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Abstract 

Small-cell lung cancer (SCLC) is an aggressive form for cancer with good treatment options, 

but often detected in a late stage. Pro-gastrin releasing peptide (ProGRP) is one of the 

biomarkers for SCLC and has traditionally been detected with immunoaffinity methods. The 

use of a bottom-up proteomics approach and LC-MS/MS can be an alternative to the 

immunological techniques. As ProGRP is a low abundance biomarker, a sensitive and selective 

method for sample preparation, both clean-up and target enrichment, is needed. Magnetic 

molecularly imprinted polymers (MMIPs) are magnetic beads generated to recognize and bind 

one specific target molecule, in this case the tryptic signature peptide of ProGRP, 

NLLGLIEAK. The use of MMIPs for a selective and sensitive sample preparation method 

before LC-MS/MS may therefore be an option.  

To evaluate the use of MMIPs as a tool in sample preparation of ProGRP two different MMIPs, 

MMIP A and MMIP B, were investigated. Both were fully magnetized beads with 

divinylbenzene (DVB) as the cross-linker. Functional monomer of MMIP A was N-(2-

aminoethyl) methacrylamide hydrochloride (EAMA), while MMIP B had EAMA and a urea 

monomer as functional monomers. For MMIP B, in-sufficient elution recoveries (32 % 

maximum, RSD 20 %) were obtained. In addition, MMIP B showed poor inter-day 

reproducibility of amount target peptide bound (variations from 50-100 %).   

Optimization of the method for MMIP A was successfully done by evaluation of the following 

parameters: composition of test solution for binding, binding time, organic content in wash 

solution and composition of elution solution. The optimized method consisted of the following 

steps: binding time of 5 minutes in aqueous environment, wash with pure water (5 min) and 1 

hour elution with 80:15:5 acetonitrile:water:formic acid (ACN:H2O:FA). The MMIP was also 

characterized with binding isotherms of the MMIP and the corresponding magnetic non-

imprinted polymer (MNIP), and a successful imprinting and a clear difference between MMIP 

and MNIP with an imprinting factor of 6.12 was determined. Testing of the optimized method 

with a ProGRP digest was performed (> 90 % bound and good elution recoveries (87 %, RSD 

< 10 %) of target peptide). Furthermore, the method demonstrated good selectivity with small 

amounts (< 8 %) of other ProGRP peptides in the eluates. The optimized method was also tested 

in serum samples spiked with signature peptide with promising results, but further verification 

using ProGRP spiked serum is needed.   
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1 Introduction 

1.1 Background 

Protein analysis is an important area of interest in pharmacology and diagnostics. In recent 

years, an increasing number of drugs released on the market have been proteins or peptides, for 

example monoclonal antibodies [1] that also are topping lists of best-selling drugs [2]. 

Furthermore, there is an increasing push towards use of specific biomarkers, commonly 

proteins or peptides, in the diagnosis and monitoring of diseases, particularly cancers [3]. A 

biomarker, or biological marker, is “a characteristic that is objectively measured and evaluated 

as an indicator of normal biological processes, pathogenic processes, or pharmacologic 

responses to a therapeutic intervention” [4]. Blood samples are a much less invasive procedure 

than tissue sampling, i.e. biopsies, and biomarkers in blood are therefore an alternative when a 

tissue biopsy cannot be performed due to its invasiveness [5]. Biomarkers and the 

protein/peptide drugs are just two examples of why novel methods for analysis of proteins or 

peptides in biological fluids is essential. 

Lung cancer was predicted to be the most frequently diagnosed cancer and the leading cause of 

cancer deaths worldwide in 2018 [6]. In Norway 2017, lung cancer was the second most 

frequently diagnosed cancer type amongst men, and the third most common amongst women 

[7]. Lung cancer is generally divided in two groups: small cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC), with approximately 15 % of all lung cancers classified as 

SCLC [8]. SCLC is a highly metastatic, aggressive and lethal cancer with rapid tumor growth 

[9]. Tumors of SCLC are often highly sensitive to chemotherapy and radiotherapy, if detected 

early, but the relapse rate is high. Reliable biomarkers for SCLC are therefore needed, not only 

for detection of the disease, but also for disease monitoring i.e. detection of a potential relapse 

[8-12]. There are several potential biomarkers for diagnosis of SCLC, with Pro-gastrin-

releasing peptide (ProGRP) as one of them [10-14].  

Immunoaffinity methods are currently the standard detection method of ProGRP with kits 

commercially available [15, 16]. However, there are some limitations with the use of antibody-

based methods, such as risks of false negative or false positive results [17]. Liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) for serum analysis of ProGRP is an 

alternative to circumvent these problems. However, protein analysis in serum is challenging 
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due to the complexity of the matrix and abundance of proteins present. Some of these proteins 

are in mg/mL concentrations, like albumin, while many biomarkers of interest, e.g. ProGRP, 

are in very low abundance, i.e. pg/mL. The result is a matrix with a huge dynamic concentration 

range of proteins, 10 orders of magnitude [18], which can be a challenge in analysis of these 

samples on instruments with a limited dynamic range, like a mass spectrometer. Resulting in 

that the low abundance proteins cannot be detected due to the high abundant proteins. In 

addition, interference by these high abundant proteins can lead to matrix effects such as ion 

suppression or ion enhancement in the analysis, these effects may lead to a decreased or an 

increased signal in the analysis. Proteins in huge amounts can also precipitate and clog the 

column when using LC before MS. Another issue is also that the target analyte may be in too 

low concentration for detection, (depending on type of instrumentation used); therefore, sample 

preparation such as enrichment (i.e. pre-concentration) and clean-up is essential prior to the 

analysis. This ensures a robust and reproducible method independent from the original 

composition and variation of the matrix.  

Traditional methods of sample preparation are protein precipitation (PPT), liquid-liquid 

extraction (LLE) and solid-phase extraction (SPE).  In LLE, the analyte is transferred from one 

phase, normally an aqueous phase, to an organic phase and the result is a clean-up of the sample 

as a significant fraction of the undesired components remain in the aqueous phase. A significant 

challenge with LLE is that the analyte of interest is extracted into organic solvent, a potential 

issue for separation with LC due to poor retention on the column. Alternatively, SPE takes 

advantage of an analyte’s affinity to a stationary phase, typically in a column. As the target has 

high affinity to the stationary phase, the undesired components of the matrix can be removed 

by washing; resulting in a significantly cleaner eluate, compared to the starting matrix. One 

problem is often loss of analyte to the stationary phase and lack of selectivity. In both LLE and 

SPE, the system is adjusted with pH and various solvents, and/or stationary phases, according 

to the chemical characteristics, such as LogP and pKa, of the target analyte.  

Sample preparation is often a tedious process with extensive sample handling which can occupy 

as much as 80% of total analysis time [19]. Thus, there is always a demand for more efficient 

and better methods. Molecularly imprinted polymers (MIPs) are a tool in sample preparation 

where the material is made specifically for interaction with one unique target analyte [20-29]. 

MIPs are also called synthetic or plastic antibodies, and they are designed to give an efficient 

sample preparation and a selective clean-up, as a cheaper alternative to regular antibodies or 
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immunoaffinity methods [30]. Previously, several methods of using MIPs for sample 

preparation in analysis of signature peptides for ProGRP in different formats have been 

successfully demonstrated [30-32].  

Another MIP variant, magnetic molecularly imprinted polymers (MMIPs), utilizes the benefits 

of selectivity to the target molecule of the MIP, in combination with fast and easy isolation of 

the analyte in the presence of an external magnetic field on the magnetic beads [26, 28]. 

1.2 Aim of the study 

The aim of this thesis was to investigate the usefulness of MMIPs as a tool in selective sample 

preparation of NLLGLIEAK, tryptic signature peptide of SCLC biomarker ProGRP, before 

analysis with LC-MS/MS. Two different MMIPs were evaluated with the goal of developing 

an optimized and reproducible method for selective enrichment of NLLGLIEAK. The 

following tasks were performed: 

• Characterization of MMIP A by determination of binding isotherms and imprinting 

factor. 

• Optimization of conditions for binding, wash and elution of NLLGLIEAK (MMIP A 

(all) and MMIP B (elution only)). 

• Evaluation of the optimized method in matrices of increasing complexity; aqueous 

solution with tryptic peptides of BSA and target peptide, ProGRP digest and digested 

serum spiked with target peptide (MMIP A). 

• Comparison of the two different MMIPs. 
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2 Theory 

2.1 Lung cancer and biomarkers 

There are several potential biomarkers for the diagnosis of SCLC. Neuron-specific enolase 

(NSE) is one example, but it is not sufficiently specific as it also is elevated in other malignant 

diseases [9]. NSE is primarily used due to a lack of other presently suitable alternatives, but in 

addition to poor specificity, it can have sensitivity limitations, especially in those with limited 

disease (LD) [13, 33], classified according to the TNM (Classification of malignant tumors) 

system. Furthermore, NSE is also present inside platelets and erythrocytes and therefore 

requires precautions in the sample handling to prevent leakage from cells and give a misleading 

higher concentration in the blood sample [10]. Carcinoembryonic antigen (CEA) and CYFRA 

21-1 are also markers for lung cancer, but they too are not adequately specific for lung cancer 

and neither can differentiate between SCLC and NSCLC [13].  

Gastrin-releasing peptide (GRP) is a gut hormone originally discovered and isolated from 

porcine gastric tissue [34]. GRP is normally present in fetal and adult lung tissue, but also in 

primary lung tumors [35]. Some have suggested that the cells of SCLC itself produce GRP for 

use in the metastatic process, either in an autocrine process or cell-cell interactions [10], and 

the peptide is shown to be elevated in plasma of patients with SCLC [11]. However, GRP is not 

suitable as a biomarker due to its short half-life of only 1.5-2 minutes [10, 36]. ProGRP is the 

precursor peptide of GRP and has a longer half-life. It has good specificity and sensitivity for 

SCLC [10, 11], and this, along with the easier sample handling than samples with NSE, makes 

ProGRP an attractive candidate as a SCLC biomarker, and is described to be especially useful 

in combination with NSE [10, 12].   

2.1.1 ProGRP as a biomarker 

There are three isoforms of ProGRP present in serum and they have small differences in their 

primary sequence, shown in Figure 1. Peptide fragment 1-98 is common to all the three 

isoforms, shown in bold in Figure 1, and therefore used as the biomarker [11, 37].   
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Isoform 1 
MRGRELPLVLLALVLCLAPRGRAVPLPAGGGTVLTKMYPRGNHWAVGHLMGKKSTGESSSVSERGSLK

QQLREYIRWEEAANLLGLIEAKNRNHQPPQPKALGNQQPSWDSEDSSNFKDVGSKGKVGRLSAPGSQREGR

NPQLNQQ 
 

Isoform 2 
MRGRELPLVLLALVLCLAPRGRAVPLPAGGGTVLTKMYPRGNHWAVGHLMGKKSTGESSSVSERGSLK

QQLREYIRWEEAANLLGLIEAKNRNHQPPQPKALGNQQPSWDSEDSSNFKDLVDSLLQVLNVKEGTPS 

 

Isoform 3 
MRGRELPLVLLALVLCLAPRGRAVPLPAGGGTVLTKMYPRGNHWAVGHLMGKKSTGESSSVSERGSLK

QQLREYIRWEEAANLLGLIEAKNRNHQPPQPKALGNQQPSWDSEDSSNFKDVGSKGKGSQREGRNPQLNQ

Q 
 

 

Figure 1. Isoforms of ProGRP from UniProt Knowledgebase. The common region shown in bold and the 

signature peptide NLLGLIEAK shown in blue. 

The upper limit of ProGRP in the circulation of normal healthy adults is 50 pg/mL [10, 38, 39], 

however, there are large variations between individuals, not only due to metastatic diseases. 

One study has shown that higher age, female gender, low body-mass-index (BMI), higher 

creatinine concentration and tobacco smoking were all associated with an elevated level of 

ProGRP, even in healthy individuals [39]. ProGRP is primarily metabolized by the kidneys, so 

kidney diseases will also often result in higher concentrations and kidney function is therefore 

an important consideration when evaluating ProGRP levels [36].  

When analyzing proteins/peptides, it is important to have a unique peptide sequence, a signature 

peptide, for that particular protein/peptide, to confirm the identity of the target. All of the three 

isoforms of ProGRP have the signature peptide NLLGLIEAK [40, 41], shown in Figure 2 and 

also marked in blue in Figure 1. NLLGLIEAK is generated via digestion with trypsin and the 

peptide is suitable for quantification of ProGRP by LC-MS/MS [41, 42].  

 

Figure 2. Structure of NLLGLIEAK, signature peptide for ProGRP 
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2.2 Mass spectrometry-based protein analysis 

2.2.1 Proteins 

Proteins are complex macromolecules with a diverse range of roles in the human body. They 

can for instance function as hormones, enzymes, transportation molecules and regulate the 

control of growth and differentiation of cells. Proteins are made of 20 different amino acids that 

gives them their unique properties. They are linked by amide bonds, or peptide bonds, as shown 

in Figure 3. Short chains are called peptides or polypeptides and a longer chain a protein; the 

distinction is often made at around 50 amino acids. All the 20 amino acids have the same basic 

structure with an amino group (NH2) in one end, a carboxyl group (COOH) in the other end and 

their own unique side chain (R-group). There are different ways to group the amino acids, one 

common way is based on chemical characteristics of the side chains which gives four groups: 

1) hydrophobic amino acids, 2) polar amino acids, 3) positively charged amino acids and 4) 

negatively charged amino acids [43].  

 

Figure 3. General structure of a tripeptide chain with the peptide bonds in blue and the R-groups in red represents 

the functional groups. 

2.2.2 Proteomics 

Proteomics is the study of the proteome, all the proteins expressed by the genome [44].  MS-

based proteomics has in the past decades generated increasing interest and has become the 

method of choice for many analyses due to recent advances [45, 46]. In MS-based proteomics, 

there are different approaches to analyze proteins, as shown in Figure 4.  
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Figure 4. Different approaches in MS-based proteomics. Top-down, middle-down and bottom-up proteomics. 

Reproduced from [47] 

Top-down proteomics  

In the top-down approach, the separated and intact proteins are analyzed directly as shown in 

Figure 4. This generates information about the intact protein mass and the protein ion fragments 

can be used to determine the amino acid sequence, either manually or with the help of databases. 

Benefits of this approach include: minimal need for sample preparation, and information about 

structures normally lost when using other approaches (e.g. post-translational modifications, 

PTMs, of the proteins). On the other hand, there are some difficulties with the analysis of intact 

proteins due to the large molecular mass [47-49].  

Middle-down and bottom-up proteomics  

In these approaches, the proteins are digested into peptides before LC-MS analysis [47-49], as 

shown in Figure 4. The difference between middle-down and bottom-up is the size of the 

peptides after digestion. In bottom-up, the peptides are between ~500 and 3000 Dalton (Da) 

and in middle-down they are between ~2000 and 20000 Da [47]. When using LC before MS, 

smaller peptides are more efficiently separated than larger proteins. In addition, another benefit 

when having smaller peptides are improvement in sensitivity due to smaller molecular mass 

and fewer charge states [47]. When we use this approach, there is a need for both efficient 

digestion and separation of the peptides. It is possible to separate the proteins first, e.g. with 

SDS-page, followed by digestion. Additionally, the proteins can be digested and then the 
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peptides separated. In either way, the methods of both digestion and the rest of the sample 

preparation have to be efficient and reproducible [44].  

2.2.3 Digestion of proteins 

Bottom-up is the primary method in proteomics, especially in quantitative analysis [47, 50]. 

Digestion of proteins is a crucial and essential step in preparation of these samples. There are 

two methods for protein digestion; enzymatic and nonenzymatic digestion. Enzymatic digestion 

by proteolytic enzymes is the most used method, while the nonenzymatic digestion using acids 

or other chemical reagents are less frequently applied [47]. Enzymatic digestion will be 

described further as this is the technique used in this thesis.  

Enzymatic digestion 

There are several proteases available for enzymatic digestion of proteins, but trypsin is by far 

the most used in proteomics [44, 47, 50-52]. Examples of other proteases are pepsin, 

chymotrypsin, and specific ones like Arg-C and Lys-C [47].  Trypsin cleaves C-terminal to 

lysine (Lys/K) and arginine (Arg/R) residues in an amino acid chain [50-53], with some 

exceptions. The best known lack of cleaving happens if the Lys or Arg are followed by a proline 

(Pro/P) [50]. Trypsin has several benefits over other proteases. The main advantage being the 

distribution of amino acids in the human proteome, as Arg and Lys are relatively evenly 

distributed and abundant in humans. This is advantageous as it gives peptides with a length of 

approximately 10-15 amino acids [51], or ~14 amino acids (human Uniprot database, in silico 

digestion) [52], which is suitable for the m/z range of the mass analyzers when using MS. 

Furthermore, Arg and Lys are basic amino acids which enhances positive ionization (generating 

at least two protonatable sites, [M+2H]2+ ions) and the balance between the N-terminal and the 

basic Arg or Lys residue in the C-terminal gives good fragmentation [50, 51].  

The typical procedure before digestion with trypsin involves: 1) Denaturation of the protein 2) 

Reduction of disulfide bridges 3) Alkylation of cysteines. After this and removal of reagents, 

the digestion is normally performed at a pH-value of approximately 8 (e.g. ammonium 

bicarbonate) with a trypsin:protein ratio 1:30-50 at 37 °C for 16 to 18 hours (overnight). Formic 

acid (FA) may be added to stop the digestion to a reproducible digestion [47, 50]. This protocol 

can vary between labs and between proteins as this often needs to be optimized in every 

procedure.  
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Trypsin digestion can be tedious with many hours of incubation which often results in low rates 

of digestion as it is not possible to increase the amount of trypsin due to autolysis, self-digestion, 

of the enzyme itself. There are different techniques to accelerate the digestion process; one 

option is immobilization of the protease on a solid support. When trypsin is immobilized, the 

enzyme is more stable owing to reduced autolysis and the potential increased trypsin:protein 

ratio, results in a more efficient digestion. Immobilization can be performed on different 

materials, for example different types of beads [47, 53, 54]. When trypsin is immobilized, the 

time necessary for digestion is drastically reduced. It has been showed that digestion in 15 

minutes [54] or 20 minutes [55] with immobilized trypsin is comparable with digestion with 

free trypsin for 12 hours, when looking at the number of missed cleavages [55] or number of 

protein identifications and missed cleavages [54]. 

2.2.4 High-performance liquid chromatography (HPLC) 

High-performance liquid chromatography (HPLC), or just LC, coupled to MS, LC-MS, is a 

very common separation and detection technique in bioanalysis and proteomics. A sample is 

injected and is pumped through a column holding a stationary phase, by a liquid called the 

mobile phase. The column is packed with a material that interacts with the analytes, which 

allow them to be separated based on differences in their affinity to the stationary phase and 

mobile phase. There are several separation principles, for instance size exclusion, ion-exchange 

and normal phase, and the most use one is based on hydrophobic interactions (reversed phase), 

where the mobile phase is more polar than the nonpolar stationary phase. Reversed phase is by 

far the most commonly used technique, with the large advantage that it is possible to analyze 

aqueous samples, for example biological fluids like urine or plasma/serum.  

The most common stationary phase in reversed phase is octadecylsilylsilica, silica particles 

modified with C18 hydrocarbon chains on the surface [56]. The mobile phase is typically a 

mixture of water and an organic solvent. Normally, higher content of organic solvent gives 

higher elution strength to the mobile phase by decreasing the hydrophobic interaction 

responsible for retaining analytes to the stationary phase. It is possible to have the same 

composition of the mobile phase during the whole analysis, this is called isocratic elution. 

Another option is gradient elution where the elution strength is gradually increasing. This is 

often necessary to avoid a very long analysis time when the analytes have large differences their 

polarity.  
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There are different variants of columns such as: columns with particles (totally porous or core-

shell) or monolithic columns with a continuous porous structure of monomers inside the column 

[57]. Parameters influencing the separation process are among others: column length, internal 

diameter and particle size, but this will not be discussed further in this thesis. 

2.2.5 Mass Spectrometry (MS) 

In MS, analytes are separated based on their mass-to-charge ratio (m/z). Components in a mass 

spectrometer are an ion source, a mass analyzer and a detector. The mass analyzer is operated 

at high vacuum, and separates the analytes based on mass-to-charge ratio (m/z) of an ionized 

analyte, and the detector registers the number of ions at each m/z value [46, 56]. There are many 

types of different MS techniques and instrumentation. When analyzing peptides and proteins, 

electrospray ionization (ESI) and matrix assisted laser desorption/ionization (MALDI) are the 

most commonly used so-called soft ionization/volatilization techniques which leads to little or 

no fragmentation [46, 58]. In this thesis, the focus will be on LC-MS with ESI.   

Electrospray ionization (ESI) 

ESI is a popular technique for peptides and proteins, which are relatively polar molecules. As 

shown in Figure 5, a sample is introduced from the chromatographic column through a capillary 

with a high voltage at atmospheric pressure.  

 

Figure 5. Illustration of electrospray ionization (ESI). Reproduced from [56] 
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The voltage applied can be either positive or negative. When the sample leaves the capillary, a 

nebulizing gas is introduced and mixed with the sample liquid; this allows the formation of 

droplets. In addition to the nebulizing gas, a drying gas is introduced in the opposite direction 

of the spray. After the outlet of the capillary, the droplets are highly charged, and decreases in 

size on its path to the mass analyzer due to evaporation of mobile phase. This leads to the 

droplets exploding (Colomb fission) in smaller droplets until there are ions in the gas phase. 

The ions generated are called pseudo-molecular ions, or just molecular ions. [M + nH]n+ for 

positive ions and [M-nH]n- for negative ions. M is the mass of the compound, H is the mass of 

a proton and n is the number of protons accepted or donated. In analysis of proteins, there are 

usually multiple sites for either protonation or deprotonation and this leads to n > 1 and therefore 

z > 1.  

Mass analyzers 

In proteomics the most common analyzers are Fourier transform ion cyclotron (FT-MS), time-

of-flight (TOF), ion trap, orbitrap and quadrupole [45, 46, 49, 58]. Depending on the aim of the 

analysis, the instruments can be used in different ways. Either single-stage mass spectrometry 

or multi-stage, also called tandem mass spectrometry (MS/MS) [58]. In the latter, the parent 

mass is selected and fragmented, after which the mass of the fragments is measured. It is 

possible to use MS/MS in different measuring modes depending on the type of analysis and 

information needed. Examples are product ion scan and selected reaction monitoring (SRM). 

SRM is very useful in quantitative analysis because of its sensitivity and selectivity and can be 

used with a triple quadrupole.   

Triple quadrupole mass analyzer (QqQ) 

A triple quadrupole consists of two quadrupole mass analyzers with a collision cell in-between. 

In each quadrupole, four identical rods are placed parallel to each other and the opposite pairs 

are connected electrically. During the analysis, both a direct current (DC) and a radio frequency 

(RF) wave are applied on one of the rod pairs and the opposite RF and DC are applied on the 

other rod pair. This gives an oscillating electrical field between the rods. When ions enter the 

electrical field in the z-direction, they will start to oscillate in x- and y-directions while they fly 

towards the detector in the z-direction. The ions that do not collide with the rods are able to 

pass through and be detected. This can be controlled with changing the combinations of DC 

and RF applied so only ions with a desired m/z value will pass and be detected. The collision 
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cell can be a quadrupole or a hexapole with an inert gas, usually Argon. Ions entering the 

collision cell collides with gas molecules and fragments in a process called collision-induced 

dissociation (CID), before being sent through the third quadrupole and to the detector.  

Fragmentation of peptides in MS/MS 

The most common type of fragmentation of proteins or peptides is cleavage between the 

carbonyl oxygen and the amide nitrogen in the peptide backbone resulting in “y-ions” and “b-

ions” as illustrated in Figure 6. It is possible to have other sites of cleavages as well, however, 

generation of these fragments are not frequently observed in CID MS/MS-spectra [44].  

 

Figure 6. Fragmentation of peptides in MS/MS in “b-ions” and “y-ions” 

2.2.6 Targeted protein analysis 

Immunoaffinity based methods such as enzyme-linked immunosorbent assay (ELISA) has 

traditionally been the method of choice in targeted quantification of proteins [45]. ELISA is 

technique based on antigen-antibody binding. The essential part of this method is that the 

antibody provided by the assay is unique for the binding site (the epitope) on the antigen, i.e. 

the target protein. ELISA provides good sensitivity, but has some specificity issues, particularly 

for new proteins that lack specific antibodies [45]. Other problems with ELISA are the risk of 

false positives or false negatives results, which is a major drawback for use in diagnostics. If 

any matrix proteins in the sample have the same epitope as the target protein, they can bind to 

the antibody, resulting in an increased signal that may give a false positive result. It is also 

possible that there are other endogenous antibodies against the target protein present in the 

sample; this can result in a decreased signal because the epitope on the target protein cannot 
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bind to two antibodies at the same time, and will therefore not bind to the antibody in the assay 

[17]. 

An alternative that does not suffer these challenges is MS-based methods as described above. 

Bottom-up is as already mentioned the primary approach when quantifying proteins. In addition 

to the digestion of the proteins, there is a need for separation of the target proteins or peptides 

from rest of the matrix components. Traditionally, immunoaffinity methods with antibodies 

have been the method of choice in many sample preparation protocols because of their 

specificity and simplicity. However, the use of antibodies has several drawbacks. One of the 

biggest problems is the expensive and time-consuming production of antibodies. This makes it 

desirable to look for other cheaper alternatives, and molecularly imprinted polymer (MIP)-

based methods can be that. 

2.3 Molecularly Imprinted Polymers (MIPs) 

Molecularly imprinted polymers (MIPs) are materials made specifically to recognize one target 

molecule by interactions with specific cavities. These cavities are generated via a 

polymerization process in the presence of a specific template molecule, and then removal of the 

template, this will be elaborated in the next section. Binding of the target molecule is similar 

antigen-antibody binding and MIPs are therefore sometimes called synthetic or plastic 

antibodies [30]. Production of MIPs is relatively simple and inexpensive [21]. Other benefits 

of MIPs with respect to antibodies are their robustness; they are mechanically robust and able 

to withstand acids, bases, organic solvents, high temperatures and pressures, and can be stored 

for several years [22, 24]. MIPs can be made in many different formats depending on their 

specific application, for example as beads or thin films used as sensors, where antibodies have 

challenges [20, 24].   

There are some disadvantages with MIPs as well. One of the major challenges is removal of the 

template after imprinting of the polymer. Depending on the approach of imprinting, binding of 

the template to the imprinted cavity can be so strong that it demands drastic removal protocols, 

such as high temperatures or pH, to be removed. The process of removal can result in 

disturbance of the cavities and thereby an inefficient MIP due to reduced interaction between 

the cavity and the target molecule. There are different ways the cavities can be disrupted; e.g. 

collapse of the cavity after template removal, cavities can be ruptured during the removal or the 
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binding sites can be distorted [59]. Complete removal of the template is of high importance, as 

inadequate removal may result in “bleeding” of the remaining bound template, i.e. where the 

template could leak out during the sample preparation and generate increased signals affecting 

the accuracy of the measurement [22, 24, 59]. One solution is to use a template analogue that 

generates cavities suited for the target, but not the exact same structure as the target analyte so 

it is easier to distinguish them by MS/MS in case of bleeding. Another possible drawback is 

heterogeneity in the cavities, and thereby different affinity, of the binding sites [22, 24]. 

Heterogeneity may be problematic due to difficulties with estimating binding properties of the 

MIPs. Also, heterogeneity is an obstacle in some applications, such as MIPs in chromatography 

where heterogeneity may result in tailing of the peaks, and MIPs as sensors where it may give 

cross-reactivity [60].  

MIPs are used in many different fields, like in food, environmental and bioanalytic applications 

[25, 26]. The latter will be the focus in this thesis. There are different techniques on how to 

apply MIPs in sample preparation. Here are some examples: a) Molecularly-imprinted SPE 

(MISPE). MIP particles are packed into a column and used either off-line or on-line [21, 22, 

24, 25, 27]. This was first described in 1994 [61] and has since been applied for selective 

extraction of analytes in different matrices [25]. b) Combination of MIPs with solid-phase 

microextraction (SPME) for miniaturization [25]. c) MIPs in a syringe or needle [25] and d) 

Magnetic MIPs [20, 22, 25, 26, 28]. 

2.3.1 Production of MIPs 

MIPs are synthesized through polymerization, see Figure 7, of functional monomers and cross-

linking monomers in the presence of a template molecule with the help of a solvent, i.e. a 

porogen. The functional monomers are responsible for the specific binding to the template and 

the cross-linking monomers are responsible for creating the three-dimensional network. There 

are many different functional monomers, they are selected according to the structure of the 

template and the desired binding properties. After polymerization, the template is removed and 

the polymer is left with cavities that fit the target molecule specifically [21].  
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Figure 7. Imprinting of Molecularly imprinted polymers (MIPs). Reproduced from [20] 

Creation of a pre-polymerized, template/monomer complex is the first step in the process [20, 

23, 24, 62]. In this step, the functional monomer and template molecule interact. There are 

different approaches to generate the interactions in this complex: The covalent, non-covalent 

and semi-covalent approach. In the covalent approach, both the binding of the template and the 

rebinding of target molecule are through covalent interactions. In the non-covalent approach, 

the binding of template and rebinding of template are both through non-covalent interactions 

(hydrogen bonding, electrostatic interactions, etc.). And finally, in the semi-covalent approach, 

the binding of template during polymerization is through covalent interactions, but the 

rebinding of target molecule in the extraction is by non-covalent interactions [21-23]. All the 

approaches have their drawbacks and benefits. The covalent approach is difficult because of 

the challenge in finding suitable monomers that binds the template covalently in a way that is 

reversible and possible to cleave under mild conditions. An advantage of the covalent approach 

is that the binding sites are homogenous after polymerization. The non-covalent approach is the 

most used method [21-23]. Challenges with this approach are that interactions between template 

and monomer are dependent on an equilibrium process. This is a challenge because the amount 

of monomer needed is high and excess monomers can produce non-specific binding sites, in 

addition to the specific ones that are desired, which will result in a less selective MIP [21]. 

Despite this, there are several benefits of the non-covalent approach: it is a) easier to establish 

interactions between template and monomers, b) generally easier to remove the template after 

production, and c) possibility of more variations in the functionality into the MIP binding site 

due to different variations of non-covalent interactions [23, 24, 62].  
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Monomers 

In the non-covalent approach, it is essential to choose the right functional monomer to match 

the functional groups in the template/target with the monomer, for example hydrogen-bond 

donor and hydrogen-bond acceptor, to have the desired imprinting effect and selective and 

specific binding of the target analyte. Monomers can be grouped as acidic, basic or neutral 

monomers. Examples of commonly used monomers from each group are shown in Figure 8 and 

are methacrylic acid (acidic), 2-vinylpyridine (basic) and styrene (neutral) [62, 63]. 

  

Figure 8. Methacrylic acid, 2-vinylpyridine and Styrene. Examples of monomers used in molecularly imprinted 

polymers 

Cross-linkers 

Cross-linkers are crucial for the generation of the polymer matrix and they have three functions: 

Controlling the morphology of the polymer, bring mechanical stability and to stabilize the 

imprinted binding site. Two examples of commonly used cross-linkers are divinylbenzene 

(DVB) and ethylene glycol dimethacrylate (EDMA), their structures are shown in Figure 9 [62, 

63]. 

 

Figure 9. Divinylbenzene (DVB) and Ethylene glycol dimethacrylate (EDMA). Examples of cross-linkers used 

in molecularly imprinted polymers 

Solvents (Porogens) 

Solvents have two important roles: bring all the components into one phase and creating pores 

in the polymer. The solvent is therefore sometimes called the “porogen”. What solvent to select 
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is depending on the desired types of interactions between template and functional monomer. If 

the interactions are hydrogen bonds, non-protic solvents are used, but when there is 

hydrophobic interactions, water can be used [62, 63].  

Initiators 

Synthesis of the polymer, and the three-dimensional network, can be done in different ways, 

but the free radical polymerization has usually been the preferred method in preparation of 

MIPs [63]. Reasons for its popularity are: polymerization can be performed in bulk or in 

solution and under mild conditions (temperatures and pressure), several vinyl monomers can 

be polymerized efficiently and many of these monomers are available at low cost. In addition, 

the process tolerates different functional monomers and solvents [63, 64]. A challenge with free 

radical polymerization is not being able to control the size and morphology of the resulting 

polymer. Different variants of controlled radical polymerization may therefore be a better 

option [64]. An essential part of the radical polymerization is the initiator, and examples of 

initiators are azobisisobutyronitrile (AIBN) and benzoylperoxide as shown in Figure 10. They 

are used in low levels and (depending on chemical characteristics) can be controlled/activated 

by for example heat or light, for a controlled polymerization process [62, 63].  

 

Figure 10. Azobisisobutyronitrile and Benzoylperoxide. Examples of initiators used in molecularly imprinted 

polymers 

There are three stages in the polymerization: initiation, propagation and termination [63]. All 

these stages and the different components are important to consider when optimizing the 

procedure. Not only the choice of which molecule to use in the different stages, but also the 

optimal ratios, in addition to other parameters like temperature [23]. Further description of the 

polymerization process and different variants will not be discussed here as this is beyond the 

scope of this thesis. 
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Non-imprinted polymers (NIPs) 

Typically, and concurrently with the MIPs production, non-imprinted polymers (NIPs) are 

produced using the exact same procedure, except for the presence of the template molecule. 

The reason for NIP synthesis is to determine the selectivity of the MIP and the performance via 

the imprinting factor (IF) of the MIPs by calculating the ratio of amount analyte bound to the 

MIP relative to the amount bound to the NIP [22]. This imprinting factor gives information on 

whether the binding of the analyte to the MIP is due to the specific cavities or non-specific 

binding to the polymer itself.    

2.3.2 Types of analytes 

MIPs have been synthesized and used for many relatively small molecules such as drugs, sugars 

and steroids [65]. Small molecules are relatively easy to use in MIP applications because they 

can move freely in the polymer network and interact with the binding sites. Macromolecules, 

like proteins, cannot move that freely in the polymer network, due to their size, and imprinting 

is therefore more problematic. This lack of movement is not the only problem. First, the proteins 

themselves are not soluble in the most used solvents for imprinting. In addition, the complex 

three-dimensional structure of the proteins is flexible, so the binding sites generated in the 

imprinting process may not be suitable for the analytes later. Due to the complex structure, it 

may be difficult to remove the proteins from the MIP after imprinting [26, 65, 66]. Finally, also 

due to the complex structure, the binding sites generated may not be that specific and the result 

may be a less selective MIP that is able to bind other molecules than the target [65]. 

Despite these problems, there are approaches to generate MIPs for proteins: a) bulk imprinting, 

b) surface imprinting and c) epitope imprinting [65, 66]. In bulk imprinting, the whole protein 

is imprinted in the bulk polymer and the MIPs can be used to bind whole proteins. Problems 

with this is difficulty in controlling the size and number of pores generated and to keep the 

density of the polymer network when imprinting with large molecules such as proteins [65]. 

This has been done for example with hemoglobin [67] and bovine serum albumin (BSA) [68, 

69]. Surface imprinting is done by making the imprinted sites close to, or at the surface, of the 

MIPs so the proteins have easier access to the binding sites [65]. The final approach, called 

epitope imprinting, is when the MIP is imprinted with only a small part of the protein, an 

epitope, but still are able to recognize the entire protein as this epitope is specific and unique 

for the target protein [65, 66]. Another option in epitope imprinting, is to imprint the MIP with 



19 

 

a peptide that is generated after digestion [70]. The latter can be used with a bottom-up strategy 

and is the method used in this thesis.  

2.3.3 Magnetic molecularly imprinted polymers (MMIPs) 

The first MMIP bead was prepared in 1998 with propranolol as the target molecule [71]. MMIPs 

are made of a MIP and a magnetic component respectively. The MIP component is made with 

the same imprinting and polymerization strategies as described above. The magnetic 

component can be differing magnetic materials with Fe3O4 the most common due to low 

toxicity, easy fabrication and available hydroxyl groups on the surface for further modifications 

[26]. MMIPs can be in different structures, with the core-shell structure being the most 

frequently used [26, 28]. Here, the core is the magnetic part and the shell is the polymer. 

Benefits of this core-shell structure are that the outer polymer coating protects the core from 

oxidation and aggregation, and it is easy to fabricate. Disadvantages are weakening of the 

magnetic properties by the polymer shell and decreased binding capacity due to the magnetic 

core possessing most of the mass of the MMIP [26]. Other structures include magnetic-

nanotube-supported MIPs, magnetic-nanosheet-supported MIPs and porous-material-supported 

MMIPs [26].    

MMIPs are mostly used as sorbents in dispersive solid-phase extraction (DSPE) in analytics in 

different fields such as pesticide analysis in environmental analysis, additives or toxin analysis 

in food samples, plant analysis and biological analyses [26, 28]. Advantages of using MMIPs 

are fast and easy isolation of the analyte by applying an external magnetic field, and not having 

to pack the MIP-particles in a column [26, 28, 72]. Successfully applications on the use of 

MMIPs are for instance extraction of chloramphenicol from honey [72], antibiotics from milk 

[73], BSA from bovine calf serum [74], BSA from human plasma [75], and angiotensin I and 

angiotensin II from human plasma [76].  
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3 Experimental 

Table 1-3 describes the chemicals, peptides/proteins and equipment used in the work performed 

in this thesis.  

3.1 Chemicals 

Table 1. List over chemicals used 

Substance Purity/Description Manufacturer/supplier 

Acetonitrile (ACN), CH3CN LC-MS grade Merck KGaA (Darmstadt, Germany) 

Methanol (MeOH), CH3OH LC-MS grade 
VWR Chemicals (Radnor, 

Pennsylvania, USA) 

MilliQ Water (MQ-water) Milli-Q® Integral 3/5/10/15 System 
EMD Millipore Corporation, 

(Burlington, Massachusetts, USA) 

Formic acid (FA), HCOOH LC-MS grade Honeywell, Thermo Fischer Scientific  

Ammonia solution, NH3 25% Merck KGaA (Darmstadt, Germany) 

Ammonium bicarbonate (ABC), 

(NH4)HCO3  
≥ 99.5 % 

Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

Hydrochloric acid (HCl) 37%, analytical grade   Merck KGaA (Darmstadt, Germany) 

Trifluoroacetic acid (TFA), 

CF3CO2H 
for HPLC, ≥99.0% 

Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

Iodoacetic acid (IAA), C2H3IO2 ≥ 98 % 
Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

Dithiothreitol (DTT), C4H10O2S2  ≥ 99.5 % 
Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

 

Table 2. Peptides, proteins and serum used 

Protein/peptide Purity/Description Manufacturer/supplier 

NLLGLIEAK                                      > 95%  Innovagen (Lund, Sweden)                                                                 

Internal Standard (IS) 

(NLLGLIEA[K_13C6
15N2]) 

> 95%  Innovagen (Lund, Sweden)                                                   

ProGRP isoform 1 Amino acid 1-125 
Oslo University Hospital, 

Radiumhospitalet (Oslo, Norway) 

Trypsin 

TPCK-treated from Bovine 

Pancreas, 10000-15000 BAEE 

units/mg protein 

Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 
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Bovine serum albumin (BSA) > 96 %  
Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

Human serum    - 
Oslo University Hospital, Ullevål 

(Oslo, Norway) 

 

3.2 Equipment 

Table 3. Equipment used 

Equipment Description Manufacturer/supplier 

Sample Mixer HulaMixerTM   

Invitrogen by Thermo Fischer 

Scientific (Waltham, Massachusetts, 

USA) 

Vortex Mixer Vortex Mixer SA8 Stuart (Staffordshire, UK) 

Thermomixer Comfort Eppendorf 1.5 mL 
Thermo Fischer Scientific (Waltham, 

Massachusetts, USA) 

Magnetic rack DynamagTM 

Invitrogen by Thermo Fischer 

Scientific (Waltham, Massachusetts, 

USA) 

Sample Concentrator Sample Concentrator for Tubes Techne (Staffordshire, UK) 

Centrifuges Eppendorf Centrifuge 5804 
VWR International (Radnor, 

Pennsylvania, USA) 

Pipette Tips 
Biohit Optifit Pipette Tip, 10-1000 

µL 

Sartorius (Biohit) (Goettingen, 

Germany) 

Eppendorf tubes (Protein LoBind) * 0.5 mL, 1.5 mL, 2.0 mL and 5.0 mL Eppendorf AG (Hamburg, Germany) 

Microcentrifuge tubes  
Brand microcentrifuge tubes 1.5 mL 

with lid. PP  

Sigma-Aldrich (Saint-Louis, 

Missouri, USA) 

Centrifuge tubes  15 mL, sterile 
VWR International (Radnor, 

Pennsylvania, USA) 

HPLC vials  
1.5 mL Short Thread Vial, 32 x 11.6 

mm 
Nerliens Meszansky (Oslo, Norway) 

Inserts for HPLC vials 0.1 m, 31 x 6 mm 
VWR International (Radnor, 

Pennsylvania, USA) 

Caps for HPLC vials 9 mm Combination Seal Nerliens Meszansky (Oslo, Norway) 

* Used for every solution containing proteins or peptides. 
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3.3 Solutions 

Ammonium bicarbonate (ABC) 50 mM 

40 mg of ammonium bicarbonate (ABC) dissolved in 10 mL MQ-water in a new 15 mL 

centrifuge tube. Made the same day and kept cold. 

Dithiothreitol (DTT) 50 mM 

7.7 mg of dithiothreitol (DTT) diluted in 1 mL ABC (50 mM). Prepared immediately before 

use and kept cold. 

Iodoacetic acid (IAA) 250 mM 

47 mg of iodoacetic acid (IAA) diluted in 1 mL ABC (50 mM). Prepared immediately before 

use, kept cold and away from light.  

Trypsin solution 1 mg/mL 

1 mg trypsin diluted in 1 mL ABC (50 mM). Diluted further in ABC if needed. Prepared 

immediately before use and kept cold.  

20 mM formic acid (FA) for mobile phases 

774 µL formic acid (FA), to a total of 1 liter MQ-water. 

Wash solution for MMIP/MNIP 

9 mL methanol mixed with 1 mL of 0.1 M hydrochloric acid.  

Test solutions 

For MIP A: 5 nM NLLGLIEAK, 5 nM internal standard, NLLGLIEA[K_13C6
15N2] (IS) and 

10 nM bovine serum albumin (BSA) digest in 50 mM ABC with 0 %, 2.5 %, 5 %, 7.5 % or 10 

% acetonitrile (ACN) (v/v).  

For MIP B: 5 nM IS, 10 nM BSA digest in 50 mM ABC with 5 % ACN (v/v). Some also with 

5 nM NLLGLIEAK. 
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Test solutions were made in volumes of 1 mL, 1.5 mL or 2 mL in tubes depending on how 

much needed. Solutions were mixed on vortex mixer and centrifuged prior to use. They were 

injected directly as quality control (QC)- samples and 100 % reference in calculations.  

Internal standard, NLLGLIEA[K_13C6
15N2], is a heavy isotope of NLLGLIEAK. Due to its 

nearly identical structure it will bind to the MMIPs in the same way and behave the same during 

the LC-MS/MS analysis.  

Wash solutions 

ACN was added in MQ-water to make the following concentrations (v/v) of ACN: 1 %, 2 %, 

2.5 %, 3 %, 4 %, 5 %, 7.5 % or 10 %. The wash solutions were made in a volume of 1 mL or 

1.5 mL, in 1.5 mL tubes, depending on the number of replicates. They were mixed on vortex 

mixer to ensure a homogenous solution.  

Elution solutions 

All the different solutions for the elution step were prepared in the same way. They were usually 

made in 1.5 mL tubes and a solution volume of 1 mL, or the volume was up-scaled. First the 

organic solvent was added, then the water in the correct ratio and the tubes were mixed on 

vortex mixer. Finally, acid or base was added, and the solutions mixed once again. Before use, 

the samples were mixed on vortex mixer to ensure a homogenous solution.  

Digestion of bovine serum albumin (BSA) in-solution 

Bovine serum albumin (BSA) was weighed-in in tubes and diluted to 1 mg/mL in ABC (50 

mM), and further diluted to 50 µg/mL in ABC (50 mM). 3 µL of DTT (50 mM), 10 times the 

number moles of disulfide bridges in BSA, was added to the BSA solution and mixed for 15 

minutes on ThermoMixer at 60 °C, 800 rpm. After the sample was cooled, 3 µL of IAA (250 

mM) was added (5 times higher the number of moles DTT) and mixed for 15 minutes at room 

temperature in the dark, 800 rpm. Trypsin was diluted in ABC (50 mM) and 10 µL of the 

solution was added to a trypsin:protein ratio of 1:40. The digestion was done overnight at 

ThermoMixer, 37 °C, 800 rpm. The next day the digestion was stopped by addition of FA to a 

concentration of 2 % (v/v). This 50 µg/mL digested BSA was diluted to 25 µg/mL and used 

further in the MMIPs extractions. 
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Digestion of ProGRP in-solution 

ProGRP isoform 1 was diluted from stock solution (25 µg/mL) to 2.5 µg/mL in ABC (50 mM). 

Trypsin was diluted and added in a final concentration of 3.5 µg/mL in the ProGRP dilution 

(trypsin:protein ratio 1:36). There was no need for reduction and alkylation due to the lack of 

cysteine residues in ProGRP [42]. Trypsin digestion was done overnight at ThermoMixer, 37 

°C, 1200 rpm. Next day, the solution was cooled and IS was added to a concentration of 5 nM.  

Digestion of ProGRP in serum 

Human serum, 300 µL, was spiked with ProGRP isoform 1 to concentration 5 µg/mL, and 50 

µL of the spiked serum was aliquoted in tubes. Protein precipitation was performed with cold 

ACN in serum:ACN ratio of 1:07, mixed and centrifuged at 15000 xg for 10 minutes [77]. After 

this, 70 µL of the supernatant was transferred to a new tube and evaporated under nitrogen, 37 

°C. 45 µL of ABC (50 mM) and 45 µL of trypsin (2 mg/mL), trypsin:protein ratio 1:28, was 

then added. Tryptic digestion was performed overnight at 37 °C, 1200 rpm. Next day the 

samples were cooled and 10 µL of IS was added to a concentration of 50 nM so the final volume 

was 100 µL in each aliquot.  

Digested serum spiked with NLLGLIEAK 

Human serum was aliquoted in tubes, 50 µL in each. Protein precipitation and tryptic digestion 

were performed as described for the ProGRP serum samples. After the tryptic digestion, 

NLLGLIEAK and IS were added to a final concentration of 50 nM and final volume 100 µL.  
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3.4 Instrumental conditions 

Table 4-6 describes the instrumental conditions used in LC, MS and transitions in MS/MS. 

3.4.1 LC 

Table 4. Chromatographic parameters  

Instruments 

UltiMate 3000, Thermo Scientific  

Pump: LPG-3400M 

Autosampler: WPS-3000TRS 

Column oven: FLM-3300, MIC, 1X2P-10P 

Mobile phase A 95:5 (v/v) 20 mM FA:ACN 

Mobile phase B 5:95 (v/v) 20 mM FA:ACN 

Wash solution 50:50 (v/v) MeOH:MQ-water 

Column 
Aquasil C18, 50 mm x 1 mm, 3 µm particles 

ThermoScientific 

Column temperature 25 °C 

Injection volume 10 µL 

Mobile phase flowrate  50 µL/min 

Gradient  

The chromatographic run started with 0 % mobile phase B for 3 minutes. Then it increased 

linearly up to 85 % the next 24 minutes. After this it increased further to 100 % mobile phase 

B for 2 minutes, before it was returned to 100 % mobile phase A for 9 minutes for equilibration 

before the next sample. Flowrate was 50 µL the whole run apart from the last 5 minutes where 

it was 100 µL/min. Total run time was 38 minutes.  

3.4.2 MS/MS- Triple Quadrupole 

Table 5. Mass spectrometer parameters 

Mass spectrometer  TSQ Quantum Access, Thermo Scientific  

Ionization   ESI - Positive mode 

Heated capillary temperature  270 °C 
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Q2 Gas Pressure  1.7 mTorr 

Collision gas Argon  

Scan width (m/z) 1.000 

Scan time  0.300 

 

Table 6. Transitions in MS/MS (SRM) 

Peptide Precursor-ion (m/z) Fragment-ion (m/z) 
Collision energy 

(V) 

Internal standard 

(NLLGLIEA[K_13C6
15N2]) 

489.800 638.300 15 

 489.800 751.400 15 

ProGRP peptides   

NLLGLIEAK 485.800 630.300 15 

 485.800 743.200 16 

LSAPGSQR 408.200 272.650 17 

 408.200 544.400 14 

ALGNQQPSWDSEDSSNFK 1005.450 595.300 35 

 1005.450 913.300 35 

 1005.450 1028.300 35 

 1005.450 1398.500 35 

Bovine serum albumin (BSA) 

peptides 
 

LVTDLTK 395.240 577.630 30 

AEFVEVTK 461.750 722.430 30 

HLVDEPQNLIK 653.360 1055.590 30 

YICDNQDTISSK 722.820 1168.450 30 
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When scanning for NLLGLIEAK/IS and BSA-peptides, the method had two segments for 

scanning, minutes 10-18 were for BSA-peptides and 18-30 were for NLLGLIEAK and IS. For 

the samples with ProGRP-digest there was three segments. The first 12 minutes was for the 

LSAPGSQR (LSAP)-peptide, the second segment from minute 12-17.8 was for the 

ALGNQQPSWDSEDSSNFK (ALGN)-peptide and the third segment, minute 17.8-30, was for 

NLLGLIEAK and IS.  

3.5 Production of the MMIPs/MNIPs 

The MMIPs used in this project were produced at University of Strathclyde, Glasgow by 

Magdalena Switnicka-Plak and the full description is in her doctoral dissertation [78]. Two 

different MMIPs were used, named A and B to match the nomenclature used in [32] where the 

MIPs tested on-line had the same components as the MMIPs used in this work.  

These MMIPs and MNIPs were first prepared as macroreticular MIPs/NIPs by precipitation 

polymerization, and then they were magnetized by incorporation of Fe2+ and Fe3+ and growth 

of magnetite inside the polymeric pores, as explained in detail in [78]. These MMIPs are hence 

not core-shell but fully magnetized. Cross-linking monomer was divinylbenzene-80 (DVB-80, 

80 % DVB isomers and 20 % ethyl vinylbenzene isomers), and azobisisobutyronitrile (AIBN) 

was the polymerization reaction initiator.  

The imprinting template, see Figure 11, was an analogue of the target peptide NLLGLIEAK: 

Z-NLLGLIEA(Nle), where the N-terminal of the peptide is protected with a benzyloxycarbonyl 

group and the lysine on the C-terminal has been replaced by norleucine (Nle). Protection with 

benzyloxycarbonyl was to enhance the solubility during the polymerization and the norleucine 

was to remove the cationic site on lysine to overcome the intramolecular competition [32].  

 

Figure 11. Structure of the template Z-NLLGLIEA(Nle) used for imprinting of the MIPs 
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Imprinting was done using a non-covalent approach with the carboxylic acid groups on the 

glutamic acid (E) and lysine (K) residues as targets. Functional monomers were therefore 

monomers with abilities to target these negative charges. MMIP A was prepared with N-(2-

aminoethyl) methacrylamide hydrochloride (EAMA) as the functional monomer, while MMIP 

B has both EAMA and N-3,5-bis (Trifluoromethyl)-phenyl-N´-4-vinylphenylurea (urea 

monomer) as functional monomers, see Figure 12 for structures. It is the urea group in the urea 

monomer and the amine group in EAMA that is responsible for interactions with the 

template/target molecule.  

 

Figure 12. Functional monomers used for MIP A and MIP B. EAMA to the left and urea monomer to the right. 

MIP A has EAMA, MIP B has both. 

Other components used were acetonitrile (ACN) and dimethyl sulfoxide (DMSO) as solvents. 

In addition to this, for MMIP A 1,2,2,6,6-pentamethylpiperidine (PMP) were also added, and 

for MMIP B, PMP and tetrabutylammonium hydroxide solution (TBA.OH) were added. Both 

of these last two was added to bring the functional monomers in the appropriate ionization states 

for template interactions, they also promote template solubility, supplementary information 

[32]. The corresponding MNIPs were made with the exact same procedure, except for the 

presence of template. For a more detailed description of the MMIPs, see Appendix 1 and 2.  
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3.6 General procedures 

3.6.1 Loss of analyte during nitrogen evaporation 

To verify that no analyte was lost during evaporation with nitrogen at 37 °C, a blank elution 

solution was added analyte at a concentration equal to the QC-samples. These samples were 

evaporated directly under nitrogen and reconstituted in mobile phase A and analyzed as 

described in 3.4. The peak intensities of the dried samples were compared to the peak intensities 

of the quality control (QC) samples.  

3.6.2 Standard procedures for extraction and elution 

Preparation of the MMIPs/MNIPs 

To make sure all template was removed before use in extraction experiments, a washing 

procedure with the wash solution described in 3.3 was performed overnight. 10 mg of the 

MMIPs were weighed-in in 2 mL tubes and washed twice as follows: 1 mL of wash solution 

was added to the MMIPs, mixed on vortex mixer, centrifuged and placed on the magnetic rack 

before the solution was removed carefully without removing the MMIPs. Then 2 mL of the 

same wash solution was added and the MMIPs mixed on HulaMixer overnight. Next day the 

wash solution was removed and the MMIPs were washed 3 times with 2 mL ACN to remove 

the acid, and then suspended in ACN to concentration 10 mg/mL. The suspension with the 

MMIPs in ACN could be used for one week. For longer storage, ACN was removed and the 

MMIPs were left dry and ACN added when needed. 

Before each extraction, conditioning of the MMIPs was performed as follows: 60 µL of MMIP 

suspension (10 mg/mL) in ACN were aliquoted in 2 mL tubes and placed on the magnetic rack 

for one minute. Then the ACN was removed without removing the magnetic beads. Remains 

of ACN were removed, and conditioning of the MMIPs was done by addition of 100 µL of 

ABC (50 mM), the samples were mixed, centrifuged and left on the magnetic rack for one 

minute before the ABC was removed. This washing with ABC was performed twice after which 

the MMIPs were ready to be used. The MNIPs were treated the exact same way as described 

for the MMIPs.  
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To facilitate interactions between target and functional monomers, samples were loaded in 50 

mM ABC, to ensure that the carboxylic groups in NLLGLIEAK/IS were deprotonated and the 

amine group in EAMA was protonated.  

Binding and elution protocol 

The sample, 100 µL, was added to a tube with the conditioned MMIPs and mixed on vortex 

mixer. Binding was done on HulaMixer for a predefined time. After binding, the samples were 

mixed briefly, centrifuged and placed on the magnetic rack which immobilized the MMIPs and 

enabled removal of the supernatant to a new tube. Wash solution was added, 100 µL, to each 

tube and the samples were mixed briefly on vortex mixer before 5 minutes on HulaMixer. After 

the wash, the samples were treated as described after the binding step and the supernatant was 

either discarded or transferred to a new tube and saved for analysis. Elution solution was then 

added, 100 µL unless otherwise stated, to each tube with the MMIPs, the samples were mixed 

briefly on vortex mixer before elution on HulaMixer for one hour. The samples and 

supernatants were treated as described above. Finally, the elution supernatant was evaporated 

to dryness under nitrogen at 37 °C and reconstituted in 100 µL of mobile phase A. For analysis, 

40 µL of the supernatants (from binding and elution, sometimes the wash) were transferred to 

individual HPLC vials with inserts and analyzed as described in 3.4. 

3.6.3 Calculations 

Calculations of percent peptide bound, loss during wash and eluted were done using the 

following formulas: 

% Bound = 100 − (
SIex

SIQC
) ∙ 100%         

Equation 1                                                                                                                                 

 

% Loss during wash =  
SIw

SIQC
 ∙ 100% 

Equation 2 

 

% Eluted =  
SIelu

SIQC
 ∙ 100% 

Equation 3 

 

where SIex, SIw and SIelu are signal intensities from the supernatants after binding, wash and 

elution, respectively, and SIQC is mean of signal intensities from the QC-samples (non-extracted 

samples). 
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Calculations of amount bound, for estimating the imprinting factor, were done using the 

following formula: 

Qbound =  
Cbound ∙ VT

mpolymer
 

Equation 4 

 

where Cbound is concentration of IS bound, VT is total volume of solution and mpolymer is mass of 

polymer (MMIP or MNIP) in milligrams. Then imprinting factor was calculated with the 

following formula: 

Imprinting factor (IF) =  
QMMIP

QMNIP
 

Equation 5 

 

where QMMIP and QMNIP are amount bound on the MMIPs and MNIPs, respectively, calculated 

as shown in Equation 4. 

3.7 MMIP B elution experiments 

3.7.1 Binding and elution conditions 

The procedure was done as described under 3.6.2 with the following parameters: 

Sample: 100 µL of test solution with 5 % (v/v) ACN in ABC.  

Binding time: 60 minutes 

Wash solution: 100 µL of 5 % (v/v) ACN in MQ-water  

Elution solution: Different solutions were tested 

3.7.2 Different elution solutions tested 

For the elution step, different elution solutions were prepared as described in 3.3. Some were 

only tested using IS, others with both the target peptide, NLLGLIEAK, and IS. The following 

solutions were tested:  

85:10:5 ACN: H2O: FA  

80:15:5 ACN: H2O: FA 

80:19:1 ACN: H2O: TFA 

50:49:1 ACN: H2O: TFA  

85:10:5 MeOH: H2O: FA 

50:49:1 MeOH: H2O: TFA 

 

80:15:5 MeOH: H2O: NH3 

80:15:5 ACN: H2O: NH3 
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3.8 Characterization and optimization of MMIP A  

3.8.1 Binding and elution conditions 

The final optimized procedure was done as described under 3.6.2 with the following 

parameters: 

Sample: 100 µL of test solution in ABC/digested ProGRP in ABC/digested ProGRP in serum 

or digested spiked serum 

Binding time: 5 minutes 

Wash solution: 100 µL of MQ-water 

Elution solution: 100 µL of 80:15:5 ACN: H2O: FA  

3.8.2 Equilibrium binding 

To find the binding capacity, and calculate imprinting factor, the MMIPs were prepared as 

described earlier in the standard preparation (3.6.2) in 3 parallels in 2 mL tubes. Then 100 µL 

of the standard test solution, with 5 nM IS in ABC, was added, and the samples were mixed on 

HulaMixer for 5 minutes. Afterwards, the samples were briefly centrifuged and placed on the 

magnetic rack for one minute before the supernatant was transferred to a new tube and saved. 

Then a new aliquot of 100 µL of the test solution was added, mixed for 5 minutes as described 

above and the supernatant was transferred to a new tube. This was repeated continuously, a 

total of 20 times, with the exact same procedure for every extraction. During the whole 

procedure, the test solution and supernatants were kept cold. Every third extraction, samples 

were taken from the test solution to QC-samples. For analysis, 40 µL of supernatants and QC-

samples were transferred to HPLC vials with inserts and analyzed as described.  

This procedure was also done with the corresponding MNIP A in the exact same way as the 

MMIPs.  
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4 Results and discussion 

Two different MMIPs, MMIP A and MMIP B, were evaluated in this work. A brief summary 

of the results from the work with MMIP B will be presented, but the main part of the 

experiments was performed using MMIP A.  

4.1 Loss of peptide during nitrogen evaporation 

In previous work, potential loss of NLLGLIEAK during nitrogen evaporation was evaluated 

[31]. However, temperature was not stated, but this research group has used 60°C earlier [79].  

As part of this, the authors chose to replace the evaporation and reconstitution procedure with 

a 1:10 dilution step since this resulted in less peptide loss and higher reproducibility. Performing 

a dilution, as also reported in [31], will naturally increase the detection limit, which is a clear 

disadvantage when working with biomarkers in low concentration levels, such as ProGRP. To 

evaluate if any peptide was lost at a lower temperature, 37°C, testing was done as described in 

3.6.1. It was first tested with elution solutions used for MMIP B, and the results from one of 

the solutions are presented in Figure 13.  
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Figure 13. Comparison of signal intensities from Internal standard (IS) in control samples and samples in elution 

solution 80:19:1 ACN:H2O:TFA, dried and reconstituted in mobile phase A. Done on 3 different days and each 

bar represents the mean (n=3), the error bars are standard deviations of the mean (SD) and p-values are calculated 

with t-tests.  

As seen from Figure 13, there was strong indications that no significant amount of peptide was 

lost during this step in the procedure. To further confirm these data, t-tests for comparison of 
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the control and dried were performed. None of the pairs were significantly different (p >> 0.05), 

and the individual p-values are shown in Figure 13. Before performing the t-tests, F-tests (test 

for equal variances) were also performed, for full information about these calculations, see 

Appendix 4.  

In the data in Figure 13, only one elution condition was tested, and the results can therefore not 

necessarily be extrapolated to other solutions. Still, the results were a very good indication. 

Loss during evaporation was also evaluated for the elution solution chosen for MMIP A and 

the results are shown in Figure 14. Here the sample contained both NLLGLIEAK and IS.  
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Figure 14. Comparison of signal intensities for NLLGLIEAK and Internal standard (IS) in control samples (in 

ABC) and samples in elution solution 80:15:5 ACN:H2O:FA, dried and reconstituted in mobile phase A. Each bar 

represents the mean (n=3 for the control samples, and n=2 for the dried samples), error bars are standard deviations 

of the mean (SD) and p-values were calculated with t-tests. 

With this elution solution, some loss of peptides in the dried samples (15 % for NLLGLIEAK 

and 23 % for IS, n=2 or 3) was observed, the difference was however not statistically significant 

(p > 0.05), see Appendix 4 for full information about the t-tests. The testing with this specific 

elution solution was performed once, so a definite conclusion cannot be made. It is however 

likely that the conclusion would stay same as for the elution solution for MMIP B, shown in 

Figure 13, and it was therefore assumed that no significant loss of peptide during this step in 

the procedure happened. Additionally, with the use of an internal standard, a minor loss could 
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still be acceptable. Based on these results it was decided to continue with evaporation and 

reconstitution.  

4.2 MMIP B elution experiments 

For these MMIPs, a lot was known and characterized before the work with this thesis started. 

The conditions for binding and wash were already optimized, which had resulted in the 

parameters already described in 3.7.1. Only elution conditions had not been optimized for 

MMIP B.  

4.2.1 Optimization of elution 

For every elution experiments, the supernatants after binding were analyzed to verify that IS 

had been extracted from the test solution and was binding to the MMIPs. This was also to ensure 

that a low elution recovery was not due to poor binding of the IS in the first step. Results from 

some of the extractions are shown in Figure 15 A and B, with the extractions of solely IS in A 

and with IS and NLLGLIEAK in B.    
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Figure 15. Repeated binding experiments on MMIP B with the exact same conditions each time. Each bar is done 

on different days, and the bars represents the mean (n=3-6) of how much peptide bound and the error bars are 

standard deviations of the mean (SD). Figure A shows just IS. Figure B shows both NLLGLIEAK and IS, the pair 

is in the same extraction experiment. 

As shown in Figure 15 A, some days suffered large variations (RSD ≤ 68 %) on amount IS 

bound to the MMIPs. This was unexpected when considering that identical conditions of an 

already optimized procedure were used. One reason for this may be that the experiments were 

performed by multiple people. In the experiments with both IS and NLLGLIEAK, there were 

variations in the binding as well (RSDs from 19-52 %) but IS and NLLGLIEAK correlated well 

in the individual samples as the ratio between the two were constant.   



36 

 

During these experiments, problems with unreproducible signals of QC-samples were present, 

as the signals were high in some and completely missing in others. This happened even though 

the samples were taken from the same stock solution and analyzed on the same day. When both 

NLLGLIEAK and IS were in the samples, the exact same happened for both, either both were 

gone, or both gave signals, like an on-off-effect. The BSA-peptides had constant signals every 

time. Different measures were taken to try and solve this problem. First, the scan width and 

scan time were changed. This was to make sure the peptide was measured even with a slight 

change in mass, and that there were enough scans per peak. The problem did not disappear after 

these changes. The gradient in the HPLC-method was also changed from 0-50 % increase of 

mobile phase B in minute 3-18, before it went straight up to 100 % mobile phase B for the next 

2 minutes, to the one described previously in the method here, but the problems did not 

disappear. These challenges persisted, and it was hence chosen to include several (n ≥ 6) QC-

samples to ensure enough for the remainder of the analyses with MMIP B. However, when later 

changing sample composition (for analysis using MMIP A) the issues disappeared. The 

difference between these QC-samples and the ones used here was the content of ACN (5 % vs. 

0 %), and it might be that insufficient mixing resulted in this challenge.  It is possible that these 

problems influenced the binding calculations as well, but it did not appear to be the case, as 

they did not have an on-off-signal like the QC-samples, just large variations.   

Most of the elution solutions tested were different concentrations, 50-85 % (v/v), of organic 

(ACN or MeOH), with a small amount of acid (FA or TFA) for pH-adjustment to protonate the 

carboxyl anions responsible for interactions with the functional monomers. See 3.7.2 for full 

description of the elution solutions tested. This was chosen based on experience from earlier 

testing of these exact MMIPs where the elution solution was 80:15:5 ACN:H2O:FA, elution 

volume 500 µL [80].  

This composition, 80:15:5 ACN:H2O:FA, also resulted in the highest observed % eluted with 

32 % of IS eluted (RSD 20%, n=2) once. With the other elution solutions, there were lower 

yields than this (17 % eluted of IS as the highest, mainly below 10 %), and large variations 

(RSD > 30 %, n=3 for most of conditions). 80:15:5 ACN:H2O:FA was repeated several times 

(n > 5), with varying results. Elution yields were between 9 and 21 % eluted IS (RSDs > 18 %, 

n=3 for most of them). Even though the yields were low, when NLLGLIEAK was also present 

in the sample, the ratios between the peptides were constant, like in the binding. The 

supernatants after wash were also analyzed a couple of times to make sure the target peptide 
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was not lost in this step. The analysis confirmed this, the target was not lost in the wash either. 

A larger elution volume, 500 µL instead of 100 µL, was also tested with no improvement in 

amount eluted. Different mixing was also tested, ThermoMixer with 1000 rpm, (still room 

temperature) instead of HulaMixer, no improvement here as well.  

One theory about the low elution yields was that there was a lot of non-specific binding of the 

target peptide to the MMIPs, and therefore difficult to elute. Saturation of the MMIPs with 

digested BSA overnight was therefore tried, but this resulted in lower amounts of target peptide 

bound. A final thing tested was to change the elution from low to high pH with the addition of 

ammonia (NH3), this gave elution yields of 7-9 % (RSD 25-66 %). This is not surprisingly as 

theoretically; the elution solution should be of low pH to protonate the carboxyl anions to break 

the interactions with the functional monomers.    

There is a possibility also here that the QC-problems mentioned earlier interfered with the 

elution recoveries. Very few of the elution supernatants had no signal at all, they just had very 

low signals, so the same on-off-effect as described for the QC-samples was likely not the same 

here, but it cannot be excluded. 

Due to these big variations and low elution yields it was chosen not to pursue MMIP B further.  

4.3 Characterization of MMIP A 

For MMIP A, very little experience was available before the work on this thesis started. 

Therefore, some initial characterization of the binding in MMIP A was performed, by doing 

binding isotherms experiments for the MMIP and the corresponding MNIP A.  

4.3.1 Binding isotherms for MMIP A and MNIP A 

Binding/adsorption isotherms are used to obtain information about differences in binding 

properties of MMIP and corresponding MNIP [81]. Binding experiments were performed for 

both MMIP A and MNIP A and the resulting graphs are shown in Figure 16. 
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Figure 16. Equilibrium binding curve for MMIP A and corresponding MNIP A. On the x-axis is the free 

concentration (in nanomolar), not bound, of internal standard (IS) after every extraction. On the y-axis: the amount 

of IS (in millimol) bound per mg of polymer (MMIP or MNIP) 

As can be seen from the graph, saturation was reached for the MMIP, as the curve is increasing 

during the first 11-12 extractions, then flattens out. The MNIP graph, on the other hand, has a 

completely different curvature with a very slowly increase and amount of peptide bound is far 

from amount bound for the MMIP. This clearly demonstrates that there was a difference in 

binding properties between MMIP and MNIP. The curvature in the MMIP line indicates 

specific binding of  target molecule to the cavities imprinted in the MMIP, while a straight line 

for the MNIP indicates non-specific binding [23].  

An interesting factor is the solvent used. This experiment was performed in aqueous ABC, with 

no organic solvent added. Normally, solvent used in these binding experiments are the same 

solvents as in the production of MIPs [22, 23]. For these MMIPs, solvents used would have 

been ACN and DMSO, but as will be discussed in the next section, addition of ACN to the test 

solution was found to be redundant, as the target peptide was binding satisfactory in purely 

aqueous ABC. Theoretically, non-specific hydrophobic interactions should be dominant in an 

aqueous environment, and there should thus be no difference between MIPs and NIPs [22, 23]. 

This is clearly not the case here as the binding curves are not identical, as shown in Figure 16.   

During the procedure, another difference between the MMIP and the MNIP was observed, 

namely the difference in polymer material. The MMIP beads were easily suspended and had 
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good magnetic properties. However, the MNIP beads were more difficult to suspend in ABC 

after each binding step and became more difficult as the number of extractions increased. 

Removal of supernatant was also difficult without getting some of the MNIP beads into the 

pipette tips, due to poor magnetic properties, resulting in the need for supernatants from the 

MNIP extractions to be centrifuged harder to avoid particles in the LC-MS/MS system. These 

differences in materials may have influenced the results due to requiring more caution and a 

different technique for the MNIPs. Although, this is unlikely an explanation for the big 

difference shown in Figure 16. As can be seen in Appendix 2, the size of the beads is different 

between the MMIPs and MNIPs, this can also be an explanation of different behavior.  

Imprinting factor 

The imprinting factor (IF) of a MIP gives us information about the successfulness of the 

imprinting step. A higher IF means a larger difference between MIP and NIP and indicates the 

presence of specific cavities for the target. IF is calculated as shown in Equation 5, and the 

resulting IF for MMIP A was calculated as 6.12 (see Appendix 4 for full calculation). 

An imprinting factor of 6.12 is a very strong indication of having successfully generated 

specific cavities for NLLGLIEAK during the imprinting process. There are large differences 

reported in the literature, with publications reporting very low imprinting factor, some as low 

as 1.1 [22], while other reports IF > 4 [82]. Another MIP for NLLGLIEAK, used on-line, 

supplementary information [32], showed an IF of 1.11 for the best MIP/NIP pair, this was same 

components as in MMIP A, but not magnetized. These were used on-line, so the method and 

calculations are done a little different, but the IF is still low. Another publication of magnetic 

MIPs, MMIP for angiotensin I and angiotensin II showed IF’s of 4.9 and 5.2, respectively [76].     

The imprinting factor only gives information on whether there is a difference between MIP and 

the NIP or not, not anything about selectivity of the MIP itself. For information about 

selectivity, other approaches can be used, e.g. using enantiomers as template/target [23]. There 

is also a possibility to compare the MIP towards another control, for example MIP for another 

template to have further information. The presence of template may affect the binding cavities 

in the polymer, independent of the structure of template itself, but solely the presence of a 

template [22].     
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4.4 Optimization of procedure for MMIP A 

4.4.1 Organic content in the test solutions 

Optimization of organic content in test solutions for loading conditions was done as described 

in 3.6.2, with binding time 60 minutes and no subsequent wash and elution. The following 

concentrations were tested: 0, 2.5, 5, 7.5 and 10 % (v/v) ACN in MQ-water. With high 

concentrations of ACN (5-10 %), binding was very variable with some replicates with no signal, 

while others were as high as the 100 % reference (QC-sample). This was repeated three times 

with same tendency each time. There were also problems with the QC-samples for the high 

concentrations, similar as described for MMIP B. Quantification of amount bound was 

therefore not possible. Results for 0 and 2.5 % ACN were more consistent and are presented in 

Figure 17. 
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Figure 17. Effects of ACN in test solutions on binding of internal standard to MMIP A, binding time 1 hour. Each 

bar represents the mean, (n=9 for 0 % ACN and n=3 for 2.5 % ACN). And the error bars are standard deviations 

of the mean (SD). 

Binding was almost 100 % with 0 % organic and small variations (RSD 0.36 %, n=9). With 2.5 

% there was 90 % bound and larger variations (RSD 9.5 %, n=3), this can be due to the small 

number of replicates. Due to these results, purely aqueous ABC was chosen as test solution.  

As mentioned in the binding isotherms, recognition and binding of target to a MIP is (normally) 

best when happening in same solvent(s) as used during synthesis [22, 23]. Solvents used in the 

synthesis are normally aprotic with low polarity to favor non-covalent specific interactions, 

such as hydrogen bindings and electrostatic interactions, between functional monomer(s) and 
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template [22]. Or like for these MMIPs, ACN and DMSO, solvents with higher polarity, but 

still aprotic, due to solubility of the template. A theory about why binding is best in same 

solvent(s) as used in the synthesis, is that shape and distance in the imprinted cavities, are 

depending on the same conditions as during synthesis to gain same structure for rebinding of 

template [23].   

Due to this, MIPs do not normally work ideally in a purely aqueous environment [22, 23, 83]. 

When using polar protic solvents, such as water, there is competition for the formation of non-

covalent bonds between template/target and functional monomer(s). A consequence of this, is 

a bigger chance of getting more non-specific interactions, due to hydrophobic adsorption to the 

MIP backbone [22] and not specific interactions in the cavities that is desired. Interactions in 

MMIP A are based on electrostatic interactions between protonated amine of the functional 

monomer and deprotonated carboxylic acids of template/target. Therefore, the binding should 

not have been so efficient in purely aqueous environment as the results showed here. However, 

ionic interactions are much stronger than hydrophobic interactions, thus there is a possibility 

that even in aqueous solution the ionic interactions were strong enough to contribute 

significantly to the binding. Further, the presence of organic solvent may change the effective 

pKa of the residues and thereby the charges on the amine and/or carboxylic acid, resulting in 

less efficiently binding of the peptide to the MMIPs.   

Water-compatible MIPs are however described in the literature, but they are made with some 

modifications. For instance, use of a hydrophilic comonomer [83, 84], or stronger binding 

interactions combined with more hydrophilic cross-linkers [85].  This is not the case for MMIP 

A as the cross-linker, DVB, is very hydrophobic and the only cross-linker. The fact that this 

MMIP works so well in an aqueous environment is a huge advantage when the goal is to use 

these MMIPs for sample preparation of biological samples like serum/plasma.   

4.4.2 Binding time 

To find the optimum binding time, different times on HulaMixer were tested. (Calculations of 

% bound were done as showed in Equation 1. Optimization was performed without any ACN 

in the test solution, results are presented in Figure 18 (notice the scale on the y-axis).  
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Figure 18. Effects of different binding times for binding of Internal Standard (IS) to MMIP A. Test solution with 

no ACN. Each bar represents the mean (n=3) and the error bars are standard deviations of the mean (SD).  

As shown in Figure 18, there is interestingly no significant difference between binding times 

(p =0.35). For full information about the calculations, see Appendix 4. Even if there was a 

statistically significant difference, for practical work the binding is the same as the peptide is 

close to 100 % bound for all of them. NLLGLIEAK was also present in the test solutions (data 

not shown due to the nearly identical results). This was confirmed several times by analyzing 

samples after 5 minutes binding time during optimization of other steps in the procedure. Nearly 

100 % peptide was bound every time with small standard deviations (RSD < 2 %, n > 15). 

Based on this information it was chosen to use 5 minutes binding time as this saves a significant 

amount of time in the sample preparation, and thus increase the throughput.  

In the literature, different extraction/binding/loading times when using MIPs has been reported, 

for instance for the previously mentioned MMIPs for angiotensin I/II, the extraction time was 

30 minutes [76]. Another example, is on-line MIPs for NLLGLIEAK that used a loading time 

of 10 minutes [32]. The MIP A described in this on-line MIPs, had the same components as 

MMIP A evaluated here, apart from being packed in a column and not magnetized. Lack of 

organic solvent in the loading solution may contribute to fast binding as there will be a big 

difference between the aqueous environment in the sample and hydrophobic polymer backbone 

with DVB of the MMIP. This hydrophobicity combined with the high affinity, demonstrated 

by binding isotherms, of target to imprinted cavities may be why it is efficient without organic. 

The fact that 5 minutes binding time is sufficient, results in a much more efficient sample 

preparation than 60 minutes binding, and therefore more attractive and competitive compared 
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to MIPs packed in columns, for on-line extraction or SPE, but without the need for packing of 

particles, which is a benefit. 

4.4.3 Wash solutions  

After binding of the target to the MMIP, a 5 minutes wash was done with the aim of removing 

as many of other matrix components as possible. There will always be other compounds than 

the target bound, due to non-specific binding to the polymer. Other compounds can for instance 

be other peptides from ProGRP or other proteins, or matrix components such as lipids when 

using serum. Different concentrations of ACN in the wash solutions were therefore tested to 

assess at what concentration the target peptide is lost. Optimization of wash solutions was done 

after both 5- and 60- minutes binding time. The two levels of binding time were chosen far 

apart from each other to ensure that the short binding time did not affect loss of target peptide 

in wash. Degree of loss of internal standard after 5- and 60- minutes binding time is shown in 

Figure 19, n=3 for every condition. 
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Figure 19. Effects of different concentrations of ACN in the 5 minutes wash step. A) After 60 minutes binding 

time and B) after 5 minutes binding time, both on MMIP A. Each bar represents the mean (n=3) and the error bars 

are standard deviations of the mean (SD).  

As seen in Figure 19 A, there was little loss of IS, with a mean of 0.87 % (RSD 25 %) when 

using pure water after 60 minutes binding time. However, with 2.5 % ACN more than 24 % 

(RSD 36 %) of the IS was lost and the loss increased with increasing amount of ACN, until a 

maximum of 40-50 % loss is reached for ACN ≥ 5 %. This experiment was repeated twice with 

same results, not shown here.    
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For 5 minutes of binding time, different concentrations of ACN were also tested, and results 

are shown in Figure 19 B. Concentrations of ACN were chosen to be 0, 1, 2, 3, 4, and 5 % 

ACN, due to the big loss (> 40 %) of target peptide when using 5 % ACN after 60- minutes 

binding time. As shown in Figure 19 B, there was little loss (< 4 %) without any ACN, even 

though the binding time was only 5 minutes. This indicates a strong binding of target peptide 

to the MMIP. When adding ACN in the wash solutions, there was an almost linear increase in 

amount of peptide lost. However, loss of peptide after 5-minutes binding time was in 

concordance with amount lost after 60-minutes binding. After binding time 5 minutes, there 

was 24 % and 27 % loss of peptide (RSD < 8 %) with 2 and 3 % ACN, respectively. Loss with 

2.5 % ACN after 60-minutes binding time was 24 % (RSD 36 %). 

Due to these results, it was decided to use pure water in the washing step. Further, smaller 

intervals of binding time were also tested for effect on loss of peptide after wash with water, 

see Figure 20. For some of these experiments, the variation was quite high (RSD 78 % for the 

30 minute extraction). A reason for this may be that since the unbound fraction of analyte was 

used to estimate the loss, the peaks in the chromatogram were very small, resulting in some 

uncertainty in the integration.  
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Figure 20. Effects of different binding times on loss of Internal standard (IS) during a 5 minutes wash with water. 

Each bar represents the mean (n=3) and the error bars are standard deviations of the mean (SD). 

These experiments confirmed further that loss of peptide during was not affected by the sample 

binding time. This is also in concordance with the test of different organic content in wash after 
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5- and 60- minutes extraction. Wash with pure water, after 5 minutes of binding time, was 

therefore chosen as wash solution for MMIP A. 

The big loss of peptide with just a small fraction of ACN in the wash solutions may also be 

related to the conditions previously discussed for the loading/binding. There is a possibility that 

when a sample is loaded on the MMIP in purely aqueous environment, some of the peptide is 

adsorbed to the MMIP backbone due to hydrophobic forces and non-specific binding. When an 

increasing amount of ACN is added in the different wash solutions, these hydrophobic 

interactions are disrupted, resulting in elution of peptide. However, in the testing of MIPs with 

identical composition, on-line and with SPE [31, 32] and the previously mentioned initial 

testing of these MMIPs [80], some amount of ACN was in the wash solutions in all of them.   

To verify that it was non-specific interactions that caused elution during the wash, a similar 

wash experiment could have been performed with the MNIPs. In MNIPs, there should 

theoretically, and proven in the binding isotherms, only be non-specific binding and they can 

therefore be used as a reference of non-specific binding. A challenge with this, is that the MNIPs 

are not binding the target peptide very efficiently, so a lot of non-specific binding is unlikely if 

looking at Figure 16. This would make this experiment difficult as the MNIPs are not binding 

a lot of peptide with these conditions. Another interesting option would be to test other organic 

solvents than ACN, for instance methanol, which is a polar protic solvent like water, but less 

polar.  

A challenge with using only water in the wash solution is the possibility of poor clean-up of a 

complex matrix, like serum. Salts are very likely washed out with only water, or not binding in 

the first place, but other peptides and organic interferences may remain. This may be an issue, 

depending on whether they elute or not, later in the analysis. In all the test solutions there was 

also digested BSA present, and two of the characteristic peptides, HLVDEPQNLIK (HLVD-

peptide) and YICDNQDTISSK (YICD-peptide), were analyzed and quantified. Binding of both 

were independent on binding time, with 98 % bound for HLVD- peptide (RSD < 5 %, n=6), 

while YICD-peptide showed a lower amount bound with around 50 % bound, but larger 

variations (RSD > 50 %, n=6). After wash with 0-5 % ACN, there was no clear pattern related 

to the ACN concentration, for how much of the BSA-peptides that were removed, and huge 

standard deviations (RSD > 100 % in some), especially for YICD-peptide. It is therefore 

difficult to draw any conclusions from this. The amount of digested BSA in the test solution 

was however low, resulting in very small chromatographic peaks close to the limit of detection. 
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This may be the reason for these varying results. For the HLVD-peptide, some of the peptide 

was removed with all concentrations of ACN, most was 35 % removed with 5% ACN, but also 

22 % of peptide removed with water. There are some uncertainties in these data, but it is an 

indication on the behavior of different peptides than the target peptide.   

4.4.4 Elution experiments  

As the optimization of the wash solution showed a relatively high (37 %) loss of target peptide 

with 7.5 % ACN, this amount of ACN was tested for elution. Both 7.5 % ACN in MQ-water, 

and 7.5 % ACN with 0.1 % FA (to protonate the carboxylic groups in NLLGLIEAK) were 

tested. Elution time was one hour for both. These samples were injected directly and not dried 

and reconstituted due to low content of organic. Elution recoveries were 7.4 % without FA and 

19 % with FA (large variances in both, only 1/3 replicates with signal). A two-step elution was 

also tried, first one hour, then removal of supernatant and addition of new 100 µL of elution 

solution and elution for one additional hour. No signal was seen for either of the elution 

solutions after the second elution. Since the wash was performed for 5 minutes, the same was 

attempted in the elution, in addition to 10, 15 and 30 minutes. The elution yields were low (14 

% at the most for 5 minutes) with very high standard deviations (RSD > 100 %).  

An explanation for why target peptide eluted in the wash step, but not in the actual elution, may 

be that something is happening in the washing step with pure water, a kind of a “lock-in” of 

peptide in the MMIP. One suggestion is that the exposure to an additional amount of water in 

the wash (after loading in aqueous ABC) drives the peptide further inside the polymer structure. 

Another option can be that something happens with the polymer structure itself due to exposure 

of water. During the procedure, it was possible to observe that the MMIPs did not prefer being 

in such an aqueous environment, as the material was difficult to suspend in water and to get 

efficiently centrifuged down between each step. It also took a longer time to separate the 

particles from the supernatant when placing them in the magnetic rack.  

Due to these low elution yields with 7.5 % ACN, it was chosen to use the elution solution with 

best results from MMIP B, 80:15:5 ACN:H2O:FA (and also the one described in the previously 

mentioned initial testing of these MMIPs [80]). Elution volume was 100 µL, and elution time 

one hour. This was combined with the already optimized conditions for test solution, binding 

time and wash solution. Results are shown in Figure 21, notice different scales on the y-axes.  
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Figure 21. MMIP A binding, wash and elution. Binding time 5 minutes in ABC, wash with water 5 minutes and 

1 hour elution with 80:15:5 ACN: H2O: FA, dried and reconstituted in mobile phase A. Each bar represents the 

mean (n=3) and the error bars are standard deviations of the mean (SD). Notice different scales on the y-axes  

Here, it was once again confirmed that binding was nearly 100 % for both NLLGLIEAK and 

IS, and low standard deviations (RSD 0.34 % and 0.47 % for NLLGLIEAK and IS, respectively, 

n=3) and relatively minor loss of both (< 4 %, RSD < 15 %) in the wash. Elution yields were 

satisfactory with 85 % eluted for NLLGLIEAK (RSD 14 %, n=3) and 104 % for IS (RSD 17 

%, n=3). The difference between elution yields of the two peptides was not significant (p=0.21). 

See Appendix 4 for full information about the calculation of p-value. With 80:15:5 

ACN:H2O:FA, a two-step elution was also tested; this showed no further elution of the peptides. 

Due to these satisfactory elution yields, and relatively low variations, it was chosen not to try 

additional elution solutions, but continue with 80:15:5 ACN:H2O:FA. Also, as previously 

mentioned, this was the composition chosen in the initial testing [80]. This elution experiment 

was only performed once, so further verification is recommended to ensure the quality and 

repeatability. Another interesting approach would be to test different elution times to see if one 

hour is necessary, or if there is a possibility of eluting in a shorter amount of time. As mentioned 

earlier, there was no additional effect of doing a two-step elution, so perhaps one hour is not 

necessary in the first place. A reduction in elution time would shorten total sample preparation 

time and therefore be beneficial.    
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4.4.5 Digested ProGRP in-solution 

The method optimized and described this far, was only tested for pure peptides in ABC solution, 

with a small amount of digested BSA. This is not a very complex sample, so to introduce more 

complexity to the samples, digested ProGRP was used as sample. When using digested protein, 

it is possible to gain more information about selectivity of the MMIPs to target peptide, 

compared to other ProGRP-peptides. This can also provide information about selectivity of the 

MMIPs in general, not only specifically for ProGRP-peptides. For these experiments, two other 

peptides from ProGRP isoform 1 were analyzed: LSAP-peptide and ALGN-peptide. Results 

from MMIP extraction and elution of digested ProGRP in-solution are shown in Figure 22, 

notice different scales on the y-axes.  
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Figure 22. Binding, wash and elution on MMIP A with digested ProGRP in-solution (ABC). Notice different 

scales on the y-axes. Each bar represents the mean (n=3) and the error bars are standard deviations of the mean 

(SD).  

This experiment was only performed once due to time restrictions, and suffered some 

challenges with detection of the LSAP-peptide due to early elution from the LC-column to the 

MS. The peptide eluted right when the valve switch from waste to inject was made, and some 

uncertainties in the data may therefore be present for LSAP-peptide. As shown in Figure 22 

(left), both target peptide NLLGLIEAK and ALGN-peptide were almost bound completely, 

with means of 93 % (RSD 0.57 %, n=3) and 99 % (RSD 1.4 %, n=3), respectively. However, 

the binding of the LSAP-peptide was poor with a mean of 24 % (RSD 43 %, n=3).   
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None of the peptides were removed in any large extent during the wash, as shown in Figure 22, 

which is not surprisingly when the wash solution was pure water. Elution recoveries are on the 

other hand interesting, where 86.95 % of the target peptide was eluted with small standard 

deviations (RSD 9.3 %, n=3), while the ALGN-peptide was almost not eluted at all (mean 2.2 

%, RSD 46 %, n=3). 7.5 % of the LSAP-peptide was found to be eluted, but as mentioned, there 

is uncertainties in these data, and a large variation (RSD 87 %, n=3). This indicates that the 

MMIP does not offer selective binding under the tested conditions, as the ALGN-peptide was 

also bound. However, the resulting eluate was relatively clean from other ProGRP-peptides 

which is a very good thing and justifies the use of pure water in the washing step. These data 

are consistent with data from the initial testing of the same MMIPs [80], which were also 

binding NLLGLIEAK efficiently and binding the LSAP-peptide poorly. During elution, same 

elution solution as tested here, there was high recovery of NLLGLIEAK and little LSAP. This 

gives a bit more validity to the data of LSAP obtained here, though the LC-MS method was not 

ideal as mentioned. The ALGN-peptide was not analyzed in the initial testing of these MMIPs 

[80]. However, the wash solution used in that work was 7.5 % ACN, and no loss of 

NLLGLIEAK was reported, in contrast with results shown here.  

Reasons for different behavior of these two peptides can be due to structural differences. The 

LSAP-peptide has 11 amino acids, and ALGN-peptide has 18 amino acids. See Appendix 3 for 

their full structures. They both have similarities with NLLGLIEAK, glutamic acid (E) and 

lysine (K), five amino acids apart, in the ALGN-peptide, while LSAP has one glutamic acid (E) 

residue. ALGN has additionally two aspartic acid (D) residues. The fact that ALGN has four 

residues with a negative charge in the pH used for loading may explain why there is a higher 

amount bound than LSAP. On the other hand, the length of ALGN should be in its disfavor if 

the imprinted cavities are the size of NLLGLIEAK, which is half the length of ALGN-peptide. 

Another possibility may be that the ALGN-peptide is binding and retaining on the MMIP via 

hydrophobic adsorption to DVB; this can explain why it does not elute when FA is added, and 

its negative charges should be protonated and the binding to EAMA disrupted. It may be 

necessary to use a higher organic content, or a different solvent, to elute ALGN if it is adsorbed 

by these non-specific hydrophobic interactions. However, the fact that ALGN-peptide did not 

elute is a good thing, as the content of the eluate is more important than binding in the loading. 

A possible challenge with much binding of other peptides than target, may be if the binding 

capacity of the MMIP is overloaded. Concentration of ProGRP used here was 2.5 µg/mL, which 
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is far above the clinically relevant concentrations, so binding capacity will probably not be an 

issue since the target peptide was binding nearly 100 %, even with such a high concentration.  

4.4.6 Serum experiments 

Final experiments of this thesis were to do preliminary testing in serum to see how the MMIPs 

were performing in a complex matrix. This was performed both with serum spiked with 

ProGRP, and digested, and serum spiked with NLLGLIEAK, as described in 3.3. The aim was 

only to do some initial evaluation in serum. Results from serum spiked with ProGRP and then 

digested, showed no signals for NLLGLIEAK in the eluates. This was not surprising as the 

digestion in serum is an additional step of uncertainty in the procedure and may be difficult to 

do efficiently. Internal standard (50 nM) was added to the digested serum samples before the 

MMIP extraction and had signals in all the eluates. Lack of NLLGLIEAK signal was therefore 

likely due to inefficient digestion and/or too low concentration of protein prior to the MMIP 

extraction and elution. A control with digestion of ProGRP in ABC (50 mM) was also 

performed concurrently, to check the stock solution of ProGRP, this gave high signals and 

indicated an efficient in-solution digestion.    

Serum samples spiked with NLLGLIEAK peptide showed similar signal intensities as for IS, 

see Figure 23 for chromatogram of one of the replicates, the others looked very similar.   

Concentrations of both NLLGLIEAK and IS were here 50 nM, which is 10 times higher than 

concentration used in the ABC samples in the preliminary testing of these MMIPs, and the peak 

intensities are in the same range as the ABC samples. As mentioned, this was performed to see 

if the MMIPs could be applied to such a complex matrix and not to do a quantification. The 

experiment was performed in 5 replicates and had RSDs of 18 % for NLLGLIEAK, and 32 % 

for IS. As this was only done once, further experiments are needed to verify these data.  
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Figure 23. Chromatogram for protein precipitated serum spiked with 50 nM NLLGLIEAK (red peak) and internal 

standard (green peak), extracted and eluted from MMIP A.  

It is difficult to conclude anything about how well the peptide is extracted from serum and 

binding to MMIPs, as the supernatants after extraction cannot be analyzed due to the 

complexity. What can be said from this, is that it indicates that the procedure is potentially 

repeatable with the relatively low RSDs. But this needs to be confirmed with additional 

experiments.  

Another option in this procedure would be to add IS to the samples after the MMIP extraction 

and elution, right before injection. When doing this, it would be possible to quantify amount of 

NLLGLIEAK in the elution supernatants by comparing to the intensity of IS signal. 
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4.5 Comparison of MMIP A and MMIP B 

The final optimized procedures for these two MMIPs were different, however, it is interesting 

how relatively easy elution from MMIP A could be done, and how it was almost impossible 

from MMIP B, regardless of which elution solution was used. The main difference between 

these two MMIPs are their functional monomers, where MMIP A has EAMA, and MMIP B 

has EAMA and urea monomer, see Figure 24 for structures and visualization of the binding of 

template to the monomer(s).  

 

  

Figure 24. Binding of template to functional monomers of the MMIPs. MMIP A to the left with EAMA as 

functional monomer and MMIP B to the right with EAMA and urea monomer as functional monomers. Modified 

from [32]. 

Using urea monomers as functional monomers for imprinting of oxyanions has previously been 

proven efficiently, as this results in strong interactions between monomer and template [86, 87]. 

A possible reason for the big difference in elution recoveries between MMIP A and MMIP B, 

may be due to these different functional monomers as this is the main difference. One possibility 

may be that the binding of target peptide to EAMA was relatively easy to disrupt with the 

decrease in pH, by addition of FA, and also a relatively high concentration of ACN, as shown 

with MMIP A. With the decrease in pH, the carboxylic groups in the glutamic acid and lysine 

residues in NLLGLIEAK will be protonated and thereby no longer be able to interact with the 

protonated amine in EAMA by ion-ion interactions, see Figure 24.  

This could be why there apparently was a maximum amount eluted from MMIP A, that only 

interactions with EAMA were disrupted, and not the interactions between target peptide and 
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urea monomer. It is described in the literature that monomers with a urea group are able to form 

stronger interactions with oxyanions, than other monomers, such as EAMA [86, 87].  

As previously mentioned, on-line MIPs for NLLGLIEAK with the same compositions as MMIP 

A and MMIP B have been tested and used successfully before [32]. In contrast with the 

mentioned strength of the urea monomers described in literature [86, 87], these authors reported 

that MIP with only EAMA monomer gave a slightly higher IF, although not a very high IF, 

than the MIP with urea monomer, and was therefore used further in those experiments.  

Examples of the MIPs that showed strong interactions with urea monomers in the literature [86, 

87], are not identical to the MIPs used in this thesis. Among several differences was the cross-

linker used, ethyleneglycol dimethacrylate (EDMA), while DVB is the cross-linker for MMIP 

A and MMIP B, see Figure 9 for structures of both. DVB is more hydrophobic than EDMA and 

will therefore probably result in a different type of MIP. Solvent used is also of importance as 

this forms the pores in the polymer structure. Differences in production of the polymers may 

therefore be why the results are different from the MIPs described in the literature and the 

MMIPs used here. However, this does not explain the differences between MMIP A and B here, 

where the difference is the functional monomers.  

In the previous test of these MMIPs [80], there was also good binding of NLLGLIEAK on the 

MMIP with urea monomer, but in the elution there was a higher recovery from the MNIP than 

the MMIP. This is an indication that the interactions in these MMIPs are not via the specific 

binding sites, but more likely non-specific binding to the polymer backbone. If this is the case, 

a strong interaction with the urea monomer cannot explain the poor elution recoveries reported 

for MMIP B in this thesis. Further studies into the binding mechanisms are therefore needed to 

gain more information about the differences between these two MMIPs.    
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5 Conclusion 

In this thesis, two different MMIPs have been evaluated for the use in selective enrichment of 

ProGRP signature peptide, NLLGLIEAK. One of the MMIPs (MMIP A) showed promising 

results after characterization and method optimization with high imprinting factor (6.12) and 

efficient (quantitative) extraction from aqueous samples. The optimized method showed good 

performance in both a simple matrix containing the target peptide in ABC with digested BSA 

and a more complex matrix containing digested ProGRP. Both resulted in high, repeatable 

elution recoveries (≥ 85 %) of target peptide, and good selectivity, with low amounts of two 

other ProGRP-peptides in the eluates. Initial results using serum spiked with peptide showed 

that extraction and binding from such a complex matrix was possible.  

An optimized method for the other MMIP (MMIP B) was not obtained due to challenges in 

elution of target peptide. The difference in composition between the two MMIPs were discussed 

to be a possible explanation for the observed challenge for MMIP B. However, more studies 

are required to gain full information.  

For further development of a method employing the most promising MMIP (MMIP A), more 

serum experiments are needed as this was only tested once and only protein precipitated serum 

spiked with peptide gave results. Serum spiked with ProGRP needs further testing and possibly 

an optimization before being tested on patient samples, as this resulted in no recovery of target 

peptide in the eluate. Investigation of possibility of reusing the MMIPs is also of importance as 

this will possibly reduce cost and time of sample preparation. In addition, the method needs to 

be tested with real patient samples and compared to existing methods for ProGRP 

determination. There is also a possibility of needing a different instrument to detect a lower 

concentration of target peptide.   
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6 Appendix 

6.1 Appendix 1: Composition of the MMIPs and 

MNIPs 

Appendix Table 1. Composition of the MMIPs and MNIPs. Reproduced from [78]. 

Polymer 
Template 

(mmol) 

Functional 

monomer 

(mmol) 

DVB-80 

(mmol) 

Solvent 

(mL) 

AIBN 

(mol %) 

PMP 

or/and 

TBA.OH 

(mmol) 

NIP A 

MAS141 
- 

EAMA.HCI 

(0.28) 
14.92 

ACN (48), 

DMSO (2) 
2 PMP (0.024) 

MIP A 

MAS142 

Z-NLLGLIEA 

(Nle) (0.028) 

EAMA.HCI 

(0.28) 
14.92 

ACN (48), 

DMSO (2) 
2 PMP (0.024) 

NIP B* 

MAS143 
- 

EAMA.HCI 

(0.28), urea 

monomer 

(0.04) 

14.92 
ACN (48), 

DMSO (2) 
2 

TBA.OH 

(0.04), PMP 

(0.024) 

MIP B 

MAS144 

Z-NLLGLIEA 

(Nle) (0.028) 

EAMA.HCI 

(0.28), urea 

monomer 

(0.04) 

14.92 
ACN (48), 

DMSO (2) 
2 

TBA.OH 

(0.04), PMP 

(0.024) 

*NIP B is not used for the work in this thesis 
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6.2 Appendix 2: Microscopic characterization of 

macroreticular MIPs and NIPs and their magnetic 

variants 

Appendix Table 2. Microscopic characterization of macroreticular MIPs and NIPs and their magnetic variants. 

Information reproduced from [78] 

Polymer 

Optical microscopy observation SEM average 

diameter in 

µm (± SD) Dispersity Bead size (µm) Aggregation 

NIP A 

MAS141 
Polydisperse 4-5 Chemical 1 and 6 

MIP A 

MAS142 
Polydisperse 1-5 Chemical 1-5 

NIP B* 

MAS143 
Polydisperse Approx. 1 Chemical Approx. 1 

MIP B 

MAS144 
Polydisperse Approx. 1 Chemical Approx. 1 

*NIP B is not used for the work in this thesis 
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6.3 Appendix 3: Structure of other ProGRP peptides 

 

 

Appendix Figure 1. Structures of other ProGRP-peptides: LSAPGSQR and ALGNQQPSWDSEDSSNFK.   
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6.4 Appendix 4: Calculations 

All analyses were performed in Microsoft Excel with the analysis tool.  

Loss of peptide during nitrogen evaporation (Figure 13) 

 

 

 

Dato 1 Dato 1

Dry Control Dry Control

Mean 6691,333333 6704,666667 Mean 6691,333333 6704,66667

Variance 72294,33333 194809,3333 Variance 72294,33333 194809,333

Observations 3 3 Observations 3 3

df 2 2 Pooled Variance 133551,8333

F 0,371103027 Hypothesized Mean Difference 0

P(F<=f) one-tail 0,270660206 df 4

F Critical one-tail 0,052631579 t Stat -0,044684761

P(T<=t) one-tail 0,483250182

t Critical one-tail 2,131846786

P(T<=t) two-tail 0,966500363

t Critical two-tail 2,776445105

Dato 2 Dato 2

Dry Control Dry Control

Mean 2125,666667 2037,333333 Mean 2125,666667 2037,33333

Variance 5294,333333 151984,3333 Variance 5294,333333 151984,333

Observations 3 3 Observations 3 3

df 2 2 Hypothesized Mean Difference 0

F 0,034834731 df 2

P(F<=f) one-tail 0,03366212 t Stat 0,385789441

F Critical one-tail 0,052631579 P(T<=t) one-tail 0,36841119

t Critical one-tail 2,91998558

P(T<=t) two-tail 0,73682238

t Critical two-tail 4,30265273

Dato 3 Dato 3

Dry Control Dry Control

Mean 6368 6218,333333 Mean 6368 6218,33333

Variance 1321983 191241,3333 Variance 1321983 191241,333

Observations 3 3 Observations 3 3

df 2 2 Pooled Variance 756612,1667

F 6,912642664 Hypothesized Mean Difference 0

P(F<=f) one-tail 0,126380028 df 4

F Critical one-tail 19 t Stat 0,210733731

P(T<=t) one-tail 0,421697554

t Critical one-tail 2,131846786

P(T<=t) two-tail 0,843395108

t Critical two-tail 2,776445105

t-Test: Two-Sample Assuming Unequal Variances

t-Test: Two-Sample Assuming Equal Variances

F-Test Two-Sample for Variances

F-Test Two-Sample for Variances

F-Test Two-Sample for Variances

t-Test: Two-Sample Assuming Equal Variances



65 

 

Loss of peptide during nitrogen evaporation (Figure 14) 

 

 

 

 

 

 

 

 

 

Control Dry Control Dry

Mean 6975 5898,5 Mean 6975 5898,5

Variance 526123 100800,5 Variance 526123 100800,5

Observations 3 2 Observations 3 2

df 2 1 Pooled Variance 384348,833

F 5,21944832 Hypothesized Mean Difference 0

P(F<=f) one-tail 0,29567046 df 3

F Critical one-tail 199,5 t Stat 1,90213735

P(T<=t) one-tail 0,07665415

t Critical one-tail 2,35336343

P(T<=t) two-tail 0,1533083

t Critical two-tail 3,18244631

Control Dry Control Dry

Mean 7397 5730 Mean 7397 5730

Variance 413068 1223048 Variance 413068 1223048

Observations 3 2 Observations 3 2

df 2 1 Pooled Variance 683061,333

F 0,33773654 Hypothesized Mean Difference 0

P(F<=f) one-tail 0,22744168 df 3

F Critical one-tail 0,05401662 t Stat 2,20951204

P(T<=t) one-tail 0,05707678

t Critical one-tail 2,35336343

P(T<=t) two-tail 0,11415355

t Critical two-tail 3,18244631

NLLGLIEAK

F-Test Two-Sample for Variances

F-Test Two-Sample for Variances

t-Test: Two-Sample Assuming Equal Variances

t-Test: Two-Sample Assuming Equal Variances

IS IS

NLLGLIEAK
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Binding time (Figure 18) 

 

 

 

 

 

 

 

 

 

 

T1 T2 T3 T4 T5

99,35351967 99,5623706 98,7893375 99,552795 99,5649593

99,37681159 98,2215321 99,6700311 97,4816253 99,3838186

99,2199793 97,509058 99,9730106 99,3159938 99,6860355

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance

T1 3 297,950311 99,3167702 0,00716199

T2 3 295,292961 98,4309869 1,08692667

T3 3 298,432379 99,4774597 0,37808333

T4 3 296,350414 98,7834714 1,28512116

T5 3 298,634813 99,5449378 0,02313441

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 2,80388571 4 0,70097143 1,26054611 0,34748331 3,47804969

Within Groups 5,5608551 10 0,55608551

Total 8,36474081 14
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Elution recoveries, NLLGLIEAK and Internal Standard (Figure 21) 

 

 

Imprinting factor 

Imprinting factor (IF)  =  
74.02 (

mmol
mg )

12.10 (
mmol

mg )
≈ 6.12 

 

NLLGLIEAK IS NLLGLIEAK IS

Mean 84,8424961 103,495674 Mean 84,84249611 103,4957

Variance 143,30511 316,551314 Variance 143,3051103 316,5513

Observations 3 3 Observations 3 3

df 2 2 Pooled Variance 229,9282121

F 0,45270736 Hypothesized Mean Difference 0

P(F<=f) one-tail 0,31163011 df 4

F Critical one-tail 0,05263158 t Stat -1,506615152

P(T<=t) one-tail 0,103190349

t Critical one-tail 2,131846786

P(T<=t) two-tail 0,206380698

t Critical two-tail 2,776445105

F-Test Two-Sample for Variances t-Test: Two-Sample Assuming Equal Variances


