland, and palatine tonsil tissues 
that were used for this study.a,b,c,d

Tissue type Cell types/tissue components Indication of surgery

nasal polyps
(NP)

- edematous stroma
- epithelial cells (ciliated pseudostratified columnar, transitional, and 

squamous epithelium)
- endothelial cells
- inflammatory cells (mainly eosinophils, yet also a minority of T-cells,  

B-cells, mast cells, neutrophils, and macrophages)

nasal obstruction/
chronic rhinosinusitis

parotid 
gland
(PG)

- epithelial cells (various types of columnar and cubic epithelium)
- myoepithelial cells
- connective tissue
- serous secretory cells (with saliva)
- adipocytes

benign salivary gland 
tumor 
(in a different part of the 
gland)

palatine 
tonsils
(PT)

- non-keratinized stratified squamous epithelium
- inflammatory cells (B-cells, T-cells, Langerhans cells, macrophages)
- reticular cells
- endothelial cells

chronic tonsillitis

a Junqueira, L. C.; Carneiro, J. Functionele Histologie, 11th ed.; Reed Business: Amsterdam, The Netherlands, 2007.
b Bailey, B. J.; Johnson, J. T. Head and Neck Surgery – Otolaryngology, 4th ed.; Lippincott Williams & Wilkins: 
Philadelphia, PA, USA, 2006.
c Amano, O.; Mizobe, K.; Bando, Y.; Sakiyama, K. Acta Histochem. Cytochem. 2012, 45, 241-250.
d Jovic, M.; Avramovic, V.; Vlahovic, P.; Savic, V.; Velickov, A.; Petrovic, V. Rom. J. Morphol. Embryol. 2015, 56, 371-
377.
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The analysis of patient samples to assist in the diagnosis and management of disease is pivotal 
to modern medicine, and the outcomes of such analyses have a profound influence on 
clinical decision-making.1,2 Laboratory medicine, the field of medicine devoted to analyzing 
endogenous compounds in these samples, continuously aims at implementing novel tests and 
improving the quality of already available tests, and this field has always acted on developments 
in science and technology, accordingly.3 For example, doctors do not need to taste urine to 
diagnose diabetes anymore following the advent of quantitative methods based on chemical 
reactions that produce measurable, glucose concentration-dependent color changes or 
electrical currents.4-6 Blood group classification based on mixing blood from a patient with 
blood from different individuals represents another diagnostic technique of the past, as this 
technique was gradually replaced by standardized tests using commercial antisera (e.g. reagents 
containing anti-A, anti-B, or anti-Rhesus factor antibodies).7 Progress has also been made on 
the diagnosis of infectious diseases, and the introduction of the matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometric (MS) platform for microbial 
species identification is a noteworthy advancement in this respect. This platform offers a rapid 
alternative to traditional identification strategies that are based on phenotypic methods (e.g. 
microscopic examination of bacterial cell shape and size) which have limited discriminatory 
power and involve subjective judgments to some extent.8-10 Obviously, these examples only 
scratch the surface of how science and technology advanced the field of laboratory medicine in 
recent history. Despite these advances, however, many diseases still lack specific tests to assist in 
their diagnosis and/or management which thus provides incentives for science and technology 
to continue responding to corresponding needs in laboratory medicine. 

The successful clinical implementation of MALDI-TOF mass spectrometry for rapid 
microbial species identification is testament to this technique’s qualitative possibilities, and this 
success may pave the way for the clinical implementation of MALDI-TOF MS for quantitative 
purposes. In the past decade, this technique proved to be useful for the quantification of 
a wide range of compounds including proteins, lipids, and metabolites in human samples 
(e.g. plasma, serum, urine). Such methods do, however, require that a target of interest is 
adequately enriched from the sample matrix, which is typically rather complex containing 
many other compounds that interfere with MALDI-TOF analysis. In addition, proper 
internal standards need to be incorporated in MALDI-TOF MS-based methods due to the 
(spatial) heterogeneity of MALDI samples and a high detection variability in consequence. 
When taking both these requirements into account, MALDI-TOF MS-based quantification 
can become an attractive analytical methodology from a clinical point of view owing to the 
simplicity and high throughput capabilities of this mass spectrometric platform. In Chapter 2 
of this thesis, we presented such a quantitative method for insulin-like growth factor 1 (IGF1) 
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in human plasma. For this method we developed an automated IGF1 enrichment procedure 
using antibodies to selectively enrich this protein from plasma. In addition, we employed 
a fully 15N-labeled version of IGF1 as internal standard to correct for MALDI-TOF MS 
detection variability, yet also for any source of variation arising from the sample preparation 
procedure. With this IGF1 assay we could not only quantify this protein in human plasma 
samples but we could also indicate the presence of two IGF1 variants originating from single-
nucleotide polymorphisms (SNP) in the IGF1 gene (of unknown clinical relevance). In the 
MALDI-TOF spectra of two different samples, the IGF1 peak at m/z 7,650 was accompanied 
by a peak at m/z 7,680 suggesting the presence of the rs17884626 or the rs151098426 SNP, 
which give rise to alanine-to-threonine substitutions at different positions in the C-terminal 
region of the IGF1 protein.11,12 For both samples this region was examined further by liquid 
chromatography-mass spectrometry (LC-MS) following Glu-C proteolytic digestion to 
produce a readily measurable C-terminal IGF1 peptide, and both SNPs were subsequently 
localized. These IGF1 variants may be missed by the IGF1 immunoassays that are currently 
used in clinical practice, and thereby lead to falsely low IGF1 levels being reported.12 IGF1 
levels below specific cutoff values are, however, decisive for whether or not the costly treatment 
for growth hormone-related disorders is indicated13, hence the ability to measure different 
IGF1 variants represents a distinctive and crucial feature of our IGF1 assay. Another distinctive 
feature of this assay was derived from additional peaks in the MALDI-TOF spectra besides 
the peaks of IGF1, 15N-IGF1, and the occasionally present IGF1 variants arising from SNPs 
in the IGF1 gene. In the MALDI-TOF spectra, these proteins were accompanied by +16 m/z 
mass shifted forms which likely arose as a result of oxidation of IGF1’s sole methionine residue. 
We found that the intensities of these oxidation peaks relative to those of their nonoxidized 
counterparts were indicative of the performance of the MALDI-TOF measurements and 
reflected the accumulation of matrix deposits in the MALDI source in particular. Through 
monitoring of the extent of IGF1 oxidation we could establish criteria for regular cleaning of 
the MALDI source which contributed positively to the quality of the MALDI-TOF spectra 
and the method’s weekly throughput, accordingly. Admittedly, methionine oxidation cannot 
be monitored for all proteins as some smaller proteins, such as human insulin, lack methionine 
residues in their mature forms but also because MALDI spectra of larger proteins typically 
feature one broad peak which envelopes the oxidation products. We also found that variation 
between the results obtained for different MALDI spots belonging to the same sample was 
indicative of MALDI-TOF performance as well. This indicator of measurement quality is not 
dependent on an analyte’s chemical composition (e.g. whether a protein contains methionine 
residues) and thus represents a more generic tool to ensure consistent performance of MALDI-
TOF MS-based assays. 
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 IGF1 is a 7.65 kilodalton (kDa) protein which is present in human plasma in the range 
of 10 to 1000 ng/mL (i.e. 1.3-130 nM) and is thereby considered to be a small and medium 
abundant protein. MALDI-TOF MS accordingly is a suitable technique to analyze this protein 
while this technique is considerably less applicable to larger and lower abundant proteins. For 
such proteins, LC-MS-based methods represent more suitable mass spectrometric alternatives. 
These methods typically do not need a target of interest to be enriched from its complex 
matrix as an adequate degree of separation of the analyte from interfering matrix compounds 
can often be achieved in the LC part of LC-MS instrumentation. For many low abundant 
proteins, however, LC separation alone is not effective enough, and these proteins require 
the use of an upfront analyte enrichment procedure to reduce matrix complexity. We found 
that this requirement also held true for the soluble receptor of advanced glycation end-
products (sRAGE) which is addressed in the Chapters 3, 4, and 5 of this thesis. This 34 
kDa protein is present in human serum in the range of 0.1 to 10 ng/mL (i.e. 2.9-290 pM) 
and is thereby more than 4 times larger and 400 times lower in abundance compared to 
IGF1. sRAGE is a promising biomarker candidate for chronic obstructive pulmonary disease 
(COPD) which is a prominent example of a disease lacking specific laboratory tests to assist 
in diagnosis and management. sRAGE has been evaluated in several large-scale clinical studies 
using research-grade enzyme-linked immunosorbent assays (ELISA) from a single vendor, and 
all studies underlined the potential clinical applicability of this biomarker.14-18 We reasoned 
that disposing of different bioanalytical assays would aid in gaining a deeper understanding 
of sRAGE and its possible implications as biomarker in COPD. We developed an LC-MS 
method for quantification of serum sRAGE accordingly, which is presented in Chapter 3 of 
this thesis. This method employs an antibody-based sRAGE enrichment procedure using the 
adsorptive microtiter plates that are commonly used for immunoassays, as solid support to 
which antibodies were bound through passive adsorption. These adsorptive microtiter plates 
proved to be a more convenient alternative to magnetics beads, the mostly-used solid support 
for antibody-based enrichment procedures, in terms of protocol simplicity, throughput, and 
cost per analysis. Moreover, this procedure did not only form the basis of an LC-MS-based 
sRAGE method for serum sRAGE quantification at low to sub ng/mL levels, but was also 
used in our lab to enrich other proteins from serum, plasma, and even cell lysates as part of 
discovery proteomics experiments. The microtiter plate-based affinity enrichment procedure 
accordingly is an interesting procedure to be incorporated in LC-MS-based methods for other 
(low abundant) proteins of clinical interest and may potentially even contribute to expanding 
the footprint of mass spectrometry as analytical assay platform for protein quantification in 
clinical laboratories. 
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  The microtiter plate-based affinity enrichment procedure that we developed represented a 
major milestone in our sRAGE project; however, the foremost goal in this project was to develop 
an LC-MS-based method for serum sRAGE quantification with the aim of contributing to the 
development of sRAGE as biomarker for COPD. As part of the work described in Chapter 3, 
we compared the LC-MS-based sRAGE method with the two most commonly used sRAGE 
ELISAs, with one of them being a ready-to-use ELISA kit which cannot be modified, and the 
other one requiring users to coat the plates themselves thereby having a somewhat modifiable 
assay format. This method comparison experiment indicated that correlation between all 
three methods was rather good (R2 = 0.72-0.79) which suggests that the methods measure 
the same, or at least a comparable, fraction of circulating sRAGE molecules. However, 2 and 
4 times higher sRAGE levels were reported by the LC-MS method compared to ready-to-use 
and modifiable ELISAs, respectively. For the modifiable ELISA, we found that using more 
antibody per sample than is recommended by the supplier led to higher sRAGE levels being 
reported and thereby to a smaller difference between the results of this assay and those of the 
LC-MS assay. A similar effect may be observed when increasing the amount of antibody per 
sample for the other ELISA as well, though this hypothesis could not be tested due to the 
unmodifiable format of this assay. Nevertheless, these results indicate that assays should be 
considered as being noninterchangeable unless proven otherwise. These results furthermore 
teach us to be more careful when using the phrase ‘absolute quantification’ in reference to 
the methods we use for protein quantification, since absolute quantification only applies to 
methods that are calibrated against certified reference materials or against protein standards of 
known exact quantities as can be determined by amino acid analysis. 
 With the development of the antibody-based LC-MS method, an alternative method for 
sRAGE quantification became available which provides a direct readout that relies on protein-
specific, confined chemical information rather than an indirect readout that relies on the 
ability of a detection antibody to bind the target molecule in order to generate a signal, as 
holds true for the ELISAs. This method has already been applied to 1,000 patient samples from 
different clinical studies, which, for example, led to the conclusion that a patient’s smoking 
status prior to blood sampling necessitates tight control. More specifically, cigarette smoking 
just before blood sampling was found to decrease sRAGE levels by a quarter (interquartile 
range from -33% to -16%) in both healthy subjects and COPD patients.19 This reduction was 
also reported when these same samples were analyzed by ELISA, by which we aimed to rule 
out method-specific artifacts underlying the acute smoking effect we observed. Obviously, this 
finding puts the previously reported, ELISA-based associations between sRAGE and specific 
COPD characteristics or outcomes into a different perspective as none of the publications 
that reported on the analysis of sRAGE in large-scale clinical studies thus far disclosed the 
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control of smoking status prior to sampling. Further studies are therefore needed to elucidate 
the mechanism behind this decrease and also to assess the impact of cigarette smoking on 
previously published data and the conclusions drawn from those data. 

Relevant tools to assist in future studies on sRAGE are the two antibody-free LC-MS 
methods for sRAGE quantification which are presented in the Chapters 4 and 5 of this thesis. 
With respect to these methods, we felt the need to develop antibody-free sRAGE enrichment 
procedures as knowledge on sRAGE would otherwise remain solely based on antibody-based 
methods. Admittedly, antibodies are highly efficient, versatile, and indispensable tools in (bio)
medical research, yet these proteins are also associated with complex production procedures 
resulting in batch-to-batch consistencies that are difficult to control.20 The limitations of 
antibodies inspired researchers to develop non-antibody affinity ligands and corresponding 
research endeavors yielded a considerable number of alternatives to antibodies in the past 
decades. The ‘affimer’ scaffold based on the cysteine protease inhibitor Cystatin A is one 
example of such an alternative, which we employed for the LC-MS-based method for sRAGE 
quantification that is described in Chapter 4 of this thesis. Solid-phase extraction (SPE-)
based enrichment procedures furthermore represent attractive alternatives to antibody-based 
procedures or to affinity ligand-based procedures in general. Still, only few publications 
described the successful application of SPE-based enrichment procedures in quantitative 
methods for low to sub ng/mL (or sub-nanomolar range) proteins such as sRAGE.21 On the 
basis of the very unusual, bipolar charge distribution of the sRAGE protein, we were, however, 
able to establish such an SPE-based procedure for serum sRAGE, which is described in Chapter 
5 of this thesis. We found that sRAGE could be enriched by strong cation exchange (SCX) SPE 
at pH 10, a pH at which most serum proteins do not bind, and subsequently be quantified 
in serum at clinically relevant levels down to 0.2 ng/mL by LC-MS. When comparing the 
three sRAGE methods, correlation between the antibody- and the affimer-based methods 
was very good (R2 = 0.88), though somewhat (approximately 25%) lower sRAGE levels were 
reported by the affimer-based method. Correlation between the SCX-based method and the 
other two methods was, in turn, only moderate (R2 = 0.46-0.48) with the SCX-based method 
reporting on average 18% and 42% higher levels compared to the antibody- and affimer-based 
methods, respectively. With respect to these differences, it is conceivable that the methods 
capture a different subset of sRAGE forms, so-called ‘proteoforms22’ or ‘protein species23’, as 
binding sites may, for example, be absent in some of these forms or blocked by sRAGE binding 
proteins. Thereby, our findings indicate that measured protein concentrations must be seen in 
the context of the measuring principle. Disposing of different (validated) bioanalytical assays 
accordingly forms the basis for gaining a deeper understanding of protein heterogeneity, its role 
in disease pathophysiology, and its potential implications on the development of biomarkers. 
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As for the exact nature of the differences between the assays, we were limited by the sensitivity 
of currently available instrumentation to elucidate the reasons behind these differences. To 
illustrate this, the lowest sRAGE level we measured in a clinical sample thus far corresponded 
to less than 150 attomoles (approximately 90 million molecules) of sRAGE being detected by 
LC-MS on the basis of the two best performing sRAGE-derived peptides with respect to their 
detection characteristics (e.g. complete digestion, high ionization efficiency), as we determined 
empirically. These peptides are furthermore present in most of the predicted sRAGE splice 
variants and do not contain known posttranslational modifications (PTM) nor encompass 
highly prevalent SNP-sites. Differentiation between sRAGE variants arising from SNPs, 
alternative splicing, and/or PTMs, however, comprises the monitoring of peptides which 
will inevitably be lower in abundance and likely have less favorable detection characteristics 
compared to the two peptides we selected for the sRAGE methods presented in these thesis. 
To this regard, the continuously improving sensitivity of novel LC-MS instruments represents 
a promising development, and the possibility to differentiate between different forms of the 
sRAGE protein will likely be feasible in the foreseeable future.

Rationalization of how we process samples and target proteins of interest, which in our 
case resulted in the SCX-based method for sRAGE enrichment, may likely contribute to 
expanding the possibilities of LC-MS-based workflows for biomarker quantification purposes. 
Such a concept may, however, be worthwhile extending to LC-MS-based biomarker discovery 
research as well. In the corresponding field of research, various sample preparation methods 
are being used that are determining for the potential outcomes of a biomarker discovery 
experiment. For example, the extraction efficiencies of individual proteins and the incidence 
of sample preparation artifacts (e.g. methionine oxidation, asparagine/glutamine deamidation) 
vary between different methods and impact the subset of proteins that are reliably identified in 
these experiments, as we show in Chapter 6 of this thesis. The data presented in this chapter 
also indicate that no single sample preparation method will perform best for all types of samples 
or experiments and thereby argue against the existence of a “universal sample preparation for 
proteome analysis24”. Consequently, these data led us to the conclusions that the outcomes of 
a biomarker discovery experiment, too, must be seen in the context of the measuring principle 
and that selecting sample preparation methods on the basis of a fit-for-purpose evaluation, 
rather than using the same method for all samples and experiments, represents a rational 
strategy to expand the potential of discovery proteomics experiments. 

 At last, with this thesis I aimed to contribute to the advancement of promising protein 
biomarker candidates as well as mass spectrometry-based methodologies towards clinical 
implementation. Work described in this thesis, for example, demonstrates the high throughput 
capabilities of MS-based biomarker assays and their ability to provide more information than 
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solely a protein concentration thereby exceeding the possibilities of (most) assay platforms 
that are used in clinical laboratories these days. In addition, an easy way to set-up and use 
sample preparation methods was presented which can simplify and accelerate the development 
of MS-based biomarker assays, which currently represents a major bottleneck in biomarker 
development research. Some of the limitations of mass spectrometry-based workflows for 
analyzing proteins in complex human samples were highlighted as well and leads were provided 
for expanding the capabilities of such workflows accordingly. All in all, this thesis may represent 
a relevant contribution to biomarker development research, though I cannot deny that the 
road ahead will be long and that climbs will be steep. Along this road, the added value of 
mass spectrometric assays over conventional assay platforms needs to become more apparent, 
for example by following up on developments regarding the analysis of intact proteins or 
by further exploring the multiplexing and profiling capabilities of MS-based workflows. In 
addition, tangible success stories are needed to build momentum for the widespread clinical 
implementation of this technology. Such implementation, in turn, will lead to even more 
success stories and will remove certain barriers to the translation of promising biomarker 
candidates to clinical tests.
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Laboratoriumbepalingen spelen een belangrijke rol in de hedendaagse geneeskunde en worden 
onder andere gebruikt voor het diagnosticeren van aandoeningen, het selecteren van de 
meest geschikte behandeloptie en om de effectiviteit van een behandeling of de progressie 
van een aandoening in de tijd te volgen. De klinische chemie, het ondersteunende medisch 
specialisme dat zich bezighoudt met de analyse van lichaamseigen stoffen in patiëntmaterialen, 
richt zich voortdurend op het implementeren van nieuwe bepalingen alsmede het verbeteren 
van reeds geïmplementeerde bepalingen. Hierbij laat de klinische chemie zich hoofdzakelijk 
leiden door wetenschappelijke en technologische ontwikkelingen. Zo hoeven artsen geen 
urine meer te drinken om suikerziekte (diabetes) te diagnosticeren sinds de ingebruikname 
van kwantitatieve methoden (methoden om het gehalte van een stof in een monster te bepalen) 
die meetbare kleurreacties of elektrische stroompjes genereren welke het suikergehalte in urine 
weerspiegelen. Het vaststellen van bloedgroepen door bloed van een patiënt te mengen met 
bloed van verschillende andere personen is eveneens een achterhaalde analytische aanpak 
aangezien er tegenwoordig gestandaardiseerde, commercieel verkrijgbare antisera (vloeistoffen 
die anti-A, anti-B of anti-rhesus antilichamen bevatten) beschikbaar zijn voor het zogenoemde 
‘kruisen’ van bloed. Vorderingen zijn er verder ook gemaakt op vlak van de diagnose van 
infectieziekten en de grootschalige intrede van ‘matrix-assisted laser desorption/ionization time-
of-flight’ (MALDI-TOF) apparatuur in medische laboratoria is een opmerkingswaardige 
ontwikkeling in dit opzicht. MALDI-TOF is een massaspectrometrische techniek wat inhoudt 
dat dergelijke apparaten verschillende componenten in een monster, zogenoemde ‘analieten’, 
van elkaar kunnen scheiden op basis van hun massa (gewicht) en vervolgens apart detecteren. 
Massaspectrometers zijn als het ware hele gevoelige weegschalen die tegelijkertijd meerdere 
componenten op moleculair niveau kunnen wegen. Voor infectieziekten kan met deze 
techniek de identiteit van velerlei ziekteverwekkers, waaronder bacteriën, gisten en schimmels, 
achterhaald worden. Hiermee wordt een sneller en betrouwbaarder alternatief geboden voor 
traditionele identificatiemethoden welke gebaseerd zijn op microscopische beoordeling 
van onder andere de celvorm en -grootte van micro-organismen. Uiteraard vormen deze 
voorbeelden slechts het topje van de ijsberg die de totale bijdrage van wetenschap en techniek 
tot de klinische chemie symboliseert. Deze ijsberg is groot, maar desondanks kan de klinische 
chemie nog niet voor alle aandoeningen een passende bepaling bieden. Zodoende zal dit 
specialisme nog lang of zelfs wel altijd in afwachting en ook afhankelijk blijven van wat de 
wetenschap en techniek in de toekomst zullen voortbrengen. 

De succesvolle klinische implementatie van MALDI-TOF massaspectrometrie (MS) 
voor het diagnosticeren van infectieziekten belicht de kwalitatieve mogelijkheden (gericht op 
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het vaststellen van de identiteit van een analiet) van deze techniek maar kan wellicht ook 
de weg vrijmaken voor diens klinische implementatie voor kwantitatieve doeleinden. In het 
afgelopen decennium zijn er in de wetenschappelijke literatuur namelijk verscheidene MALDI-
TOF methoden beschreven voor kwantificatie van onder andere eiwitten en lipiden (vetten) in 
patiëntmaterialen zoals urine en bloed. Deze methoden zijn relatief simpel, snel en betrouwbaar, 
maar vereisen wel dat het betreffende analiet opgezuiverd wordt uit het patiëntmateriaal. 
Patiëntmaterialen zijn namelijk zeer complex wat inhoudt dat deze vele anderen componenten 
bevatten die de massaspectrometrische detectie zullen verstoren. Verder dienen kwantitatieve 
MALDI-TOF methoden een geschikte ‘interne standaard’ te gebruiken waarmee er 
gecorrigeerd kan worden voor eventuele variatie die optreedt tijdens de monstervoorbewerking 
ofwel tijdens de MALDI-TOF meting. Een interne standaard is een stof die gelijkend is aan 
het analiet qua gedrag tijdens de analytische procedures en daarnaast een ietwat afwijkende 
massa heeft waardoor deze stof apart gedetecteerd kan worden door de massaspectrometer. 
Juist doordat MALDI-TOF bekend staat om diens relatief grote analytische variatie is het 
van belang om zeer goed gelijkende interne standaarden te hanteren waarmee de analytische 
betrouwbaarheid effectief gewaarborgd kan worden. Als de analiet opzuivering- en interne 
standaard-vereisten vervolgens in acht genomen worden, kan kwantitatieve MALDI-TOF als 
een interessante techniek beschouwd worden vanuit een klinisch oogpunt. In hoofdstuk 2 
van dit proefschrift tonen wij een voorbeeld van zo’n methode voor het eiwit ‘insulin-like 
growth factor 1’ (IGF1) in bloed. Voor deze methode hebben wij een geautomatiseerde IGF1 
opzuiveringsmethode ontwikkeld en maakten we gebruik van een synthetische IGF1 variant 
als interne standaard waarin alle 94 stikstofatomen met een massa van 14 dalton (Da) zijn 
vervangen door stabiele stikstofisotopen met een massa van 15 Da. Hierdoor heeft deze variant 
een andere massa dan het lichaamseigen IGF1 en kan deze dus apart gedetecteerd worden door 
de massaspectrometer terwijl diens gedrag tijdens de analytische procedures gelijk is aan dat 
van ‘gewoon’ IGF1. Naast het kwantificeren van IGF1 konden we met onze methode in bloed 
ook de aanwezigheid van twee IGF1 varianten aantonen welke het gevolg zijn van zogenoemde 
‘single nucleotide polymorphisms’ (SNP). Een SNP is een kleine variatie in het DNA die kan 
leiden tot een afwijkende opbouw van eiwitten. Een dergelijke afwijking kan mogelijk ook 
leiden tot een afwijkende functie van eiwitten, bijvoorbeeld als zo’n SNP leidt tot de vervanging 
van één van de twintig bij mensen voorkomende aminozuren, de bouwstenen van eiwitten, 
voor een ander aminozuur. In twee afzonderlijke patiëntmonsters troffen wij IGF1 varianten 
aan met een massa van 7.680 Da naast het gewone IGF1 met een massa van 7.650 Da. Het 
massaverschil van 30 Da tussen de beide varianten duidde op de mogelijke vervanging van het 
aminozuur alanine voor het aminozuur threonine. Een dergelijke vervanging was reeds voor 
twee afzonderlijke plekken in het IGF1 eiwit in de wetenschappelijke literatuur beschreven 
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en voor beide plekken geldt dat afwijkende aminozuren bij ongeveer 1 op de 1.000 personen 
voorkomen. Met onze methode konden we deze varianten dus apart van het gewone IGF1 
eiwit detecteren en middels massaspectrometrie konden we tevens de plek van de betreffende 
alanine-naar-threonine vervangingen bij de twee patiënten lokaliseren. Onderscheid maken 
tussen eiwitvarianten is echter niet mogelijk wanneer er gebruikt wordt gemaakt van 
bindingsanalyse om IGF1 te kwantificeren, zoals nu gedaan wordt in de klinische chemie. Bij 
bindingsanalyse wordt er namelijk gebruik gemaakt van twee antilichamen, één om een analiet 
op te zuiveren en een andere om een concentratie-afhankelijke kleurreactie te genereren. 
Deze antilichamen grijpen specifiek aan op bepaalde delen van een analiet en als deze delen 
afwezig ofwel gewijzigd zijn in bepaalde varianten dan zullen deze niet gemeten worden. In 
het geval van IGF1 waarbij diens concentraties bepalend zijn voor het wel of niet starten 
van de prijzige behandeling van groeihormoon-gerelateerde aandoeningen, onderscheidt de 
MALDI-TOF methode zich dus van bindingsanalyses en zou onze methode een positieve 
bijdrage kunnen leveren aan de diagnostiek van groeihormoon-gerelateerde aandoeningen. 
Met oog op de klinische implementatie van de MALDI-TOF methode die hier mogelijk uit 
voortvloeit, is onze aandacht niet alleen uitgegaan naar het ontwikkelen van een analytische 
methode van hoge kwaliteit, maar hebben we ook gezocht naar specifieke indicatoren aan 
de hand waarvan we de kwaliteit van de metingen konden volgen. Naar verloop van tijd 
kunnen er zich namelijk verontreinigingen in het MALDI-TOF apparatuur opstapelen die 
de kwaliteit van de metingen negatief beïnvloeden. Dergelijke verontreinigingen kunnen 
gelukkig eenvoudig verwijderd worden, maar voor de bijbehorende schoonmaakprocedures 
kan het apparaat tot wel een volledige werkdag niet beschikbaar zijn voor metingen. Al met 
al moet een schoonmaak dus niet te weinig maar ook niet te vaak plaatsvinden, omdat het 
instrument dan respectievelijk data van mindere kwaliteit genereert ofwel onnodig vaak buiten 
bedrijf is. Voor IGF1 zagen wij dat een toenemende mate van MALDI-TOF verontreiniging 
leidde tot toenames van geoxideerd IGF1 en geoxideerde interne standaard, welke beiden 16 
Da hogere massa’s hebben ten opzichte van hun niet-geoxideerde tegenhangers. Aan de hand 
van deze signalen kunnen er voor IGF1, maar ook voor velerlei andere eiwitten, vervolgens 
criteria gesteld worden voor het tijdig schoonmaken van de apparatuur waarmee zo optimaal 
mogelijk gebruik gemaakt kan worden van de analytische capaciteit. Uiteraard moet hierbij 
gesteld worden dat het volgen van eiwitoxidatie niet mogelijk is voor elk eiwit en zodoende 
hebben we naar andere parameters gezocht aan de hand waarvan de opbouw van MALDI-TOF 
verontreinigingen gevolgd kan worden. Deze zoektocht leidde tot de bevinding dat variatie 
tussen de resultaten van verschillende replicaten die behoren tot hetzelfde patiëntmonster - 
elk patiëntmonster werd namelijk in viervoud met MALDI-TOF geanalyseerd met als doel 
om optimale analytische betrouwbaarheid te realiseren - eveneens indicatief is voor MALDI-
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TOF contaminatie. Zodoende konden we ook een generieke indicator aandragen waarmee de 
kwaliteit van MALDI-TOF metingen uitgelezen kan worden in een poging om tenminste één 
van de hordes weg te nemen die op dit moment de klinische implementatie van kwantitatieve 
MALDI-TOF nog in de weg lijken te staan.
 Het hierboven beschreven eiwit IGF1 heeft een massa van amper 10.000 Da en komt 
in bloed voor in concentraties tussen de 10 en 1.000 nanogram per milliliter (ng/mL), wat 
overeenkomt met 1,3 tot 130 nanomolair (nM). Zodoende wordt IGF1 beschouwd als een 
klein en redelijk veel voorkomend eiwit. Juist deze twee eigenschappen maken dat MALDI-
TOF een geschikte techniek kan zijn om IGF1 te meten, terwijl deze techniek doorgaans 
minder geschikt is voor grotere en weinig voorkomende eiwitten. Met betrekking tot dit laatste, 
zelfs als een uiterst specifieke en effectieve methode van analietopzuivering wordt gehanteerd, 
namelijk gebruikmakend van antilichamen, dan zullen er onbedoeld toch andere componenten 
in het opgezuiverde monster terecht komen die het analyseren van een analiet bemoeilijken 
of zelfs onmogelijk maken. Voor grotere en/of weinig voorkomende eiwitten wordt zodoende 
de scheidingstechniek vloeistofchromatografie (Engels: ‘liquid chromatography’, LC) toegepast 
voorafgaand aan massaspectrometrische detectie waarmee een extra scheidingsdimensie wordt 
toegevoegd aan de meetmethode. Deze toegevoegde dimensie maakt dat dergelijke LC-MS 
methoden veelal geen sterke mate van analietopzuivering vereisen zoals wel het geval is voor 
MALDI-TOF methoden. Alhoewel, voor de (zeer) weinig voorkomende eiwitten geldt deze 
vereiste doorgaans nog wel, zoals ook voor het ‘soluble receptor of advanced glycation end-products’ 
(sRAGE) eiwit welke wordt behandeld in de hoofdstukken 3, 4 en 5 van dit proefschrift. Dit 
eiwit van 34.000 Da komt in bloed voor in concentraties tussen de 0,1 en 10 ng/mL, wat 
overeenkomt met 0,003 tot 0,3 nM, en is zodoende ruim 4 maal groter en 400 maal minder 
voorkomend dan IGF1. sRAGE is een veelbelovende kandidaat om tot laboratoriumbepaling 
ontwikkeld te worden voor de aandoening chronische obstructieve longziekte (Engels: ‘chronic 
obstructive pulmonary disease’, COPD), de wereldwijde doodsoorzaak nummer 3 volgens de meest 
recente gegevens van de Wereldgezondheidsorganisatie. Uit grootschalig klinisch onderzoek is 
naar voren gekomen dat sRAGE concentraties in bloed geassocieerd zijn met longemfyseem, 
het ten gronde gaan van longblaasjes wat één van de twee belangrijkste uitingen van COPD is. 
Hiervoor moet echter nog wel de kanttekening gemaakt worden dat deze informatie volledig 
gebaseerd is op bindingsanalyses welke uitsluitend voor onderzoeksdoeleinden en dus (nog) 
niet voor klinische doeleinden gebruikt mogen worden. Deze kanttekening in combinatie met 
de ogenschijnlijke potentie van sRAGE als zogenoemde ‘biomarker’ voor COPD stimuleerde 
ons om de kwantitatieve LC-MS methode voor sRAGE in bloed voor klinische doeleinden 
te ontwikkelen die gepresenteerd wordt in hoofdstuk 3 van dit proefschrift. Deze methode 
gebruikt een sRAGE opzuiveringsmethode op basis van antilichamen welke gekoppeld worden 
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aan een specifiek type plastic platen, bekend onder de naam ‘microtiterplaten’, waarmee 
grote aantallen monsters in parallel opgewerkt kunnen worden. Voor het immobiliseren van 
antilichamen worden doorgaans magnetische bolletjes gebruikt in plaats van microtiterplaten, 
maar wij ondervonden dat microtiterplaten een sneller, eenvoudiger en goedkoper alternatief 
boden voor magnetische bolletjes en dan met name voor de weinig voorkomende eiwitten 
zoals sRAGE. Naast dat deze platen effectief bleken om met antilichamen sRAGE te verrijken 
uit bloed hebben we bij onze afdeling de toepasbaarheid van deze strategie ook kunnen 
demonstreren voor andere eiwitten uit bloed en ook uit geïsoleerd menselijk celmateriaal. 
Al met al zijn wij er van overtuigd dat onze opzuiveringsmethode op basis van antilichamen 
gekoppeld aan microtiterplaten vele interessante toepassingen kan hebben en verder een 
positieve bijdrage kan leveren aan de veelzijdigheid van massaspectrometrische methoden om 
eiwitten te kwantificeren. Op basis hiervan zou dit werk ten slotte nog de klinische interesse 
kunnen vergroten om massaspectrometrische methoden aan te wenden als alternatief voor of 
als aanvulling op de veelgebruikte bindingsanalyses voor het analyseren van klinisch relevante 
eiwitten.
 Het ontwikkelen van een platform op basis van microtiterplaten om weinig voorkomende 
eiwitten op te zuiveren was voor ons een belangrijke mijlpaal, maar het hoofddoel in ons sRAGE 
project was het ontwikkelen van een LC-MS methode voor sRAGE waarmee we een bijdrage 
konden leveren aan de ontwikkeling van sRAGE als biomarker voor COPD. Zo hebben we 
onder andere, als onderdeel van het werk beschreven in hoofdstuk 3 van dit proefschrift, 
onze LC-MS methode vergeleken met de twee meest gebruikte sRAGE bindingsanalyses. 
Deze vergelijking leidde tot de bevinding dat de samenhang (correlatie) tussen de afzonderlijke 
bindingsanalyses en de LC-MS methode als redelijk tot goed aangemerkt kan worden (R2 = 
0.7-0.8, op een schaal van 0 tot 1). Echter, de bindingsanalyses rapporteerden tot wel vier 
maal lagere sRAGE concentraties in bloed vergeleken met de LC-MS methode. Zo ver als 
het ontwerp van de bindingsanalyses het toeliet om aanpassingen er aan te doen, hebben we 
vervolgens getracht om verklaringen te vinden voor deze verschillen. Dit werk leidde tot het 
vermoeden dat de hoeveelheid antilichaam die door de bindingsanalyses per monster gebruikt 
wordt, onvoldoende toereikend was. Voor één van beide bindingsanalyses bood diens ontwerp 
de mogelijkheid om deze hoeveelheid te vergroten wat leidde tot hogere sRAGE concentraties 
die gerapporteerd werden. Ondanks de overtuigende data die de betreffende experimenten 
opleverden, blijft het speculeren wat de exacte redenen voor de geobserveerde verschillen 
zijn. Bindingsanalyses en massaspectrometrische methoden blijven immers verschillende 
analytische methoden met wezenlijk verschillende detectieprincipes. Daar waar een analiet 
zelf een signaal genereert bij de MS-methoden, is het detectieprincipe van bindingsanalyses 
indirect en gebaseerd op een kleurreactie die afhankelijk is van of een detectie-antilichaam wel 
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of niet aan een analiet (en diens varianten) bindt. Zodoende is het niet vreemd en misschien 
zelfs logisch dat de resultaten van verschillende analytische testen voor eenzelfde analiet 
van elkaar verschillen. Het is derhalve ook logisch om ervoor te pleiten dat verschillende 
analytische testen voor eenzelfde analiet per definitie als ‘niet-uitwisselbaar’ beschouwd moeten 
worden, althans tot het tegendeel is bewezen. Tot slot, onze resultaten leren ons verder dat 
we kritisch moeten zijn wat betreft het concept ‘absolute kwantificatie’ en de definitie die 
we daar aan toekennen. Absolute eiwitconcentraties kunnen alleen verkregen worden als een 
test gekalibreerd is aan de hand van een gecertificeerde eiwitstandaard of een eiwitstandaard 
waarvan de exacte concentratie is vastgesteld middels de zogenoemde aminozuuranalyse. 
Toch is het gebruik van dergelijke standaarden geen garantie voor dat verschillende testen 
voor eenzelfde eiwit dezelfde concentraties rapporteren. Er kunnen onder andere verschillende 
selecties van de in een monster aanwezige eiwitvarianten (bijvoorbeeld ten gevolge van SNPs) 
gekwantificeerd worden door de verschillende methodes. Wellicht moeten we er dus niet vanuit 
gaan dat een methode ‘de eiwitconcentratie’ rapporteert, maar dat deze ‘een eiwitconcentratie’ 
rapporteert welke verkregen is door gebruik te maken van detectiemethode X, eiwitstandaard 
Y, monstervoorbewerkingmethode Z, et cetera.
 Naast dat we onze LC-MS methode hebben vergeleken met de meest gebruikte sRAGE 
bindingsanalyses hebben we deze methode ook toegepast op ongeveer 1.000 patiëntmonsters 
van verschillende klinische studies. Dit werk heeft er onder andere toe geleid dat we ontdekten 
dat het roken van sigaretten vlak voordat een bloedmonster wordt genomen streng gereguleerd 
moet worden. We vonden namelijk dat roken vlak voor de bloedafname leidt tot een kwart lagere 
sRAGE concentratie bij zowel gezonde personen als bij COPD patiënten. Ter controle hebben 
we sRAGE in dezelfde monsters ook middels bindingsanalyse gekwantificeerd en dezelfde 
verlaging werd ook door deze test gevonden en is dus niet methode-afhankelijk. Aangezien 
het reguleren van rookgedrag voorafgaand aan de bloedafname niet is beschreven voor de reeds 
gepubliceerde studies naar sRAGE in grote patiëntenpopulaties, wordt ons huidige begrip van 
dit eiwit en diens waarde als biomarker voor COPD in een nieuw perspectief geplaatst. Zo 
lijkt het allereerst van belang om voor dergelijke studies nader onderzoek te doen naar het 
effect van roken vlak voor de bloedafname op sRAGE concentraties. Dit heeft dan met name 
als doel om te verifiëren dat reeds gerapporteerde verschillen qua sRAGE concentraties tussen 
verschillende patiëntpopulaties gebaseerd zijn op relevante, biologische verschillen en niet op 
een eventueel pre-analytisch artefact. Daarnaast is het mechanisme achter de geobserveerde 
reductie interessant om nader te bestuderen. Verder onderzoek hiernaar kan ons wellicht 
leiden naar nieuwe inzichten aangaande het functioneren van de longen en het mogelijke 
disfunctioneren van de longen ten gevolge van het inademen van sigarettenrook.
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Methoden die mogelijk aangewend kunnen worden voor toekomstige studies naar sRAGE 
zijn de twee kwantitatieve LC-MS methoden voor sRAGE in bloed die gepresenteerd worden 
in de hoofdstukken 4 en 5 van dit proefschrift. Anders dan de reeds beschikbare sRAGE 
bindingsanalyses en onze initiële LC-MS methode maken deze methoden geen gebruik 
van antilichamen om sRAGE uit bloed op te zuiveren voorafgaand aan de detectiestap. 
Antilichamen zijn veelzijdige eiwitten waarmee analieten op efficiënte wijze verrijkt kunnen 
worden en zijn onmisbaar geworden in het hedendaagse (bio)medisch onderzoek. Toch kleven 
er enkele nadelen aan deze eiwitten, zoals dat hun productieproces complex is wat dikwijls 
resulteert in aanzienlijke variatie tussen antilichamen die geproduceerd zijn in verschillende 
batches. In een reactie op dergelijke nadelen zijn er in de afgelopen decennia verschillende 
onderzoeksgroepen ingesprongen op de behoefte naar alternatieven voor antilichamen wat 
geresulteerd heeft in een flink aantal nieuwe opties. Een voorbeeld hiervan is de ‘affimeer’, een 
eiwit-achtige verbinding gebaseerd op het eiwit Cystatine A welke we hebben gebruikt voor 
de kwantitatieve LC-MS methode voor sRAGE die staat beschreven in hoofdstuk 4 van dit 
proefschrift. Tevens hebben we getracht om een opzuiveringsmethode te ontwikkelen die niet 
gebaseerd is op eiwit-eiwit-interacties maar op ‘vastefase-extractie’ waarbij een analiet wordt 
verrijkt op basis van fysisch-chemische eigenschappen, zoals diens grootte, ladingsverdeling en 
oplosbaarheid in waterige of vettige vloeistoffen. Dergelijke methoden kunnen niet gebruikt 
worden om één specifiek eiwit uit een monster op te zuiveren, maar zullen een meervoud aan 
eiwitten verrijken met vergelijkbare fysisch-chemische eigenschappen. De mate van zuiverheid 
van een verrijkt monster zal dus significant lager zijn bij vastefase-extractie in vergelijking 
met de uiterst specifieke methoden gebaseerd op eiwit-eiwit-interacties. Deze minder efficiënte 
verrijking is wellicht de reden dat er maar weinig voorbeelden in de literatuur gevonden 
kunnen worden van kwantitatieve methoden voor eiwitten in bloed waarbij vastefase-extractie 
gebruikt wordt als opzuiveringsmethode. Voorbeelden van dergelijke methoden voor weinig 
voorkomende eiwitten zoals sRAGE zijn zelfs volledig afwezig (zo ver als wij konden nagaan 
op basis van beschikbare literatuur), althans tot het moment dat de methode die is beschreven 
in hoofdstuk 5 van dit proefschrift gepubliceerd werd. Van sRAGE kwamen wij namelijk te 
weten dat dit eiwit een bipolaire ladingsverdeling heeft met een sterk positief geladen deel aan 
de ene kant en een sterk negatief geladen deel aan de andere kant. Een neutraal karakter of 
een negatieve lading komt bij eiwitten vrij vaak voor, maar een sterk positieve lading is redelijk 
uniek onder eiwitten. Middels het principe van ‘ionenwisseling’ werden wij (gelukkigerwijs) in 
staat gesteld om sRAGE te scheiden van de meeste andere eiwitten in bloed waarna we sRAGE 
bij klinisch relevante concentraties in bloed konden kwantificeren. Zodoende kregen we de 
beschikking over de derde LC-MS methode voor het kwantificeren van sRAGE in bloed, de 
tweede LC-MS methode voor sRAGE die niet afhankelijk is van antilichamen en de eerste 
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LC-MS methode voor sRAGE die niet gebaseerd is op (mogelijk onvoorspelbare) eiwit-eiwit-
interacties. Een vergelijking tussen onze drie methoden leerde ons vervolgens dat de methoden 
op basis van antilichamen en affimeren een zeer goede correlatie vertoonden (R2 = 0.9), terwijl 
de correlaties tussen deze methoden en de vastefase-extractiemethode maar matig waren (R2 
= 0.5). Ten opzichte van de antilichaammethode rapporteerde de affimeermethode verder 
over het algemeen ietwat lagere concentraties (± 25%) terwijl de vastefase-extractiemethode 
ietwat hogere concentraties (± 18%) rapporteerde. Met betrekking tot deze verschillen is het 
aannemelijk dat de verschillende methoden een verschillende selectie van sRAGE varianten 
kwantificeren. De specifieke bindingsplekken waar de antilichamen en affimeren aangrijpen 
op het sRAGE eiwit kunnen bijvoorbeeld afwezig of gemodificeerd zijn in bepaalde sRAGE 
varianten en deze plekken kunnen verder nog geblokkeerd worden bindingspartners van sRAGE 
die in bloed voorkomen. Verder kan de ladingsverdeling van de verschillende sRAGE varianten 
variëren waardoor ook de vastefase-extractiemethode niet de volledige fractie van mogelijke 
sRAGE varianten uit bloed zal opzuiveren. Al met al leert deze methodevergelijking ons 
wederom dat verschillende methoden voor hetzelfde analiet niet per se dezelfde concentraties 
rapporteren en dat deze concentraties in de context van de meetmethode gezien moeten worden. 
Verder kan het beschikken over meerdere analytische methoden om een analiet te meten als 
wenselijk beschouwd worden en dan met name bij het bestuderen van de rol van een eiwit in 
normale biologische processen, in ziekteprocessen en als biomarker voor klinische doeleinden. 
Uiteraard is het dan van belang om verder onderzoek te doen naar welke eiwitvarianten de 
verschillende methoden precies meten en in hoeverre eiwitvarianten van elkaar verschillen qua 
functie. Voor sRAGE zullen dergelijke doelen in toekomstige projecten nagestreefd moeten 
worden waarbij er gebruik gemaakt zal worden van nieuwe en verbeterde technieken om 
eiwitten te karakteriseren. sRAGE is namelijk een zeer weinig voorkomend eiwit waarvoor 
reeds de detectielimieten van hedendaagse (massaspectrometrische) technieken aangesproken 
dienden te worden om dit eiwit überhaupt te detecteren. Meer gevoeligheid van dergelijke 
technieken is derhalve gewenst om onderscheid te kunnen maken tussen verschillende sRAGE 
varianten die naar verwachting slechts een beperkte fractie van de totale hoeveelheid sRAGE 
moleculen vormen. Zo verblijven wij in ons werk eveneens in afwachting van wetenschappelijke 
en technologische ontwikkelingen, die ons vermoedelijk al in de zeer nabije toekomst in staat 
zullen stellen om antwoorden te geven op de voor ons nog openstaande onderzoeksvragen. 

Een rode draad in dit proefschrift is de monstervoorbewerking die relevant is voor 
massaspectrometrische methoden om eiwitten te meten waarbij er een nadrukkelijke 
focus ligt op efficiëntie en gemak. Zo ontwikkelden we voor IGF1 een geautomatiseerde 
monstervoorbewerkingsmethode waarmee gerust enkele honderden patiëntmonsters per dag 
opgewerkt kunnen worden. Onze sRAGE opzuiveringsmethoden op basis van antilichamen 
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en affimeren gekoppeld aan microtiterplaten zijn eveneens zeer eenvoudige methoden 
om vele patiëntmonsters in parallel op te werken en deze methoden zouden makkelijk 
geautomatiseerd kunnen worden met behulp van de monstervoorbewerkingsrobots die in 
vele klinische laboratoria gebruikt worden. Onze vastefase-extractiemethode is daarentegen 
niet zozeer gericht op efficiënte en gemak, maar in dit project hebben we ons met name 
gericht op het rationaliseren van monstervoorbewerkingsmethoden. Door zo slim mogelijk 
‘gebruik’ te maken van de eigenschappen van sRAGE waren we uiteindelijk in staat om dit 
eiwit bij klinisch relevante concentraties te kwantificeren zonder daarbij gebruik te maken 
van antilichamen of antilichaam-alternatieven om sRAGE op te zuiveren. Vanuit de gedachte 
van het rationaliseren van monstervoorbewerkingsmethoden hebben we onze pijlen tot slot 
nog gericht op vergelijkbare methoden die gebruikt worden in experimenten om biomarkers 
te ontdekken middels massaspectrometrie. Er wordt in het betreffende vakgebied een groot 
aantal verschillende methoden hiervoor aangewend en deze hebben een grote invloed op welke 
eiwitten er uiteindelijk geïdentificeerd zullen worden op basis van massaspectrometrische 
analyse. In feite introduceert elke methode dus een systematische fout, zoals we ook aangetoond 
hebben in het werk dat gepresenteerd wordt in hoofdstuk 6 van dit proefschrift. Een dergelijke 
fout is waarschijnlijk onvermijdelijk in dit type onderzoek en vereist een zeker bewustzijn dat 
niet voor elke vraagstelling en elk type patiëntmonster dezelfde methode het meest geschikt 
zal zijn. In ons project waarbij we vier verschillende monstervoorbewerkingsmethoden op 
basis van drie verschillende menselijke weefsels uit het hoofd-halsgebied hebben vergeleken, 
kwam dan ook naar voren dat geen van de vier methoden het beste presteerde voor alle drie 
geïncludeerde weefsel. Deze resultaten pleiten zodoende tegen het bestaan van een ‘universele’ 
monstervoorbewerkingsmethode, maar pleiten juist voor een rationele selectie en evaluatie van 
dit soort methodes welke afgestemd dient te worden op het doel van een experiment en het 
type monster dat bestudeerd zal worden. 

Tot slot, met dit proefschrift en de bijbehorende onderzoeksprojecten heb ik gepoogd 
een bijdrage te leveren aan de ontwikkeling van veelbelovende biomarkers en ook aan het 
stuwen van massaspectrometrische methoden voor eiwitkwantificatie richting klinische 
implementatie. Met name heb ik getracht te tonen dat dergelijke massaspectrometrische 
methoden veelzijdig en simpel kunnen zijn en dat er mogelijkheden zijn om met MS grote 
hoeveelheden patiëntmonsters in een kort tijdsbestek te meten. Uiteraard zijn er ook gebieden 
waarin MS (nog) tekortschiet en de weg voorwaarts zal allicht lang zijn en steile hellingen 
bevatten. Op deze weg zal MS diens meerwaarde moeten gaan bewijzen en zullen er vooral 
ook tastbare succesverhalen geschreven moeten worden aan de hand waarvan de klinische 
implementatie van deze techniek voor kwantitatieve doeleinden bespoedigd kan worden. 
Mocht deze implementatie overigens eenmaal gerealiseerd zijn, dan zal het biomarkeronderzoek 
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mogelijk in een stroomversnelling kunnen geraken en zal de klinische chemie daarnaast ook 
beter uitgerust zijn om het arsenaal aan laboratoriumbepalingen uit te breiden en deze beter af 
te stemmen op de wensen van artsen.
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that I made the most of the opportunities that were offered to me and that I met everyone’s 
expectations.

Starting from the first day of my project I was blessed with the supervision of my doctoral 
advisors Rainer Bischoff, Péter Horvatovich, and Nick ten Hacken. Rainer, I believe that much 
of what we have accomplished can be attributed to a very fruitful interplay between your 
expertise and supervisory style and my enthusiasm and diligence. I am very happy with our 
collaboration, our discussions, your involvement in our social activities, even if such activity 
involved watching one of the worst movies ever (yes, I am referring to Life of Brian, which 
actually would have been much better if a few sharks or HAL 9000 had been casted for this 
movie), the water refills in Garsthuizen of course, and all the other good times we had. I am 
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thankful for the support and opportunities you have given me and for everything I have learnt 
from you and from working under your supervision. 

I am also thankful for meeting one of the friendliest, if not the friendliest person I have 
ever met. That is you Péter. I deeply respect your commitment, perseverance, and enthusiasm, 
although I sincerely hope that these virtues do not stand in the way of you living your life to 
the fullest. Please keep pursuing opportunities to translate your ideas into successful research 
projects, keep sharing your ideas with us PhD students when you make small talk in the open 
office, and encourage us to do Friday afternoon experiments or, even better, to get involved 
in promising side projects like you did in my case. Our side project was quite a ride, and the 
evenings and weekends we needed to dedicate to this project were absolutely worth the effort. 
So, I truly believe we earnt that spot in the panorama bar of the Guinness Storehouse and all 
the Hop House 13s that came along with this privilege. Hopefully the future has some more 
moments in store for us to have a drink, share a laugh, and talk some science, as I appreciated 
those moments in the past four years. 

Having a drink in the future is also something I would like to do with you Nick. As we 
are both quite fond of Port wine, I would not mind opening a vintage with you, enjoy some 
complementary French cheeses, and think back to our great brainstorm sessions. Perhaps even 
in Yde, a charming little village where you can relax and do not need to worry about incoming 
e-mails, at least as long as the fiber-optic internet campaigners are willing to stay out of the 
media for a while. It was really nice working together with you, and I am glad you always tried 
to approach our projects from a clinical perspective. And yes, I know you often mentioned 
that you were unable to follow the technical discussions, but I also noticed your poker face 
and I am sure that you could understand much more than you dared to admit. I admire your 
enthusiastic attitude, your desire to learn, and how you are open to or almost get excited 
about challenges. Hopefully, I will never forget your grin from ear to ear when you entered 
Huize Heyendael in Nijmegen for our BDC meeting last April after you spent the night on 
processing the CT data that you only just received the day before. May you be that passionate 
person for the rest of your life and may you continue to inspire me and many others. 
 Besides working together with my three supervisors, I also had the pleasure of collaborating 
with an equal amount of postdocs for the BDC-related projects in Groningen. In order of 
appearance: Sara Ongay Camacho, Daan Pouwels, and Marcel Kwiatkowski. Sara, you and I 
started on the BDC positions in Groningen in the Autumn of 2014, and together we made 
an inventory of promising COPD biomarker candidates based on thorough study of the 
literature. I really liked working together with you on this project, and I am thankful that 
you introduced me to targeted and discovery-based proteomics research in the first months 
of my PhD project. Unfortunately, we could only work together for nine months, but I am 
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happy for you that you found a nice position as well as a good place to live with your family in 
Bavaria. From December 2015 to December 2016, Daan joined the BDC team, and together 
we faced the challenge of developing a quantitative MS-based method for the low abundant 
sRAGE protein in human serum. We thankfully pulled it off, and I strongly believe that the 
key ingredient to our success lay within our different backgrounds, with you being a medical 
biologist and me being an analytical biochemist. I am so glad you joined the project, and I 
hope our collaboration will prove to be valuable for you and your scientific career. Marcel, you 
stepped in for the closing stage of the sRAGE project that Daan and I worked on, and I cannot 
overstate my appreciation for your help on the clinical analyses. I will not remember the period 
in question as one of the happiest periods in my life, and you stepping in to carry out some 
of the work definitely helped me to stay strong. Naturally, I will not only remember you as a 
colleague as we became good friends for which I am grateful. I hope we will stay in touch, and I 
also hope that your future will be bright, both in science and in your personal life with Madlen. 
 Besides my supervisors and BDC colleagues, quite a few other people contributed to 
my research projects and my thesis. First of all, I would like to thank the professors Connie 
Jimenez, Hartmut Schlüter, and Bob Wilffert for taking part in the assessment committee and 
thus for spending valuable time on reading my thesis. I would furthermore like to thank Nico 
van de Merbel and Peter Bults who introduced me to the field of regulated bioanalysis and 
who were always there for me when I needed advice (and when I needed certain materials for 
my experiments). Also, I would like to thank my clinical collaborators Stephan Bakker and 
Lyanne Kieneker from the UMCG’s Internal Medicine department who were involved in my 
IGF1 project, as well as Gyuri Halmos, Linda Bras and Renée Verhoeven from the UMCG’s 
Otorhinolaryngology department, Karin Wolters from the UMCG’s Pediatrics department, 
Victor Guryev and Martijn Vochteloo from the UMCG’s Genome Structure and Ageing 
laboratory, and again my former colleague Sara Ongay Camacho who were all involved in my 
head and neck cancer (side) project. Regarding this side project, Karin, you played a major 
role in the proteomics part of this project, which, I believe, was oftentimes underappreciated. 
Hereby I would like to take the opportunity to acknowledge your pivotal contributions which 
were a prerequisite for the good quality data that were acquired in our experiments. Other roles 
that should not be underappreciated are those played by Hjalmar Permentier, Jos Hermans, 
and Marcel de Vries. I do not think that I am exaggerating when I state that the three of you 
made significant contributions to all projects of the PhD students who worked in the lab of 
our department. You guys are there for us when we demolish (parts of ) the instruments, you 
share interesting ideas around the coffee machine (in my case: billiards table), you are sources 
of information, and you come up with solutions to many of our problems. I cannot thank you 
enough for your contributions to my projects, the conversations and discussions we had, and 
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naturally also for the fun and good times we had on the lab. Last but not least in this list of 
important contributors to my projects are the fantastic students of which I had the pleasure 
to see them shine and perform miracles on the lab. Dear Paula Borgonje, Kyra Fuchs, Marc 
Joosten, Billal Hadfi, Marrit Hadderingh, and Ansgar Korf although I realize that you did not 
need any supervision and did a very good job working independently, it was very nice getting 
to know you all, and I really hope you liked working with me as much as I liked working with 
you. I attempted to create a good learning atmosphere and to be a good supervisor, and I hope 
you have the feeling that my attempts turned out to be quite OK. I wish you all the best in 
your future lives and careers, and I am looking forward to running into each other somewhere 
in the future. 
 To my other colleagues from the Analytical Biochemistry department and the Interfaculty 
Mass Spectrometry Center, I would like to thank you for the fantastic years we spent together. 
Jolanda Meindertsma, you deserve a special place in the acknowledgment sections of all 
theses that are written by PhD students of three out of the eight departments within the 
Groningen Research Institute of Pharmacy. You are probably one of the few people within the 
University of Groningen who understands its bureaucracy, and you are always willing to lend 
a helping hand when others get lost. Annie van Dam, Margot Jeronimus-Stratingh, Natalia 
Govorukhina, Hjalmar Permentier, Jan Willem Meints, Jos Hermans, Marcel de Vries, and 
since recently also Ydwine van der Veen and Walid Maho, you were the pillars of the group I 
worked in during the past four years, and you created a welcoming and inspiring environment 
for me to grow as a person and researcher. Sara Ongay Camacho, Alexander Boichenko, Daniel 
Wilffert, and Kees Bronsema, we only worked together for a short period of time, but I will 
never forget my (routine) first-round eliminations in the werewolves game, our fierce paintball 
battles against the Pharmaceutical Analysis crew, the entrancing/mesmerizing/mind-blowing 
movie nights, the participation in the Lifelines 2014 symposium which gave free access to the 
full-dome 3D theater (plus fancy snacks and wines), and my first introduction to the gin and 
tonic cocktail, or in the words of Alex: “the liquid Christmas tree”. I will also never forget 
the fantastic food that Tao (Larry) Zhang, Tao Yuan, and Wenxuan Zhang shared with me. 
Admittedly, this food cost me quite a lot of taste buds, but these were definitely worth it. I 
regret, however, that my mashed potatoes could not attract your attention nor satisfy the needs 
of your taste buds. Jiaying Han, I remember very well how you and I were the newbies of the 
group and that we both needed to dive into the heart of MALDI-TOF mass spectrometry. 
Well, somehow we drifted off, as you soon started injecting your palladium cages into ion 
trap mass spectrometers whereas I ended up analyzing peptides using triple quadrupole mass 
spectrometers. Nevertheless, I think the fact that you, Wangjia, and me could cycle around 
the isle of Schiermonnikoog while only using one (two-wheeled) bike shows that you and 
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I do not need to work closely together to be a good team. When talking about good teams, 
perhaps even better teams within the department will be formed by the talented researchers 
who joined the group much more recently than Jiaying and I did. This golden generation of 
PhD students – let me introduce to you Alienke van Pijkeren, Janine Stam, Julia Aresti Sanz, 
Sara Russo, Yang Zhang, Alex Sánchez Brotons, Ali Alipour Najmi Iranag, Baubek Spanov, 
Oladapo Olaleye, Rik Beernink, Victor Bernal Arzola, and Xiaobo Tian – which is flanked by 
the incredible Karin Wolters, Andrei Barcaru, and Marcel Kwiatkowski, but also the legendary 
Andries Bruins and Dirk-Jan Reijngoud, two inexhaustible sources of wisdom and inspiration 
who are always willing to give you their advice, is destined for greatness. I am grateful for 
meeting you folks, and I would like to thank you for the pleasant and open atmosphere 
I could work in. With respect to this amazing atmosphere, I also want to thank the guest 
researchers who further brightened up our lab in the past years, such as Annalisa d’Urzo and 
Chrysovalantou (Anastasia) Chatziioannou, our neighbors from the Virology department, the 
very very very kind Cemile and Fatma whose smiles and friendly words made it impossible for 
me to start the day with a grumpy face, and Reinder of course who always had time for a chat 
and supplied me with my daily fix of good quality coffee. 
 Some special words of appreciation ought to be addressed to the four colleagues who are 
much more than just colleagues: Andres Gil Quintero, Marcel Kwiatkowski, Peter Bults, and 
Tur(h)an Gül. You guys are amazing, and I am so happy with our friendships. Every day at 
work I was surrounded by friends, and I simply could not ask for more. We can look back 
on epic game nights, sports activities (if fishing is a sport than I would say that the magnet 
fishing game we often played, can be considered as a sports activity), and of course our calm 
and responsible beer tastings which never ended badly nor came at the price of millions of 
sacrificed brain cells. I realize that we will not live in close proximity forever and that we will 
not see each other as much as we maybe want to. Still, I believe that this will not change our 
friendship as long as we keep seeing or contact each other at least once in a while.
 Before I jump to the most important people in my life, I would like to take the opportunity 
to briefly thank a few people who were important for me in the past years but who also played 
valuable roles in my life before I started my PhD project. First of all, the boys of ’08, friends to 
infinity and beyond, we know each other for more than 10 years now, and we went through a 
lot together, mostly experiencing good times but we could also be there for each other in bad 
times. I am so happy with you, but also with the better halves, and I am looking forward to 
spending much more time together and to setting off on new adventures. Secondly, I would 
like to thank my Pharmacy friends, in particular all of the amazing Labrats, everyone who 
was convicted to work together with me in committees, my fellow oyster enthusiast Remy, 
and everyone of the DES (NB: special thanks go to Niek, the extremely friendly person who I 
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could hang out with from the first year to the last year of my Pharmacy studies, and of course 
to Maxime and Pascale, the two angels who made me relive my student life in 2013 and 
2014 when we were privileged to form the board of the DES). Thirdly, I would like to thank 
everyone who supervised and helped me during my Pharmacy studies, and especially Ilona, 
Janneke, and Herman for their guidance when I needed to make important study- and future 
career- or life-related decisions. Fourthly, I would like to thank you Martijn, my good friend 
since my minus 6th day of living in Groningen. Between the moment you were surprised about 
the elasticity of the linoleum which my father and I just put on the floor of my unforgettable 
Selwerd mansion, and the more recent moment when we raised our glasses to celebrate our 
birthdays, we went through a lot, both together and apart. I really hope that we can keep 
raising glasses until something like 60 years from now. Fifth- and lastly, I would like to give 
a big thanks to my housemates Naomi and Rick. I can write a book about our shenanigans, 
our adventures, and our many fascinations, for example with movies featuring sharks in the 
lead, with cats in space (preferably those flying around on a pizza slice), and with good music 
of course. I cannot think of many other people with whom I can walk around in nightwear in 
our houses, around our houses, or in the city center if/when needed. Naturally, I am looking 
forward to keeping you and our families close for the rest of my life.
 To my fantastic family members, from Copenhagen to Cape Town, from Jakarta to Dublin, 
please know and never forget that I am blessed with you all and that I owe so much of who and 
what I am today to you. To my parents, dear Gera and Bert, no words can express how grateful 
I am that you raised me, that you always do what is in my best interest, that you support me 
in good and bad times, that you (seem to) cope with my imperfections and mistakes, that you 
can and want to understand me, and of course that you blessed me with a lovely brother and 
sister. To my siblings, dear ‘grote voorbeeld’ Maarten and ‘prinzusje’ Linda, I simply cannot do 
without you, and I would be nowhere without you. Growing up with you was more than I 
could wish for. It must have been destiny that when you still existed as two separate haploid 
gametes, you on the one hand outswam the competition and on the other hand were in the 
right place at the right time. Dear grandmother, Groningen could only become my hometown 
because you lived here and thankfully still do/Lieve oma, in Groningen kon ik alleen maar mijn 
thuis vinden doordat u hier woonde, wat u gelukkig nog steeds doet. We care and worry about 
each other, we are there for each other when we need it, and for me Groningen would lose 
its sparkle if or when you would not live here anymore/We zorgen voor elkaar, we maken ons 
zorgen om elkaar en u moet weten dat Groningen voor mij zijn of haar glans verliest als u hier 
niet meer zou wonen. Thankfully, you have at least thirty more years to live, hopefully in good 
health and happiness, so we have plenty of time to devour your secret stashes of cookies and 
good-quality red wines/Gelukkig gaat u nog minstens dertig maal uw verjaardag vieren, hopelijk 
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in goede gezondheid en in blijdschap, dus we hebben nog voldoende tijd om uw geheime koek- en 
rode wijnvoorraden te verslinden. 
 A (supposedly) wise man once said: “In der Beschränkung zeigt sich erst der Meister”. I can 
only imagine that you were inspired by these words when you wrote your acknowledgment 
section, my dear Naomi. I recall very well that I expected at least five pages in this chapter of 
your thesis, I was even willing to pay for them, but somehow you gave me less than that. So, 
you could probably guess that I was a bit surprised when you asked me for five pages in return. 
Joking aside, I totally agree with you that even five pages are far from enough to express our 
gratitude towards each other. I am so happy our paths crossed and that we have each other in 
our lives. Well, I can add a few more lines on how grateful and happy I am with you, but I am 
afraid that I would commit plagiarism when doing so, given that so many kind words to this 
extent have already been expressed in books, movies, and songs. You very well know how much 
I owe to you, what you mean to me, and how big your contribution is to what resulted in the 
previous, give or take, 170 pages of this thesis. For now, I would suggest to cherish the fact that 
it is sheer impossible for us to put our gratitude towards each other into words, and let us raise 
our glasses and drink to our fortunate lives, in the future, past, and present. Cheers! 


