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Abstract 
Molecularly Imprinted Polymers (MIPs) are tailor-made polymers with high affinity for a 

specific target. They can be used for selective sample preparation prior to liquid 

chromatography mass spectrometry determination of target analytes. In this master thesis the 

reusability of magnetic MIPs (mMIPs) targeting the signature peptide NLLGLIEAK of the 

small cell lung cancer biomarker progastrin releasing peptide was evaluated. Reuse of mMIPs 

could save time and money used for production of new mMIPs. 

 

Previously used mMIPs were washed overnight. Two wash solutions, MeOH:0.1M HCl and 

100 % MeOH and a couple of different conditioning procedures were evaluated with the goal 

to get efficiently washed mMIPs that performed with high reproducibility. Reusability of 

washed mMIPs was evaluated according to the following parameters: remaining peptide after 

wash, binding efficiency and elution recovery. 

 

Remaining peptide was determined by performing blank extractions using mMIPs washed by 

both washing procedures. No signal was seen using any of the wash solutions suggesting that 

both wash solutions efficiently removed non-eluted peptide. The binding efficiency was 

determined to more than 99 % and considered satisfactory for reuse of the MIPs. Finally, elution 

recoveries were determined. These were seen to be lower and more variable compared to when 

using new mMIPs. There were no significant difference in results gained from washed mMIPs 

with different solutions and under different conditions. 

 

In addition, in a final experiment the washed mMIPs were evaluated for use in extraction of the 

target peptide from protein precipitated serum. The washed mMIPs were able to extract from 

complex biological matrices but the elution recoveries (5.8 ± 0.6%) were lower and 

repeatability was poorer than seen for new mMIPs (17.1 ± 8.6%).  
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1 Introduction 

 Background 
A lot of the proteomics research today focuses on finding biomarkers. Low abundance 

biomarkers in a complex biological matrices necessitates highly sensitive analytical techniques. 

Mass spectrometry (MS) has progressively become the method of choice for analysis of 

complex protein samples [1] . A challenge with MS is that it is less sensitive than immunoassays 

in diagnostics. Consequently, it is often not possible to measure low concentrations equally. 

Because of that, very selective sample preparation is needed. The advantage of MS is that it 

produces fewer false results due to high specificity. MS is little used for diagnosis, but it can be 

used for treatment monitoring. 

Small-cell lung cancer (SCLC) accounts for about 13% of the total rate [2]. SCLC is a highly 

metastatic, aggressive and lethal cancer with a rapid grow [3]. Therefore, an early diagnosis, 

treatment and treatment monitoring are crucial. Among many biomarkers, ProGRP has proven 

to be a good biomarker since it can discriminate between non-small-cell lung cancer (NSCLC) 

and SCLC. As well ProGRP has a higher sensitivity to the widely used biomarker neuron-

specific enolase (NSE) [4, 5]. The upper limit of ProGRP in the circulation of healthy people  

is 50 pg/mL [6]. Due to very low abundance, sample preparation is a very important step before 

liquid chromatography-tandem mass spectrometry (LC-MS-MS) serum analysis. 

Sample preparation can ensure clean up or enrichment (i.e. pre-concentration) for very low 

concentration analytes. Standard methods of sample preparation like protein precipitation 

(PTT), liquid-liquid extraction and solid-phase extraction (SPE) are not selective enough to 

measure proteins at such low concentrations. Thus, Molecularly Imprinted Polymers (MIP) are 

developed as more selective tool in sample preparation. 

MIPs are tailor- made polymers with high affinity for the specific template molecule. They are 

mechanically robust, they have good stability at extreme pH values, organic solvents and 

temperature. Synthesis is relatively easy and economic. They have long shelf-life and 

reproducibility [7, 8].  

Magnetic Molecularly Imprinted Polymers (mMIPs) are made to isolate ProGRP signature 

peptide NLLGLIEK, fast and easy by applying external magnetic field. It has been shown to 
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efficiently isolate ProGRP signature peptide NLLGLIEAK from different solutions [9]. In 

addition, reuse of ProGRP targeting MIPs in conventional SPE cartridges and on-line SPE 

systems are described to be unproblematic [10, 11]. Reuse of mMIPs could save time and 

money used for production of new mMIPs. 

 

 

 Aim of the study 
The aim of this work was to test the reusability of magnetic molecularly imprinted polymers 

(mMIPs) as a tool in selective sample preparation of NLLGLIEAK, signature peptide for Pro-

gastrin releasing peptide (ProGRP) biomarker for SCLC, before analysis in LC-MS/MS. The 

reusability of mMIPs was evaluated after different washing and conditioning procedures 

according to the following parameters:  

- remaining peptide after wash 

- binding efficiency 

- elution recovery 

Additionally, it was evaluated if the washed mMIPs could be reused for extraction of 

NLLGLIEAK from human serum. 
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2 Theory 

 ProGRP and Lung cancer 
Lung cancer is currently divided into two main groups; non-small-cell lung cancer (NSCLC) 

accounting for 83% and SCLC accounting for 13% (approximately 3 % is not classified due to 

lack of information on histologic type) [2]. Early disease is usually and typically asymptomatic 

and only 21% of cases are diagnosed at first stage when the 5-years relative survival rate is 

highest (57%). The majority of lung cancers (61%) are diagnosed at stage III or IV when 5-

years relative survival rate declines to 4%. That is why are the early diagnose and treatment of 

vital importance [2].  

There are many possible biomarkers for SCLC today, but very few are suitable for diagnostic 

use alone because they all have their weaknesses. Combining two or more, on the other hand, 

can provide improved sensitivity and / or specificity. Studies have shown that the combination 

of squamous cell carcinoma antigen (SCC-Ag) biomarkers, a non-neuroendocrine biomarker, 

neuron-specific enolase (NSE), and progastrin releasing peptide (ProGRP), both of which are 

neuroendocrine biomarkers, provided enhanced detection with sensitivity (ability to classify 

correct malignancy) of  79.5%, specificity (ability to classify correct non-malignancy) of 

99.6%, and predictability (number of patients with positive test having the disease ) of 98.6% 

[4]. 

ProGRP is the precursor for the gut hormone Gastrin releasing peptide (GRP). GRP is the gut 

hormone present in nerve fibers, brain, in fetal neuroendocrine cells but also in primary lung 

tumors [12, 13]. ProGRP is preferred to the GRP use as diagnostic marker due the instable 

nature and short half-life of the latter in serum [6]. 

ProGRP has proven to be a good biomarker since it can discriminate between NSCLC and 

SCLC. As well ProGRP is rarely elevated in other cancers and has a higher sensitivity to the 

widely used biomarker NSE [4, 5]. 

The upper limit of ProGRP in the circulation is 50 pg/ml for healthy people [6]. Patient with 

renal failure can have higher levels of ProGRP because of the metabolism in kidneys and it 

should be important consideration in evaluation of ProGRP levels [6]. As well, even healthy 

people can have increased values of ProGRP due to the influence of various factors: higher age, 



4 
 

female gender, low-body-mass index (BMI), higher creatinine concentration and tobacco 

smoking [14]. 

 Proteins 
Proteins are complex molecules and they, trough different forms, play important roles in a 

human body. They provide structure of the cells, tissues, organs and the whole body. One of 

the roles of proteins is to coordinate biological processes in the body as messenger proteins or 

hormones. Other important role is to protect the body from viruses and bacteria, like antibodies. 

In addition, enzymes perform the most of the chemical reactions in the cells and sometimes 

assist in a creation of new molecules [15]. Finally, by measuring the concentration of certain 

proteins in the blood, we can evaluate the health of the body. 

Proteins are made of amino acids. There exists 20 amino acids that can be coupled by peptide 

bonds in polypeptide chains, called peptides or proteins depending on the size of the molecule 

(Figure 1). There is no clear defined boundary between proteins and peptides. In some sources 

limit are 50 amino acids, and in the others 10kDa. 

 

Figure 1. Structure of a tripeptide chain with peptide bonds in blue and side chains-R of 
amino acids in red 

All amino acids have the same structure of amino group -NH2, a carboxylic acid group -COOH 

and a side chain –R (see Figure 2). Due to variations in the side chains (R), amino acids are 

categorized as polar, nonpolar, basic, acidic, aliphatic and aromatic. These properties and a size 

of the peptides or proteins affect the choice of detection principle [16]. 
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Figure 2. Structure of amino acid including charge –pH dependency of amino acid. Reproduced from [16] 

As mentioned, ProGRP is determinate in the serum of patients with lung cancer. Larger C-

terminal ProGRP fragments are stable in the circulation. As shown in Figure 3 there are three 

isoforms of ProGRP present in blood. Peptide fragment 1-98 is common to all three isoforms. 

Specifically, ProGRP31–98 has been measured for its efficacy in diagnosis, prediction of 

prognosis, and treatment monitoring in SCLC [17]. 

 

Figure 3. Isoforms of ProGRP from UniProt Knowledgebase. The signature peptide NLLGLIEAK shown in 
blue and the common region shown in bold [9]. 
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2.2.1 Proteomics 

Proteomics is the study of the proteome, determination of all the proteins expressed by the 

genome [18]. In the last years MS-based proteomics has increased and has become the method 

of choice for many analyses  [1, 19]. There are three different approaches to analyze proteins 

in MS-based proteomics. Illustrated in Figure 4. 

 

Figure 4. Proteomics approaches. Produced from [20] 

Top-down proteomics 
 
The separated and intact proteins are analyzed directly in the top-down approach. (Shown in 

Figure 4). This generates information about the intact protein mass. At the same time 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 are: minimal need for sample preparation, and 

information about structures normally lost when using other approaches. At the same time, there 

are some difficulties with the analysis of intact proteins because of the large molecular mass 

[20-22]. 

Middle-down and bottom-up proteomics 
 
Proteins are digested into peptides before LC-MS analysis in middle-down or bottom-up 

approach [20-22], (Shown in Figure 4). The difference between those two approaches is the 

size of the peptides after digestion. In bottom-up, the peptide size is between ~500 and 3000 

Dalton (Da) and in middle-down it is between ~2000 and 20000 Da [20]. Smaller peptides are 
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more efficiently separated than larger proteins when is used LC before MS. Additionally,  

benefit with smaller peptides is improvement in sensitivity due to smaller molecular mass and 

less charge states [20]. There is a need for both efficient digestion and separation of the peptides 

in this approach. It is possible to separate the proteins first, followed by digestion. As well, the 

proteins can be digested and then the peptides separated  [9, 18] 

 

2.2.2 Digestion of proteins 

In enzymatic proteolysis, intact peptides and proteins are cleaved into smaller peptides. Today, 

this method is widely used in MS-based proteomics and is often performed in bottom-up 

method. Because of the usually a limitations in the solutions used in MS the instruments, it is 

desirable to stay within peptide length between 7 - 35 residues [23]. Most often, after 

proteolysis, there are many peptides that are also specific for the protein or isoform from which 

they originate. These peptides are called signature peptides, where the best detection sensitivity 

is reached by selecting the signature peptides that give the highest MS response [24, 25]. In 

other words, these are used the signature peptides to calculate the amount of the intact protein 

or peptide. This way of quantifying proteins, called the bottom-up principle, provides a better 

sensitivity and is less complicated compared to direct quantification of large proteins on MS 

the device [26]. Today, the most common enzymatic proteolysis is performed with trypsin [23, 

27]. 

Tryptic digestion 

In humans, trypsin is produced in the pancreas in the inactive form trypsinogen before being 

activated to the active form in the small intestine. Trypsin belongs to the serine protease group 

and is one of the most important proteases in vertebrates [23]. Trypsin is one of the most widely 

used proteases in proteomics, as it is available, has high efficiency, good selectivity and because 

it works well on MS based analysis. In addition is because trypsin cleaves on the C-terminal of 

arginine (R) and lysine (K) which together with the N-terminus provides multiple charges of 

the peptide. This the multiple charge has been shown to give good ionization of the peptides 

[23, 28]. For a more effective trypsin treatment, it is advantageous to help trypsin to easier come 

to cleavage sites on the protein. This can be done by denaturation (heat), reduction and 

alkylation of the protein. In this task, the reducing reagent is used DL-Dithiothreitol (DTT) 
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which removes the disulfide bonds between the cysteine residues on protein. Furthermore, the 

free SH groups are alkylated using Iodoacetic Acid (IAA), which prevents the disulfide bonds 

from reconnecting [23, 26, 27]. 

Signature peptides after tryptic digestion 

When using tryptic peptides and finding signature peptide is often used the rule of thumb:         

• Prototypic protein should be unique to the related protein it comes from [25].                          

• Proteotypic protein should be between 6 - 25 residues [25].                                                       

• To prevent missed cleavage, the peptide should not contain proline either before or after 

arginine or lysine [25, 29].  

• Should not contain chemically active residues [25].                                                                  

• The peptide should not have two basic amino acids (arginine and lysine) one after another 

[24, 25, 27]. 

 

 Analysis of proteins  

2.3.1 Immunoassays 

Immunoassays include the binding of the antigen and antibody and are in use for many years 

in research and clinical settings. They have made the framework for protein biomarker research 

in clinical medicine and in therapeutic monitoring for drug development. Although widely used 

today, they still showed some drawbacks that makes them unreliable in many human serum and 

plasma samples [30]. One of them is cross-reaction from endogenous or exogenous substances 

that leads to high false positive rate [31, 32]. However ProGRP is today determined with routine 

clinical immunoassay, the automated time-resolved immunofluorometric assay (TR-IFMA) 

[33].  At the same time, a new sensitive, robust and cost-sustainable methods are in development 

[27, 34]. 
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2.3.2 LC-MS 

Because of their high sensitivity and selectivity, LC-MS (liquid chromatography mass 

spectrometry) and LC-MS / MS (liquid chromatography tandem mass spectrometry) today are 

the main methods of detection and determination of peptides [28]. This technique enables that 

co-eluted peptides can be separated on the basis of their different masses. In addition, tandem 

mass spectroscopy give the peptide fragment specific masses for use quantification and 

identification [26, 27]. 

Liquid Chromatography LC 

In an LC (also often called high performance liquid chromatography, HPLC) that is commonly 

used in proteomics, pump pushes mobile phase (liquid) through a packed column (the stationary 

phase). The column is manufactured the way that the substances can be retained and separated. 

Substances are injected in the column and there separated before being detected on the detector. 

 

Figure 5.  - HPLC system [16]. The figure shows main parts of LC system: the solvent delivery, the separation 
column and the detector. HPLC pumps pump at a constant flow rate mobile phase through the column where the 
analyte is separated first, and then distributed to the detector. 

Reversed phase chromatography is the most widely used separation principle in liquid 

chromatography. In that a system, the stationary phase is of a hydrophobic material while the 

mobile phase is an aqueous solution that is compatible with the sample solution. The stationary 

phase is usually produced in a way that the silanol groups on the silica material bind to 
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hydrophobic groups. Analyte will be retained to the stationary phase due to the interactions that 

occur between the hydrophobic groups of the stationary phase and analyte. The strength of this 

interaction depends on the hydrophobicity of the analyte, depends on the stationary phase and 

of the mobile phase composition. Strong mobile phase (strong solvent strength) will break the 

interactions easily, opposite to a weak one. That way, retention time can be changed at analytes 

that have strong hydrophobic interactions with stationary phase. Using gradient elution, when 

the mobile phase gradually changes from a weak one to a stronger one, better separation can be 

achieved at the substances that  have different retention [16]. 

Mass Spectrometry MS 

A mass spectrometer consists mainly of three parts: 

1. Ion source  

2. Mass analyzer 

3. Detector 

Ion source converts the analyte into the gas phase ion, the mass analyzer separates them, 

analyzes the analytes based on their m / z values and finally detector counts the number of ions 

based on their m / z value [21]. There are several types of ion sources, but the most widely 

accepted Interfaces used in LC-MS are atmospheric pressure ionization (API). 

The most commonly used of these are electrospray ionization (ESI) [28] and atmospheric 

pressure chemical ionization (APCI) [26]. In this thesis, the ion source was ESI, the most 

commonly used ion source in analysis of proteins/peptides [27].   

Electrospray ionization ESI 

ESI is a soft ionization method. Method does not further convert molecular ions to fragments. 

ESI can be set in positive mode to measure protonated ions or in negative mode for measuring 

deprotonated ions. Since peptides can contain many amino acids with basic amino residues, 

these can be easy protonated in an acidic mobile phase [26]. In this thesis ESI is was in a positive 

mode because peptides are formed from tryptic proteolysis and mobile phase is with 0.1% FA, 

acidic.  
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Sample is introduced from the chromatographic column trough a capillary with a high voltage 

at atmospheric pressure. At the end of a capillary nebulizing gas is mixed with a sample liquid 

and help with formation of droplets. In addition, a drying gas is introduced it the opposite 

direction of the spray. That way, mobile phase evaporates and droplets decreases in size. 

Finally, that leads to droplets exploding, until they are ions in the gas phase. Depending on 

voltage applied, they can be positive or negative ions. 

 

Figure 6. Electrospray ionization process [16] 

Triple Quadrupole TQ 

In this thesis mass analyzer and detector was TQ MS/MS. The triple quadrupole mass analyzer 

consists of three quadrupole in series where the first and third quadrupole will isolate and pick 

the ions according to the m / z of the ions by applying both direct radio frequency (RF) and 

current (DC) offset voltage. In the second quadrupole, only RF is applied, and it is used as a 

collision-cell. That configuration gives the triple quadrupole high sequence-based selectivity 

and great sensitivity. For this reason it widely used for the absolute quantification of peptides 

[35]. The use of this quadrupole gives the opportunity to operate in Selected Reaction 

Monitoring (SRM). In the first quadrupole the ions to be fragmented are selected then after 

collision-induced dissociation (CID), fragments are separated in the third quadrupole. Since all 
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the ions which are not selected in the first and in the third quadrupole are discharged, this 

operational mode allows highly specific peptide quantification, even from complex matrices. 

The investigated m/z range is generally included between 300 and 1500 (with an upper limit of 

2000). Triple quadrupole is preferred  for targeted MS analysis of peptides, where wide dynamic 

range and exceptional detection sensitivity are necessary [36].  

Fragmentation 

The chromatogram of MS / MS can be used in quantification and identification of peptides 

since the fragments are specific for the peptides [26]. The fragment types that may arise are 

described by a specific nomenclature [26]. Showed in Figure 7. 

 

Figure 7. Nomenclature of common ionic types resulting from fragmentation [28] 

Most widely used fragmentation method in MS / MS proteomics is Collision-induced 

dissociation (CID). This method is a low-energy and therefore mainly yields b and y ions [21]. 

The other methods give higher fragmentation energy can in turn cause other breaks in the 

backbone of the peptide such as: a, x, c and z ions [28]. 

If fragmentation in the N-terminal gives charge, results with b-ions, while the C-terminal gives 

y-ions. With multiple charged peptide, it can be formed complementary fragments and will 

often appear with different concentrations because they are not equally stable or because the 

instrument can discriminate [28]. 

Tryptic peptides will normally have multiple charges in ESI. This is due to the N-terminal as 

always consists of an amino part while the trypsin cuts in the C-terminal, after arginine and 
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lysine. Free protons initiate the cleavage and then will multiple charges give a richer 

fragmentation pattern which also provides a more complicated interpretation [27, 28]. 

 Sample preparation 
Samples containing blood, plasma and urine are examples of complex samples since they can 

contain several thousand components. Sample preparation is of a huge importance because it 

removes components that can contaminate the assay system and interfere with the test results. 

Often, analytes occurs at a low concentration. Since the mass spectrometer has a limited 

dynamic range, sensitivity can be increased by removing unwanted components in sample 

preparation (background noise). Sample preparation also allows high sensitivity by 

concentrating and if necessary the analyte can be transferred to one more suitable solvent for 

injection into the analytical system [16, 37, 38]. 

Solid Phase Extraction (SPE) is a type of sample preparation that is used to isolate, purify and 

concentrate analytes from a liquid. The method is based on a possibility of a substance to 

distribute between a liquid and the surface of a solid phase (sorbent). If the interaction that 

occurs between the substances and the sorbent is better than the substances and the liquid, then 

will the substances remain on the sorbent [16]. There are various sorbents for SPE: normal 

phase, reverse phase, ion exchange, mixmode and so on further. In this theses was used Affinity 

Sorbent Extractions by Molecularly Imprinted Polymers (MIP) described below. 

 

 Molecularly imprinted polymers (MIPs) 

2.5.1 Principle         

Molecularly imprinted polymers (MIPs) are tailor- made polymers with high affinity for the 

specific template molecule. They have cavities that fit as a "key- lock" for specific molecule. 

Cavities are made by existence of template molecules in the process of polymerization and by 

removing them after. The whole procedure will be explained in the next chapter. Molecularly 

imprinted polymers have often been referred to as "artificial antibodies" or "plastic antibodies" 

because of its selectivity [39]. The advantage of MIPs over antibodies are their robustness. They 
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are mechanically robust and they are stabile to temperature changes, pressure, different pH, 

acids, bases, and chemical stabile to different organic solvents. Synthesis is relatively easy and 

economic. They have long shelf-life and reproducibility [7, 8]. Depending on their use, MIPs 

can be made in different form like beads, films [40]. Today, there is a widespread use of MIPs 

in different fields like food, environmental and bio fluid samples, and the possibility of use in 

diagnosis and therapy is being examined [41, 42]. 

2.5.2 Production 

Molecularly imprinted polymers (MIPs) are synthetic materials with recognition sites that are 

created artificially and that can specifically rebind a target molecule in preference to other 

closely related compounds. A standard MIP synthesis protocol in its simplest form involves the 

template, one or more functional monomers, a cross-linker, a polymerization initiator, and a 

solvent. These materials are obtained by polymerization of functional and cross-linking 

monomers around a template, resulting in an intensely cross-linking, three-dimensional 

polymer network. The solvent works simultaneously as a porogen, providing a porous material 

for better access to the imprinted binding sites. Selecting the monomers on their ability to 

interact with the functional groups of the template molecule is considered. The functional 

monomer interacting with the template during molecular imprinting provides the functional 

groups inside the MIP binding sites [7, 43]. 

After polymerization, the template molecule is extracted and binding sites are established with 

form, size and functionalities complementary to the target analyte. The resulting imprinted 

polymers are robust, stable and resistant to a wide range of pH, solvent, and temperature 

conditions. It is also important to note that synthesis of MIPs is also reasonably cheap and 

simple, making them a strong alternative to the use of natural receptors [43].  

MIPs can be synthesized in three different approaches: covalent, semi-covalent and non-

covalent approaches. Covalent method includes the formation before polymerization of 

reversible covalent bonds between the template and monomers. The template is then separated 

from the polymer by cleavage of the corresponding covalent bonds that are re-formed after the 

analyte is re-binded. The high stability of the interaction between template and monomer 

contributes to a very homogeneous binding site population, reducing the presence of non-

specific sites. However, the difficulty of designing a suitable template-monomer complex in 
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which covalent bond formation and cleavage under mild conditions are readily reversible, 

makes this method very restrictive [7, 43].  

The semi-covalent approach is an intermediate choice. In this case, the template is still 

covalently bound to a functional monomer, but the rebinding of the template is based on non-

covalent interactions [43].  

Finally, the non-covalent approach [36] is based on the creation of relatively weak non-covalent 

interactions (i.e. hydrogen bonding, ionic interactions) between the molecule of the template 

and selected monomers before polymerization. The experimental method is very simple and 

there are commercially available a wide range of monomers capable of interacting with almost 

any sort of template. However, it is not free from any disadvantages arising from the fact that 

the interactions between the template and the monomer are regulated by equilibrium. Thus, a 

large amount of monomer is used to displace the equilibrium towards the creation of the 

template – monomer complex. The excess of free monomers is therefore accidentally 

incorporated into the polymer matrix, leading to the creation of non-selective binding sites.  

Use MIPs as selective sorbent materials allows a custom sample preparation step to be 

performed before final determination. Their use in solid-phase extraction is called molecularly 

imprinted solid-phase extraction (MISPE)  [43]. 

2.5.3  Challenges (influence on cavities)  

One of the biggest challenge with MIPs is removal of template after production. It is hard to 

achieve 100% removal even after comprehensive washing cycles. That can reduce the capacity 

of the material (MIPs) in a way that remaining templates occupy cavities for potential binding 

of analyte and it can affect availability of cavities for rebinding. In addition, it can occur 

"bleeding of template" which can lead to false high results. 

To avoid these challenges it can be used "drastic" removal methods like extreme pH or 

temperature. Unfortunately, "drastic" method can have disadvantages like distortion and/or 

rupture of cavity during removal or collapse of the cavity [44]. 
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Figure 8. Possible changes in the MIPs while removing the template [44] 

The other ways to avoid this problem can be use of analog molecule instead of template, but 

then MIP can be less selective for analyte and it can be harder to identify it. Analog molecule 

was used for production of mMIPs used in this these and as was shown in previous master 

theses [9] they are selective with satisfactory imprinting factor. Likewise, it is possible to use 

covalently bi- or multifunctional monomers to avoid use of template, but it is difficult to design 

such monomers.  

2.5.4 Magnetic molecularly imprinted polymers (mMIPs) 

Magnetic molecularly imprinted polymers have additional magnetic properties by making 

them of MIP and a magnetic component. The co-precipitation of Fe2+ and Fe3+ ions creates 

that magnetic component. There are two approaches of synthesis process. In a first approach 

(A) where core-shell particles are synthetized we can see two steps. Polymeric core was 

synthetized by typical precipitation polymerization and co-precipitation of Fe2+ and Fe3+ into 

the polymeric pores made magnetic core. Then, MIPs were coated around the magnetic core 

in a second synthetic step. In a second approach (B) and synthesis of non core-shell particles 
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we can see just one step. The pre-formed macroreticular MIPs were processed for the 

integration of the ions Fe2+ and Fe 3+ [45]. 

 

Figure 9.  Synthesis process of magnetic MIPs: core-shell (A) and non core-shell (B) [45] 

mMIPS used in this thesis were non core-shell, produced by second approach, and it is 

explained in chapter 3.5. 



18 
 

3 Experimental 
Table 1-3 defines the chemicals, peptides/proteins and equipment used in this master theses. 

 Chemicals  
Table 1. List of the used chemicals 

Substance Purity/Description Manufacturer/supplier 

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

Germany)  

Methanol (MeOH), CH3OH  LC-MS grade  Merck KGaA (Darmstadt, 

Germany)  

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  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)  

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

Missouri, USA)  

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

Missouri, USA  
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Table 2. List of used proteins, peptides and serum 

Proteins, peptides and serum 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  

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

Missouri, USA)  

Human serum  -  Oslo University Hospital, 

Ullevål (Oslo, Norway)  
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 Equipment 
Table 3. Used equipment 

Equipment Description Manufacturer/supplier 

Sample Mixer  HulaMixerTM  Life technologies TM 
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  
Dynal ® 

Invitrogen by Thermo Fischer 
Scientific (Waltham, 
Massachusetts, USA)  

Sample Concentrator  Sample Concentrator for 
Tubes  

Techne (Staffordshire, UK)  

Centrifuge Eppendorf Centrifuge 5804  VWR International (Radnor, 
Pennsylvania, USA)  

Centrifuge Micro centrifuge Labnet International 
 

Pipette Tips  Biohit Optifit Pipette Tip, 10-
1000 μL ,10ml 

Sartorius (Biohit) 
(Goettingen, Germany)  

Pippets Biohit pippets 0-10 µl, 10-100 
µl, 100-1000 µl, 1-10 ml 

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)  

Ultrasound bath VWR ultrasonic cleaner VWR international 
* Used for solutions that contains proteins or peptides 
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 Solutions 
Ammonium bicarbonate (ABC) 50 mM  

In a new 15 mL centrifuge tube, 39.5 mg of ammonium bicarbonate (ABC) was dissolved in 

10 mL MQ-water. It was made fresh every day. 

Dithiothreitol (DTT) 50 mM  

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

use and kept cold. 

Iodoacetic acid (IAA) 250 mM 

6.3 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. 

0.1% FA for reconstitution  

10 µl of 10% FA to a total 1000 µl MQ-water. 

Wash solutions for mMIP 

Two wash solutions were tested. The first one contained methanol and 0.1 M hydrochloric acid 

in 9:1 v/v ratio, and the second one pure methanol. 

Sample solutions  

Stock of ProGRP digested was made in concentration 10 µg/ml  
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The working sample solutions were diluted from the stock at three concentrations: 5 nM, 50 

nM and 2.5 µg/mL ProGRP, with the addition of internal standard, NLLGLIEA[K_13C615N2] 

(IS) to a final concentration of 5 nM and bovine serum albumin (BSA) digest to a final 

concentration of 10 nM, all in 50 mM ABC. 

Conditioning solutions 

ACN or MeOH  

Wash solutions after conditioning 

Mainly ABC was used as wash solution after conditioning or once a mixture of ACN and MilliQ 

water in 50:50 ratio (v/v). 

Elution solution 

The elution solution contained ACN, MilliQ water and formic acid in 80:15:5 (v/v/v). They 

were added in described order with vortex mixing afterwards. Each elution solution was freshly 

made on the same day in suitable quantity.   

 

 Digestion procedures 

3.4.1 Digestion of bovine serum albumin (BSA) in-solution 

Bovine serum albumin (BSA) 1 mg was weighed-in in tube and diluted with 1 mL ABC (50 

mM), to concentration 1 mg/ml. Then, 25 µL of that solution was diluted with 435 µL ABC (50 

mM). 10 μL of DTT (7.05 mM) was added to the BSA solution and mixed for 15 minutes on 

ThermoMixer at 60 °C, 800 rpm. The sample was cooled and 10 μL of IAA (36 mM)  was 

added and mixed for 20 minutes at room temperature in the dark, 800 rpm. Trypsin (1 mg/mL) 

62.5 µL  was diluted with 937.5 µL  ABC (50 mM) and 10 μL of that solution was added to 

BSA solution for digestion. The digestion was done overnight at ThermoMixer, 37 °C, 800 

rpm. The next day the digestion was stopped by addition of 10 µL 20% FA. 

This was stock solution of BSA digested (50 μg/mL) was used in described experiments. 
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3.4.2 Digestion of ProGRP in-solution 

Digestion was processed from 247 µg/mL ProGRP stock to 10 µg/mL ProGRP digested 

solution. 

20.24 µL of stock was diluted with 459.76 µL ABC. For digestion 10 µL of 12.25 µg/mL trypsin 

solution was added in ProGRP solution ( trypsin: protein ratio 1:40) and digested 20 hours over 

night on ThermoMixer at 37 °C, 1000 rpm. Digestion was stopped next day by adding 10 µL 

of 20% formic acid (FA). 

Digestion was done also from 24.7 µg/mL stock and 211 µg/mL stock, when was needed, every 

time to concentration 10 µg/mL ProGRP digested. 

3.4.3 Serum digestion 

Human serum 50 µL was aliquoted to each Eppendorf tube [46]. Cold ACN (35 µL) was added 

to serum for protein precipitation in 1:0.7 serum:ACN ratio, and mixed on Vortex mixer for 1 

min. Meanwhile, ACN was kept cold all time on ice until precipitation in the next serum sample. 

Thereafter, all samples were centrifuged at 15000 xg for 10 minutes. After, 70 μL of the 

supernatant was transferred to a new tube and evaporated under nitrogen on 37 °C until it has 

dried. Then, 45 μL of ABC (50 mM) was added and 45 μL of trypsin (2 mg/mL) for digestion. 

Tryptic digestion was performed on ThermoMixer overnight at 37 °C, 1100 rpm.  

Digested serum spiked with NLLGLIEAK 

Next day, in cooled samples were added 5µL IS 1µM (to concentration 50nM) and 5 µL 

NLLGLIEAK peptide to volume 100 µL. 
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 Production of the mMIPs used in this thesis 
In this theses were used mMIP A (MAS142). Mentioned mMIPs were used in previous master 

theses [9] and they had the same components as the MIPs previously tested on-line [47]. mMIPs 

were produced by Magdalena Switnicka-Plak at University of Strathclyde in Glasgow [48].  

These mMIPs  were made by precipitation polymerization as macroreticular MIPs first, and 

after they were magnetized by incorporation of Fe 2+ and Fe 3+ and growth of magnetite inside 

the polymeric pores, as explained in [48]. These mMIPs are fully magnetized but not core-shell. 

As cross-linking monomer was used divinylbenzene-80 (DVB-80, 80 % DVB isomers and 20 

% ethyl vinylbenzene isomers), and as polymerization reaction initiator azobisisobutyronitrile 

(AIBN). An analogue of the target peptide NLLGLIEAK (shown in Figure 10 ) was used as the 

imprinting template. 

 

Figure 10. Imprinting template Z-NLLGLIEA(Nle). Produced from [9] 

In imprinting template Z-NLLGLIEA(Nle), N-terminal of the peptide is protected with a 

benzyloxycarbonyl group to enhance the solubility during the polymerization,  while the lysine 

on the C-terminal is replaced by norleucine (Nle) to remove the cationic site on lysine and 

overcome the intramolecular competition [47]. 

A non-covalent imprinting approach was used, and targets were the carboxylic acid groups on 

the glutamic acid (E) and lysine (K) residues. Monomer with abilities to target these negative 

charges, was used as functional monomer. It was chosen N-(2- aminoethyl) methacrylamide 

hydrochloride (EAMA) as the functional monomer (structure shown in Figure 11). The amine 

group in EAMA is responsible for interactions with the template/target molecule. 



25 
 

 

Figure 11. EAMA functional monomer 

In addition, other components were used in production of mMIPs (see Table 4). As solvents 

were used acetonitrile (ACN) and dimethyl sulfoxide (DMSO). It was added 1,2,2,6,6-

pentamethylpiperidine (PMP) to bring the functional monomers in the appropriate ionization 

states for template interactions and to promote template solubility [47].  

Table 4. Composition of the mMIPs. Reproduced from [9, 48]  

Polymer Template 
(mmol) 

Functional 
monomer 

(mmol) 

DVB-80 
(mmol) 

Solvent  
(ml) 

AIBN      
(mol %) 

PMP  
(mmol) 

 
MIP A 

MAS142 

Z-
NLLGLIEA 

(Nle) 
(0.028) 

 
EAMA.HCl 

(0.28) 

 
14.92 

 
ACN (48), 
DMSO (2) 

 
2 

 
0.024 

 

 MIP procedures 

3.6.1 Washing procedures 

Previously used Eppendorf tubes with mMIPs were stored dry. mMIPs were used in previous 

experiments 5 months before I started with my master thesis [9]. To collect them, 100 µL ACN 

was added in each tube, mixed on vortex mixer briefly to separate mMIPs from the tube walls, 

collected everything together in one tube and placed on the magnetic rack. mMIPs were 

immobilized to one side by a magnet what allowed removal of ACN. Then, it was continued 

with washing procedure. To have enough mMIPs for future experiments they were washed 

approximately 20 tubes each time. As wash procedure it was used early established procedure 

for removing of template [9] with MeOH:0.1M HCl 9:1 v/v as washing solution. In other case 

it was used pure MeOH as wash solution, as explained in 3.3.  
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In the tube with collected mMIPs it was added 1 mL of wash solution, mixed on the vortex 

mixer briefly, centrifuged and placed on magnetic rack. After approximately 1 min solution 

was removed without removing mMIPs. Procedure was repeated one more time. After that, 2 

mL of wash solution was added, and mixed on HulaMixer overnight (on average about 16 

hours). Next day, tube was placed on a magnetic rack to remove wash solution and mMIPs were 

washed 3 times with 2 mL ACN (or 2 times in case of  MeOH wash solution).  

To measure the amount of washes mMIPs, one new empty tube was weight first. Then mMIPs 

were transferred to weight tube, ACN was removed and open tube was left on room temperature 

to dry mMIPs. When mMIPs were dried (in approximately 1-2 hours) tube was weighed again. 

The amount of mMIPs was calculated by subtracting the weight of empty measured tube from 

the weight of measured tube with dried mMIPS. Depending on amount of washed mMIPS it 

was added ACN to suspend mMIPS to concentration 10mg/ml.  60 µL of mMIP suspension 

was aliquoted in 2 mL tubes, placed on magnetic rack for one minute and ACN removed. Tubes 

with 600µg of dry mMIPS were storage for future experiments. Procedure is shown in Figure 

12.   
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Figure 12. Washing and conditioning procedures 

 

3.6.2 Conditioning procedures 

In the desire to obtain satisfactory results of used mMIPs, with different washing procedures 

we have introduced different conditioning procedures. 

Conditioning after using wash solution MeOH:0.1M HCl  

Washed and stored mMIPs were conditioned before use by adding 100µL ACN for one minute, 

placing on magnetic rack and removing ACN. Then was added 100 µL of ABC (50mM), mixed 
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on vortex mixer, centrifuged and put on magnetic rack for one minute before removing ABC. 

Procedure with ABC was repeated one more time as determined in procedure preparation of 

mMIPS [9]. If mMIPs were washed and aliquoted that day, then they were conditioned just 

with ABC twice. 

As additional step between conditioning with ACN and ABC (twice) has been introduced 

solution MilliQ-water:ACN  in ratio 50:50 (v/v). It was added 100 µL of mentioned solution, 

placed on magnetic rack and after 1 minute removed. Additional procedure was repeated 1 more 

time.  

Conditioning after using wash solution pure MeOH  

We have examined several conditioning processes at washed and stored mMIPs.  

First, it was done conditioning with ACN and ABC twice (the same conditioning procedure 

used after washing with MeOH:0.1M HCl). 

In the other conditioning process MeOH and ABC were used two times. 

At last, ACN was used again, but tubes with mMIPs and ACN were placed in ultrasonic bath 

for 30 minutes or they were just in ACN for 30 minutes without ultrasound bath. They were 

washed with ABC twice. 

3.6.3 Extraction protocol 

In a tube with washed and conditioned mMIPs was added 100 µL of a test solution. Everything 

was mixed briefly on vortex mixer and put on HulaMixer for 5 minutes, for binding process. 

Next, samples were mixed briefly, centrifuged and placed on the magnetic rack to remove the 

supernatant in a new tube. MilliQ water as wash solution was added, 100 μL, to each tube and 

the samples were mixed briefly on vortex mixer. Subsequently they were put 5 minutes on 

HulaMixer, mixed on vortex mixer briefly, centrifuged, put on magnetic rack and supernatant 

was collected. Supernatants after binding and wash procedure were analyzed or discarded. Next 

step was elution, and 100 µL of elution solution was added to each tube. Again, samples were 

mixed on vortex mixer but this time hard for 1 minute and then placed on HulaMixer for one 

hour, or in Termoshaker on 25 °C, 1100 rpm for 1 hour. Finally, the elution supernatants were 

removed to a new vials and evaporated to dryness under nitrogen at 37 °C for approximately 2 
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hours. It was reconstituted in 100 μL of mobile phase A or 0.1% FA. Supernatants were 

transferred to individual HPLC vials with inserts, and analyzed. 

3.6.4 Calculations 

Equation 1: Calculation of mass of washed mMIPs 

Massmip= Vmip – Vv 

where Vmip is mass of vial with washed and dryed mMIPs and Vv is mass of an empty vial 

Equation 2: Calculations of percent peptide bound 

% Bound=100−(SIex/SIQC)∙100% 

where SIex is a signal intensity from the supernatants after binding and SIQC is a mean of signal 

intensities from the QC-samples (non-extracted samples) 

Equation 3: Calculation of percent loss during wash 

% Loss during wash= SIw/SIQC ∙100% 

where SIw is a signal intensity from the supernatants after wash  

Equation 4: Calculation of percent eluted 

% Eluted= SIelu/SIQC ∙100% 

where SIelu is a signal intensity from the supernatants after elution 
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 Instrumental conditions 
In Table 5 to Table 7 we can see instrumental conditions used in LC, MS and transitions in 

MS/MS. 

3.7.1 LC 

Table 5. 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 flow rate 50 μL/min 

 

Gradient 

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

linearly up to 50 % in the next 15 minutes, before it increased rapidly to 100 % and stayed for 

next 2 minutes. Finally, run 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 29 minutes.  
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3.7.2 MS/MS – Triple Quadrupole 

Table 6. Parameters of Mass spectrometer 

Mass spectrometer  TSQ Quantum Access, Thermo Scientific  
 

Ionization  ESI - Positive mode  
 

Heated capillary temperature  270 °C  
 

Q2 Gas Pressure  1.7 mTorr  
 

Collision gas  Argon  
 

Scan width (m/z)  1.000  
 

Scan time  0.300  
 

Table 7. 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 peptide    

NLLGLIEAK 485.800 630.300 15 
 

 485.800 743.200 16 

LSAPGSQR 408.200 272.650 17 
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4 Results and discussion 

 Remaining peptide after wash 
Since we have used mMIPs that were used in previous experiments for extraction of our 

signature peptide from ProGRP, it was important to check and ensure that there is no 

remaining peptide after wash procedure. It was important because of two reasons. First, 

remaining peptide could be released during our experiments and give potentially positive false 

results. Second, remaining peptide could occupy cavities in a way that our analyte could not 

bind to mMIPs.   

Overnight wash was done with MeOH:0.1M HCl (9:1) or MeOH (100%) and washed mMIPs 

were used in experiments. To see if we have remaining peptide after wash, it was done blank 

extraction using ABC as sample matrix. No signal was observed for the target peptide using 

washed mMIPs, neither washed with MeOH: 0.1M HCl or washed with MeOH (100%) 

(Figure 13). 

  

      

 

 

 

 

 

Figure 13. MS chromatogram for NLLGLIEAK (target peptide) after blank extraction using washed mMIPs. 

Chromatogram A is for mMIPs washed with MeOH and chromatogram B is for mMIPs washed with 

MeOH:0.1M HCl .  Chromatogram of stable isotope labelled peptide included as retention time marker (C). 
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Due to absence of signal for target peptide after blank extraction with washed mMIPs, it was 

assumed that there is no remaining peptide in mMIPs after both wash procedures and that they 

can be used in experiments without giving false positive results. 

 Binding efficiency 
Another important parameter to investigate for used mMIPs was binding efficiency. It was 

investigated if binding efficiency has changed at mMIPs in the meantime, after their use and 

wash procedure, until their next use. It was done standard extraction procedure with washed 

mMIPs and sample matrix which contained ProGRP digested. Binding efficiency (%) was 

evaluated by analysis of the NLLGLIEAK (target peptide) in supernatant after extraction, and 

calculated using Equation 2 mentioned in paragraph 3.6.4.  

As a parameter to compare with, it was used binding efficiency of a new mMIPs from three 

experiments, where it was over 80% (Figure 14). It was processed extraction with used 

mMIPs washed over night with MeOH:0.1M HCl or with pure MeOH. That resulted that both 

analytes were extracted >99% using both washing conditions (Figure 14).  

 

 Figure 14. Binding efficiency of new mMIPs (left) and washed mMIPs over night (right) 

Due to binding efficiency >99 % for washed mMIPs (for both wash solutions), and comparing 

to binding efficiency of new mMIPs and with >90% binding in previous experiments [9], the 

binding was considered satisfactory for reuse of the MIPs. 
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 Elution recovery 
The developed mMIPs has been shown to efficiently isolate ProGRP signature peptide 

NLLGLIEAK from different solutions [9]. With an optimized method, from ProGRP digested 

solution, the signature peptide was ˃90% bound with an elution recovery of 87% (relative 

standard deviation (RSD) ˂ 10%). In the same time, using NLLGLIEAK peptide in test solution, 

experiment resulted in 85% eluted  [9]. In experiments processed in this work, with used and 

washed mMIPs, it was investigated extraction recovery as one of the very important parameters 

for efficient isolation of targeted peptide. 

4.3.1 Washing solution MeOH:0.1MHCl  

Used mMIPs were washed with same solution and the same conditioning procedure used for 

removing template from new mMIPs. Wash solution was MeOH:0.1M HCl, while 100 µL ACN 

(once) and 100 µL ABC (twice) were used for conditioning. If mMIPs were washed and 

aliquoted that day, then they were conditioned just with ABC. This procedure was used for 

washing mMIPs in 4.1 and 4.2. 

First experiment with washed mMIPs was done with NLLGLIEAK peptide in a test solution. 

In addition, extraction with NLLGLIEAK peptide was processed with new mMIPs, to see how 

much was eluted with new mMIPs and to compare those results with washed mMIPs.  As 

presented in Figure 15 elution recovery for washed mMIPs was 52 ± 11% for NLLGLIEAK 

peptide and 52 ± 16% for IS (n=3). New mMIPs achieved elution recovery 54 ± 10% for 

NLLGLIEAK and 55 ± 5% for IS (n=3). In these experiments was also investigated binding 

efficiency and results were presented in 4.2. 
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Figure 15. Elution recovery (%) for NLLGLIEAK peptide extracted with new or washed mMIPs 

Since elution recoveries for targeted peptide were similar for new and washed mMIPs (54% 

and 52% respectively), it was decided to move on with extraction from ProGRP digested 

solution.  

 Experiment with digested ProGRP in test solution has shown elution recovery for 

NLLGLIEAK peptide 38 ± 8% and 43 ± 9% for IS (n=3). See Figure 16. 

 

Figure 16 Extraction recoveries of NLLGLIEAK (targeted peptide) and IS from ProGRP digested sample 
solution 
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 Digested ProGRP in test solution makes sample more complex then sample when it is peptide 

in ABC solution with small amount of digested BSA. That might be a reason for elution 

recovery of 38%. Still, that recovery of 38% was lower than 87% in previous master work. In 

order to improve it, some experiment conditions were changed. First, because of the low signal 

using 5 nM concentration of ProGRP digested, it was increased concentration to 50 nM. In 

addition, experimental conditions were modified to those used in initial experiment [9]. 

Experimental changes shown in Table 8. In addition, it was checked if there was loss of analyte 

during evaporation, and it was not. 

Table 8. Changed experimental conditions. Used conditions are modified conditions and new 

conditions are adapted conditions with initial experiment  

Experimental condition Used New 

Elution time 5 minutes 1 hour 

Wash step after extraction ABC solution MilliQ-water 

Nitrogen dryer temperature 44˚C 37˚C 

Reconstitute solution * Mobil phase A 0.1M Formic acid 

*Different from initial experiment 

In next two experiments 50 nM ProGRP was used with washed mMIIPs and new experimental 

conditions. Elution recovery in first experiment was 61 % for NLLGLIEAK and 71 % for IS, 

and slightly increased in other experiment with elution recovery for NLLGLIEAK 65% and 

72% for IS. Standard deviation in both experiments was less than 10% (n=3). Illustrated in 

Figure 17. 
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Figure 17. Elution recoveries for targeted peptide from 50 nM ProGRP diluted sample solution 

Elution recoveries were improved by increasing concentration of sample solution and changing 

experimental conditions. Although it was assumed that higher concentration of sample solution 

affected most on increasing of elution recovery, it was assumed that changed experiment 

conditions also contributed better recovery, and it was decided to use them in next experiments. 

Experiment was repeated and recoveries were slightly changed, increased.  

To proceed with experiments, washed mMIPs were needed, and new amount of used mMIPs 

was washed with the same wash solution. Experiment done with those washed mMIPs gave 

lower and variable elution recovery 25 ± 12% for NLLGLIEAK and 31 ± 11% for IS. Trying 

to resolve this challenge, additional conditioning step was added, as middle step with MilliQ-

water:ACN solution in ratio 50:50 (v/v). It was assumed that, with this solution, ACN remained 

in mMIP cavities will be better removed then it was just with ABC. Results were not improved. 

Elution recovery for NLLGLIEAK was 13 ± 10% and for IS 10 ± 6% (n=3). 

Elution recoveries for Pro GRP digested test solutions, using mMIPs washed with MeOH:0.1M 

HCl for extraction, were 65% highest. It was lower than 87% targeted. Additionally, mMIPs 

washed with same wash solution and used in experiment with same ProGRP concentration and 

experimental conditions, gave lower extraction recovery. Trying to improve recoveries, new 

wash solution has been considered.  
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4.3.2 Washing solution MeOH  

Reuse of targeting MIPs in conventional SPE cartridges and on-line SPE systems are described 

to be unproblematic [10]. In mentioned work, MIP cartridges were used in over 25 series of 

extractions. After one completed procedure, they were reconditioned with MeOH to remove 

the acidic elution solvent completely and stored with MeOH for next analyze. Based on this 

information it was decided to wash mMIPs with pure methanol. In addition it was wanted to 

avoid potential problems with HCl remaining in the pores. 

Conditioning with ACN was processed as a part of a standard conditioning procedure of washed 

mMIPs with other wash solution (MeOH: 0.1M HCl). ACN was chosen as hydrophobic solvent 

to disperse and activate hydrophobic mMIPs. In experiment was eluted  40%  NLLGLIEAK 

and 37%  IS. It was lower elution recovery than wanted.  

Hence, different solutions and in different conditions were used trying to increase elution 

recovery. Solutions, conditions and results are presented in Table 9. 

Table 9. Elution recovery results for different conditioning solutions and conditions for 

washed mMIPs in extraction procedure with ProGRP digested sample solution 

 

Conditioning 

solution 

Termomixer  Ultrasound 

bath mMIPs 

30 minutes 

Ultrasound 

bath elution  

15 minutes 

Elution recovery % 

    NLLGLIEAK IS 

ACN - - - 40±16 37±15 

MeOH + - - 24±5 22±10 

ACN + + - 46±19 58±10 

ACN + + + 79±24 67±20 

ACN + - - 85±30 84±30 



39 
 

 

Conditioning with MeOH since MeOH was wash solution. In addition, to increase elution 

recovery it was decided to use Termomixer in elution step instead for HulaMixer. Results 

showed decreasing in elution recovery 24% and 22% for NLLGLIEAK and IS respectively. 

Although results were lower, it was decided to keep Termomixer in elution step and to return 

to ACN as conditioning solution. 

Conditioning with ACN with or without ultrasound bath. Ultrasonic bath was chosen in order 

to get better solvent into the pores. Washed mMIPs were in ACN solution in 30 minutes in 

ultrasound bath. In the same experiment ultrasound bath was used for both conditioning and in 

elution step, when tubes with elution solution were placed in ultrasound bath for 15 minutes 

before elution step in Termomixer. Additionally, one experiment was processed without 

ultrasound bath steps. As we can see in the table above, lowest elution recovery was when 

mMIPs were in ultrasound bath in conditioning step. Higher results were obtained by adding 

ultrasound bath in elution step. Finally, best results 85% elution recovery for NLLGLIEAK 

peptide were in experiment without ultrasound bath, just with standard extraction protocol. 

Those results were closest to targeted 87% recovery [9]. 

To repeat experiment and confirmed the results, more washed mMIPs were needed. New 

amount of used mMIPs was washed with the same wash solution, pure MeOH. Standard 

extraction protocol (without ultrasound bath) using washed mMIPs, gave this time lower and 

variable elution recoveries 37 ± 30% for NLLGLIEAK and 31 ± 30% for IS (n=3). 

It is noticed that freshly washed mMIPs (using either MeOH:0.1M HCl or pure MeOH as wash 

solution) in repeated experiments with goal to confirm results, gave lower elution recoveries 

then expected (reduced to 30%). The reason can be that mMIPs were over night in washing 

solution, while previously washed mMIPs were stored dry. Washing solution in the pores for a 

longer time, maybe has affected on cavities. On the other side, all results achieved the day when 

ultrasound bath was used, were with highest elution recoveries. It can be, that they were real 

results, or analysis instruments influence on them that day and shown false higher. 
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4.3.3 Experiments with new mMIPs and higher concentration 
ProGRP digested 

One of the main advantages of MIPs is their robustness. They are characterized as mechanically 

robust, stabile to temperature changes, pressure, different pH, acids, bases, and stabile to 

different organic solvents. It is assumed that they have long shelf-life and reproducibility. Based 

on this assumptions, used mMIPs were washed and then used in experiments, expected to give 

results as new mMIPs. In these experiments, targeted elution recovery for NLLGLIEAK 

peptide extracted from ProGRP digested test solution was 87%. Our mMIPs, washed with 

MeOH:0.1M HCl, obtained 65% elution recovery. Hence that concentration of ProGRP 

digested used in experiments with washed mMIPs was lower from concentration used in 

experiments with new mMIPs, it was assumed that it affected results and caused lower 

recoveries.  Experiments with higher concentration 2.5 µg/mL (182 nM) ProGRP digested were 

processed with new and washed mMIPs  and presented in Figure 18 and Figure 19. 

 

Figure 18. Elution recoveries for NLLGLIEAK and IS, extracted with new mMIPs from ProGRP digested test 
solution in different concentration, eluted 1 hour. For 2.5 µg/mL test solution presented elution recovery for 5 
minutes elution (in the middle). Last, elution recovery from 2.5 µg/mL test solution extracted with washed 
mMIPs 

New mMIPs were used for extraction from test solution with higher concentration of ProGRP 

digested. It was processed 5 minutes and 1 hour elution step to compare and see if elution time 

has affected recovery. As shown in Figure 18, 1 hour elution resulted with 61 ± 11% elution 

recovery, while 5 minute elution resulted 37 ± 5% elution. 
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As we can see that longer elution time affected positively on elution recovery. With washed 

mMIPs targeted peptide was poorly eluted. At lower concentration test solutions, elution 

recoveries were variable and inferior. 

mMIPs used in experiment were washed with MeOH:0.1M HCl solution and used in next 

experiment (Figure 19). It was plan to observe possible change in elution recovery between 

new mMIPs and the same ones, washed and reused. NLLGLIEAK was extracted from high 

concentration ProGRP digested, with 1 hour elution step. Elution recovery was 59 ± 31% 

(n=5). 

 

Figure 19. Elution recovery for NLLGLIEAK and IS extracted with washed mMIPs from 50 nM and 2.5 µg/mL 
ProGRP digested test solution 

May seems like that reused mMIPs had slightly lower elution recovery than new ones. Still, 

even with higher concentration of test solution, elution recovery was not as targeted. In the 

same time, results were very variable. Looking at experiments with lower concentration of 

ProGRP digested, results were very variable and unreliable. 

Looking at mMIPs washed with different solutions and under different conditions, there is no 

significant difference in results, while elution recoveries were variable. Elution recoveries were 

lower and very variable compared to recovery reached with new mMIPs. mMIPs washed with 

MeOH:0.1% HCl resulted with elution recovery 65 ±1 0% what is 25% lower than referent. 

Washing mMIPs with MeOH resulted with elution recovery of 85% one day, while it was 37% 

next day. Additionally, different conditioning procedures did not affect increscent of elution 
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recoveries. Although mMIPs are defined as robust and reproducible, possible explanation for 

observed challenges can be their shelf-life. Maybe after a while they lose their properties and 

reproducibility decreases. Lower concentration of a sample was also considered as a reason, 

and some experiments with higher sample concentrations and new mMIPs were processed. It 

did not increase results, otherwise elution recovery was 61% for the new mMIP and 59% for 

washed mMIPs. Due to result, that reused mMIPs had slightly lower elution recovery than new 

ones, it was assumed that shelf-life affected also new mMIPs. However, more studies are 

required to gain full information.  

 

 Extraction of target peptide from digested 
serum reusing MIPs 

Finally, it was evaluated if the washed MIPs could be reused for serum extraction. Serum 

solutions are more complex matrixes then buffered solutions are, and it was wanted to see what 

results will washed mMIPs achieved. 

In first experiment, digested serum was spiked with ProGRP digested and IS. There was 

detected signal for IS, but not for signature peptide NLLGLIEAK. It was not surprising as the 

ProGRP concentration was lower than it was in a buffer solution (< 50 nM), sample was 

complex with other component that could compare mMIP binding sites for peptide and peptide 

was in low concentration to be extracted and eluted.  In previous master work [9] serum was 

first spiked with ProGRP and then digested. Final result was without signal for peptide. 

In second experiment digested serum was spiked with NLLGLIEAK peptide. Elution 

recovery for NLLGLIEAK peptide was low but detectable as it was for IS. See Figure 20.  
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Figure 20. Chromatogram from digested serum spiked with NLLGLIEAK peptide (50 nM) 

To increase elution recovery it was decided to do extraction with higher amount mMIPs, three 

times more. It was assumed that with increasing extraction, by repeating three times or by 

using three times more mMIPs, elution recovery will consequently rise. One sample solution 

was extracted three times, in three different vials with 600 µg mMIP.  In the same time, 

sample solution was extracted once, with three times more mMIPs, 1800 µg. Elution recovery 

was increased. As expected, using 1800 µg mMIPs elution recovery was increased three 

times. On the other hand, elution recoveries in three different vials were similar. They did not 

decreased as expected. Reason can be that because of the complex serum matrix, binding was 

not completely, and analyte was present in test solution for all three extractions. It was not 

possible to analyze supernatant after extraction because of complexity. 

Results were analyzed. Elution recovery for 1800 µg mMIP in experiments with new mMIPs 

[48] was 17.1 ± 8.6% and elution recovery for 1800 µg washed mMIPs was 5.8 ± 0.6%. It can 

be concluded that elution recovery for washed mMIPs was more than 50% lower than with new 

mMIPs. For three times extraction, it was not possible to compare directly elution recoveries, 

because in experiment with new mMIPs elution supernatants were collected in one vial, dried 

and reconstitute. In our experiment was analyzed elution recovery from each vial. In order to 

compare those results, values for three times extraction of washed mMIPs were summarized 

7.0 ± 0.3%. Compared with 25.9 ± 2.0% for new mMIPs, it was shown lower extraction 

recovery of washed mMIPs. 
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Extraction with used mMIPs from digested serum was possible but concentration of ProGRP 

was too low to get the signal. Method shoud be further improved before it can be applied in a 

realistic clinical settings.  

 

 

 



45 
 

5 Conclusion 
 

In this thesis, reuse of mMIPs in selective enrichment of ProGRP signature peptide, 

NLLGLIEAK have been evaluated. Previously used mMIPs were washed with two different 

solutions and conditioned through different procedures. There was no remaining peptide in 

mMIPs after applying any of the wash procedures. Due to absence of signal for target peptide 

after blank extraction, it was assumed that washed mMIPs can be used in experiments without 

giving false positive results. 

Targeted peptide NLLGLIEAK was extracted using washed mMIPs from samples containing 

digested ProGRP. For both wash solutions mMIPs obtained binding efficiency >99 %. The 

binding was considered satisfactory for reuse of the MIPs. 

Elution recoveries were lower and very variable compared to recovery reached with new 

mMIPs. One possible explanation can be the shelf-life of the mMIPs that they with time lose 

their properties and reproducibility decreases. This may be supported by the fact that 

experiments performed in this thesis using new mMIPs also resulted in similar elution 

recoveries as for washed mMIPs (61% and 59%, respectively). However, more studies are 

required to gain full information. 

Despite lower recoveries the mMIPs could still be used for extraction of target peptide from 

protein precipitated serum.  

To conclude, washed mMIPs can be reused but seems to give lower and more variable elution 

recoveries. To increase elution recoveries, other washing and conditioning procedures could be 

considered, or in addition, other elution solution in elution step. 
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