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Abstract
The objective of this thesis was the integration of Molecularly Imprinted Polymers (MIPs),
selective for peptides, in targeted proteomic workflows. This aim has been realized by
coupling the MIP extraction with the mass spectrometric (MS) determination of Pro-gastrin
releasing peptide (ProGRP), a marker for Small Cell Lung Cancer (SCLC). The scope of this
thesis was to study the MIP ability to selectively enrich the signature peptide of ProGRP
(NLLGLIAK) and the further development of targeted MS-assays, by the MIP-extraction of
NLLGLIEAK from serum samples.
In Paper I, RAFT polymers based on EAMA and DVB were packed in 1mL-cartridges for
off-line extractions. The optimization of the extraction protocol has been achieved by the
“fine-tune” screening of the wash-solvent composition, which could lead to a maximized
differentiation of MIP and NIP retentions. The selectivity of the MIPs has been challenged by
sample extraction of increasing complexity. The MIPs were able to extract the NLLGLIEAK
peptide from a simple standard peptide solution, from digested ProGRP in protein mixtures
and from spiked digested serum samples as well. The LOD estimated from the latter
experiments was assessed to be around 640 pM, being higher than the ProGRP reference
limit, by a factor of 80. Despite the unsuitability of the developed method to fulfill the
sensitivity requirements of diagnostic assays for ProGRP, the application of MIPs in targeted
extraction of NLLGLIEAK was verified for the first time in complex mixtures such as
digested serum samples.
In Paper II the same EAMA-based RAFT polymers DVB were tested using smaller off-line
format as the 300-μL SPE-Tips. In this paper, spiked samples of digested BSA were extracted
on the SPE-tips by sequential elution with increased concentration of acetonitrile. Thus
elution profiles for 21 BSA peptides were acquired and further evaluated via multivariate
analysis. A PLS regression model studied the correlation between the physical-chemical
properties of the peptides and their elution from MIPs. The results highlighted the
contribution to the retention model from the peptides negative charges and pI. Experiments
performed at diverse pHs confirmed the contribution of the ionic-interactions occurring
mainly in the MIPs binding sites.
In Paper III, the off-line extraction of NLLGLIEAK on a 384-well filter plate supported the
evaluation of a new polymer library. These were RAFT polymers obtained from the use of
two different functional monomers (EAMA and MAA) and two cross-linkers (EDMA and
XI
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DVB). All the MIPs were assembled in the filter plate wells for the simultaneous screening of
several SPE-protocols, with the aim of elucidate the best-performing sorbents and the
optimized condition of use, at the same time. EAMA and DVB-based polymers were shown
to achieve the good extraction recovery and background removal, using the SPE conditions
previously found in Paper I. Additionally, these polymers showed the effective peptidebackground removal loading the digested sample in pure acetonitrile. Moreover, the
suitability of the 384-well plate of being efficiently coupled with both LC-ESI/MS/MS and
MALDI-TOF platforms has been proved.
In Paper IV polymers synthetized via precipitation polymerization were prepared including
EAMA only and EAMA + TFU, using DVB as cross-linker. Both polymers were packed into
trap column for further comparison in on-line settings. The MIPs based on EAMA only
showed the longer retention time of the target peptide (about 1 min longer than the MIPs
based on both functional monomers and 3 min longer than the corresponding NIP). Hence this
polymer was further used for the development of an analytical method, which could provide
ProGRP quantification by automated on-line extraction from serum samples. Promising
results were acquired from the application of the developed method to the quantification of
NLLGLIEAK in patient sample with clinically relevant concentrations of ProGRP. Main
breakthroughs were achieved in the analytical pipeline, such as low sample consumption (50
μL), and low extraction time (about 10 minutes). However the LOD was the main advance for
MIP extraction, reaching 17 pM and exceeding the ProGRP reference concentration by a
factor of 2. Thus this paper has underlined the potential of applying MIP extraction for
biomarker analysis.
In Paper V the aforementioned on-line MIP trap columns, were directly compared with
immuno-capture and protein- precipitation, for the evaluation of the clean-up effects. Ion
suppression, limit of detection and identification of the co-extracted peptides allowed the
understanding of extraction process in all the three techniques. The results of the experiments
and peptide identifications awarded the MIP extraction a powerful tool for the depletion of
abundant proteins, ion-suppressing interferences and for the enrichment of tryptic peptides.
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1 Introduction
This thesis focuses on the research area of molecular diagnostics in the frame of clinical
proteomics, the application of proteomics to the study and management of human diseases in
the clinics. In particular, the thesis embraces the development of new technology for the
detection and quantification of a diagnostic tumor biomarker, used as model protein for the
realization and application of newly developed diagnostic assays in a clinical context.
Hence in this chapter a brief description of the proteomic background, of the techniques
which are commonly used and recently developed will be given together with a short
introduction on new applications of Molecularly Imprinted Polymers in separation sciences
and a brief overview on the analytical strategies for quantification of the model biomarker
pro-gastrin releasing peptide (ProGRP).

1.1 Proteomics as new tool in cancer management.
The definition of “proteome” was coined in 1995 by Wilkins et al., meaning the protein
complement expressed by a genome [1]. The study of the proteome, proteomics, was thus
intended as the large-scale characterization of the entire protein complement of a cell or
complex tissue, but it is now extended to the study of single proteins expression with their
variants and modifications [2].
The interest in proteomic studies has massively grown since the 1990s due to the key
information directly associated to the protein expression, responsible for the phenotype of an
organism [3]. Despite the completion of the human genome sequencing, proteomics is often
preferred over genomics for a more accurate description of disease state, since modification in
gene expression might not results in functional alterations and might not reflect the actual
protein profile [4]. In fact there are approximately 20000 defined human genes but the total
number of human proteins is still a core proteomics question due to the products of alternative
splicing, polymorphisms and post-translational modifications (PTMs) which may generate
over 100 different proteins from a single gene [5]. Hence the study of the protein profile
allows the collection of the main information, crucial for the understanding of many
biological functions carried out by proteins.
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The discovery and the detection of distinct proteins associated to a specific disease state
enables the understanding of potential therapeutic targets and the definition of possible
biomarkers, which allow the early-diagnosis, prognosis and monitoring of the pathology
progression.
Determination of biomarkers can thus have a great impact in the management of pathologies
such as cancer, where the preclinical detection, the early-diagnosis and the monitoring of drug
response it is crucial for the positive outcome of the treatment [6].
It is not surprising that recent advances in biomarker discovery are mainly focused in clinical
oncology [7-13] and new fields such as the secretomics, a branch of proteomics which studies
the protein secretion from cells in serum, have arisen attracting growing interest as promising
method to study the metastasis development in patients [14]. Moreover serum contains
circulating proteins generated by cancer cells or produced by the body as a reaction to the
tumor which could be used as biomarkers a very early stage of tumorigenesis [15, 16].
The attention on proteomics translation into the clinics has intensified and gives the clinical
proteomics the opportunity to benefit of the most recent technology progress. A well-known
example is the mass spectrometry technology, which has greatly improved in sensitivity and
accuracy making the mass spectrometry–based proteomics the method of choice for the
analysis of complex protein samples, such as serum, and the discovery and quantification of
diagnostic tumor biomarkers [17-21].

1.2 Mass spectrometry-based proteomics
Mass spectrometry (MS) has rapidly grown as the key-technology of proteomics, being
capable of qualitative and quantitative analysis of protein and peptides [22]. The development
of MS-based proteomics has been accelerated by the technological advances of the mass
spectrometers, which have gained tremendous resolution and sensitivity. Biomarker discovery
and quantification have incredibly benefited from MS improvements, attracting increasing
interest from growing multi-disciplinary studies [23-28].
The progress of soft-ionization techniques, such Matrix Assisted Laser Desorption (MALDI)
and Elctrospray Ionization (ESI) and focus on detector geometry, such as triple quadrupole
(QqQ), ion trap, and Orbitrap® analyzers have permitted protein and peptide analysis to
achieve high specificity, accuracy and sensitivity.
14
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1.2.1 Ionization techniques and mass analyzers in proteomics
MALDI
The MALDI source provides protein and peptide ionization via sublimation from a crystalline
matrix using laser pulses. This source is generally coupled with a Time of Flight (TOF)
detector which separates the ions according their mass, but recently also other high-resolution
detectors have been coupled with the MALDI source, such as the Orbitrap® [29]. Due to the
generation of mainly singly charged ions [M+H]+, the MALDI-TOF can be used for the
analysis of intact proteins (top-down proteomics) [30] and for the identification of proteins by
a peptide-mass fingerprint approach. This method is based on the proteolysis of the proteins
and identification by match between the acquired signals and the masses of the corresponding
generated peptide, listed in annotated databases [31] . The MALDI-TOF is a simple, rapid and
accurate technique which is useful for the analysis of intact proteins and peptides, which have
been already extracted from complex matrices. Further development of the technique, as the
Surface-Enhanced Laser Desorption Ionization (SELDI), allows the ionization to occur
directly from the sample surfaces, such as tissue or affinity arrays [32]. Unfortunately, surface
ionization is highly vulnerable to ion suppression caused by the composition of the analyzed
tissue, since competing endogenous species together with a poor matrix crystallization can
decrease the signal intensity of the analyte, severely limiting the application of the technique
to quantitative analysis [33].
ESI
The ionization in the ESI source occurs by the application of a potential to a flowing liquid,
which creates an electrospray where the solvent is successively removed by heat and an
orthogonal drying gas creating ion droplets which enter in the mass spectrometer. Because of
the capability of ionizing analytes from a liquid phase, the ESI source is of particular
advantage to be coupled with liquid chromatography (LC), which can separates the protein
and peptides from complex matrices [34]. A drawback of using LC-MS for the analysis of
biological samples with abundant interfering species is the suppression of the ionization of the
analyte of interest, which is also affected by salts, detergents and buffers from the original
sample and the mobile phase of the LC system [35]. For this reason the Reversed Phase (RP)
chromatography is generally employed, as the RP solvents are compatible with the ESI.
Further developments of the ESI source provided the reduction of flow rates for the coupling
with nano-LC systems (nano-ESI) which could greatly increase the sensitivity of mass
spectrometer. The ions which are generated in the ESI source are multiply charged [M+nH] n+,
15
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thus the detectors which are generally used with the ESI have a geometry able to separate and
select the different ion produced, as the triple quadrupole and the ion traps including
Orbitrap® but also hybridized geometries are in place such Q-trap, Q-TOF, LTQ-Ion
trap/Orbitrap®, with the aim of achieving high resolution, high mass accuracy and efficient
ion fragmentation. The analysis of fragmented ions in a setting such LC-ESI/MSn, in fact, is
often used to obtain accurate throughput protein identification [36] and validated peptide
quantification as described later in this section.
Triple Quadrupole (QqQ)
The triple quadrupole mass analyzer consists of three quadrupole in series where the first and
the third quadrupole are able to separate and select the ions according the m/z of the ions by
the application of both direct radio frequency (RF) and current (DC) offset voltage, while the
second quadrupole, where only RF is applied, is used as collision-cell merely. Such
configuration gives the triple quadrupole high sequence-based selectivity and great
sensitivity; for this reason widely used for the absolute quantification of peptides [37]. The
use of sequential quadrupole gives the opportunity to operate in Selected Reaction Monitoring
(SRM), where in the first quadrupole the ions to be fragmented are selected and, after
collision-induced dissociation (CID), fragments are separated in the third quadrupole. This
operational mode allows highly specific peptide quantification, even from complex matrices,
since all the ions which are not selected in the first and in the third quadrupole are discharged.
The investigated m/z range is generally included between 300 and 1500 (with an upper limit
of 2000), preferring the use of triple quadrupole for targeted MS analysis of peptides, where
wide dynamic range and exceptional detection sensitivity are essential [38].
LTQ-Orbitrap®
The commercial configuration of the Orbitrap® analyzer has a linear ion trap front-end (LTQ),
which allows the trapping and further transmission of ion “packages” into the Orbitrap®
analyzer. Here ions are trapped with circular motion around the central electrode inside the
trap, with additional harmonic axial oscillation, which allows the separation between ion
species. The consequent image current is detected and successively digitalized, processed by
Fourier transform into frequencies domain and converted in mass spectra [39]. This detection
mode confers extremely high resolution, promoting the Orbitrap® analyzer application to
intact protein analysis, peptide mapping of complex mixture and protein structural studies
[40]. Latest releases of this technology were aimed to the increase in sensitivity and dynamic
range, with special focus on the development of MSn detection mode, using multiple SRM
16
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acquisition in a single Orbitrap® spectrum and combining multiple fragmentation techniques
such as CID and Higher-energy collisional dissociation (HCD). These innovations allow
obtaining many different and well-resolved fragments from a single precursor ion. Hence the
abundances of the fragmented ions can be added together for the quantification low abundant
proteins in complex biological mixtures [41].
Despite the triple quadrupole instruments have been widely established for quantitative
analysis and still represent the detection method of choice for absolute quantification of
diagnostic low abundant protein, the newest versions of the Orbitrap® analyzer have the
potential of combining accurate broad-screening approach with sensitive targeted analysis of
the less abundant species, without the need of developing pre-acquisition methods for the
determination of the peptide transitions to be included in the final instrument methods and
with the possibility of post-acquisition data processing for additional target peptides inclusion.
1.2.2 Targeted MS analysis of proteins by bottom-up strategy
The targeted MS analysis of a marker or a group of markers is generally aimed to their
individuation and quantification from biological samples. Biomarkers are often expressed in
low concentration in complex matrices as plasma or serum, where the protein concentration
ranges from mg/mL to pg/mL [42]. This indicates the triple quadrupole as the massspectrometer of choice for sensitive quantification purposes. However, quantification of intact
proteins is not feasible on triple quadrupole instruments due to the limited m/z upper limit. As
consequence of this, there is the need of reducing protein complexity to peptides.
For this reason in the bottom-up approach proteins are usually digested with trypsin, a serine
protease able hydrolyze the peptide bonds via a catalysis mechanism, comprising nucleophilic
attack, protonation, and deacylation of the protein acting as substrate of the enzyme, as
schematically represented in Figure 1.1

17
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Figure 1.1 A schematic illustration of general catalytic mechanism for serine proteases: (A) the protein binds to
the recognition site of the serine protease and exposes the carbonyl of the amide bond to be hydrolyzed; (B) the
histidine of the trypsin recognition site (His 57) attracts the proton from the hydroxyl group of the trypsin serine
(Ser 195) which thus attacks the carbonyl of the peptide substrate; (C) the amide of the subtract peptide accepts a
proton from His 57 and dissociates; (D) a water molecule from the digestion media attacks the acyl-enzyme
complex, restoring the catalytic triad and dissociating the C-terminal of the peptide from the enzyme.
Reproduced with permission from Yang et al. [43]. Copyright © 2015, Korean Society for Parasitology and
Tropical Medicine.

The tryptic proteolysis is very reproducible since trypsin specifically cleaves the amidic bonds
at the C-terminal of Lysine (K) and Arginine (R), not bound to Proline (P), as schematically
illustrated in Figure 1.2

Figure 1.2 Schematic representation of the tryptic digestion: in green are highlighted the cleavage sites of the
proteins where trypsin is able to hydrolyze the amidic bond at the carboxyl side of the lysine (K) and arginine
(R). In red are highlighted the miss-cleavage sites due to the lysine and arginine bond to a C-terminal proline (P).

18
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Peptides shorter than 5 amino acids are not expected to be detected in the mass spectrometer, thus they have
been red-crossed. Reproduced with permission from https://unipept.ugent.be [44]. Copyright © 2014 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim.

The use of trypsin as digestion enzyme is very convenient for the formation in the ESI source
of doubly charged [M+2H]2+ or triply charged [M+3H]3+ peptides, which can easily fragment
in the CID cell, mainly giving b- and y-ion type, represented in Figure 1.3.

Figure 1.3 Representation of peptide fragmentation: (a) three possible cleavage points of the peptide backbone:
A, B and C when the charge is retained at the N-terminal fragment of the peptide (b), and X, Y and Z when the
charge is retained by the C-terminal fragment (c). The numbering indicates which peptide bond is cleaved
counting from the N- and C-terminus respectively. In CID fragmentation mainly b-ions (b) and y-ions (c) are
generated. Reproduced with permission from Roepstorffer et al. [45]. Copyright © 1984 Wiley Heyden Ltd.

These ions are easily identifiable and of particular advantage for the assignment of the peptide
structures [46]. Among the generated peptides, the bottom-up approach provides for the
selection of a single or more peptides as signature peptides, meaning that their quantification
uniquely corresponds, with defined stoichiometric, to the initial protein quantification. These
peptides have to be specific and unique, meaning that they occur only in the proteins to be
quantified. In addition they should not contain missed-cleavage or PTM sites and their signal
in the MS detector should not overlap with signals coming from the auto-digestion of trypsin.
The MS signal of signature peptides should also have good intensity and a constant
fragmentation pattern which allows the identification by tandem mass spectrometry. Adequate
retention on the separation column is also desirable in order to avoid the co-elution of the
signature peptide with the sample matrix compounds, at the beginning of the chromatographic
run.

19
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The following set-up of the SRM experiment consist in the analysis of the peptides coming
from the protein digestion, by selection in the first quadrupole of the precursor ions which
will be fragmented in the second quadrupole. Fragments will be then selected in the third
quadrupole for further detection, allowing the monitoring of the selected transition only.
Usually 2-5 transitions are acquired simultaneously for the reliable quantification of a
signature peptide, since multiplexed analyses are allowed in this configuration. Expected
precursor and fragments are provided from in-silico digestion of the protein sequence from
databases and can be matched with the observed signals for correct identification.
Figure 1.4 shows a schematic overview of the targeted protein analysis by shotgun proteomics
experiments.

Figure 1.4 Overview of shotgun proteomics: 1) sample proteins are digested into peptides using trypsin.
Resulting peptide mixtures are processed to capture a particular class of peptides indicated with * and then
separated using a liquid chromatography (LC) system coupled to a mass spectrometer; 2) Peptides are subjected
to tandem mass spectrometry (MS/MS) analysis in a triple quadrupole (QqQ) resulting in the acquisition of
MS/MS spectra; 3) The correct assignment of MS/MS spectra to peptide sequences is the first step in proteomic
data processing. Reproduced with permission from Nesvizhskii A.I. [47]. Copyright © 2010 Elsevier B.V.

The quantification of the peptides is generally performed by the use of a stable isotope labeled
peptide used as internal standard, able to exactly mimic the peptide to be quantified. The use
20
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of synthetic peptides with stable isotope labeled

13

C and

15

N has shown to be a successful

approach, showing same, ionization efficiency, fragmentation pattern (with constant defined
mass difference) and chromatographic co-elution [48].
The peptide concentration is assessed from the regression curve built as the ratio of the signal
of the tryptic peptide on the heavy labeled peptide vs the peptide concentration.
Advantages of the clinical diagnosis by LC-MS/MS over traditional immunoaffinity-assays,
concern the rapidity of the method development and the relatively low cost-per-assay, even
considered high initial cost for the instruments acquisition [49]. In addition, high specificity
and decrease in false positive rate are gained [50].
However the application of LC-MS/MS for diagnostic purposes is not as sensitive as the
immunoassays yet. For the achievement of low detection limits also in complex biological
samples such as plasma and serum, where high levels of interfering proteins, salts, and lipids
can suppress the analyte ionization, sample preparation has an essential role.
Use of LC-MS/MS methods in the clinics will slowly grow if method sensitivity is
appropriate and the sample preparation is automated providing none or just few handling
steps.

1.3 Sample preparation in targeted MS proteomics
Since the dynamic range of protein concentration in plasma or serum exceeds 10 orders of
magnitude [51, 42], the detection of low-abundant proteins is challenging in these matrices.
Thus the removal of highly abundant proteins is required for the broadening of the analytical
dynamic range and detection sensitivity of the MS. Hence a variety of sample preparation
techniques have been introduced to enrich the proteins or peptides of interest from complex
matrix samples [52], especially with the perspective of achieving adequate sensitivity for
clinical quantification of protein biomarkers by tandem mass spectrometry as alternative to
immunoassays for serum and plasma samples [53].
A simple and inexpensive preparation technique is protein precipitation, which is widely
applied in plasma and serum samples for the depletion of high-abundant proteins such as
serum albumin [54]. This technique is mainly considered a pre-treatment of the sample to be
further processed, since it suffers from high unspecificity, which causes a variable protein
composition. However the rapidity, cost-effectiveness and the easy optimization by the use of
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a wide range of solvents, allowed the protein precipitation to have wide spread in the
proteomic workflows, often coupled to additional separation steps [55].
Also Solid Phase Extraction (SPE) represents a rapid and inexpensive sample preparation
technique and for this reason extensively applied in the proteomic workflows [56, 57]. Recent
developments in the polymer chemistry used for SPE sorbents allowed supplying a large
variety of materials, from the most common RP, anion- and cation- exchange particles to the
novel mixed-mode polymeric [58] and nanostructured [59] sorbents. However the inadequate
specificity of the produced materials still give the SPE a secondary role in the enrichment of
low abundant proteins [51], limiting the use of SPE mainly for the removal of extract
contaminants, such as buffers, salts and detergents, before the MS-detection [60].
Among many techniques, the use of antibodies, both for the depletion of the abundant protein
and for the enrichment of low-expressed proteins, has been shown to be a successful tool for
the quantification of several low-abundant proteins [61, 48]. Excellent specificity has been
achieved by targeting proteins of interest using monoclonal antibodies and coupling this
immuno-extraction step with the MS detection. The resulting assays are characterized by high
sensitivity and specificity. This combination overcomes the criticisms often moved to the
immunoassays of being susceptible of cross-reaction from endogenous or exogenous
substances reflected to high false positive rate [62]. In addition the MS detection allows for
isoforms differentiation of the studied biomarker and for overcoming of the Hook effect, a
reduction in signal intensities after saturation [63]. However also in immuno-extraction MS
analysis, the stability to extreme physical-chemical conditions, the availability and the costs
of the antibodies are still issues to be solved, remaining the major drawbacks to be faced in
the development of new sensitive, robust and cost-sustainable methods for the clinical routine
[64].
Recently, growing interest on inexepensive and automated sample preparation platform for
the MS analysis of biomolecules has risen from clinical requirements [65-67]. In this
perspective the use of high quality antibodies notably increases the costs for the development
of analytical methods in clinical routine and “antibody-free” methods are now emerging in the
bioanalysis field [68-72].
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1.4 Molecularly imprinted polymers for sample cleanup
Molecularly Imprinted Polymers (MIPs) are synthetic materials with affinity recognition sites,
able to recognize specific molecules by a lock and key mechanism and, for this reason; they
are often defined as plastic antibodies [73, 74]. This exceptional ability originates from their
characteristic polymerization process, which provides the use of a template molecule together
with functional monomers and a cross-linker molecule [75]. The template molecule is often
exactly the same molecule which will be the target of the molecular recognition; however the
use of a close analogue of the target molecule has also been implemented with the aim of
using a template which could be soluble in the reaction media [76, 77]. The functional
monomers are molecules characterized by functional groups able to establish chemical bonds
of intermediate strength, such as hydrogen bonds and weak ionic bonds, with the template
molecule since their interaction should be modulated according to their solvation media. In
fact at the beginning of the polymerization process, the functional monomers and the template
molecule are solubilized together in a solvent which promotes the formation of strong
interactions in between them. Successively, the addition of the cross-linker allows the
incorporation of the coordination complex, assembled between the functional monomers and
the template, in a three-dimensional network with high degree of reticulation. After the
completion of the cross-linked polymer structure, the removal of the template molecule is
required for the creation of the polymer binding sites, which will thus have complementary
shape and functionalities to the molecule to be recognized, as shown in Figure 1.5.

Figure 1.5 Schematic representation of the molecularly imprinting strategy: (a) Functional monomers, (b) a
cross-linker, and (c) a template molecule are mixed together. (1) The functional monomers form a complex with
the template molecule. (2) The functional monomers copolymerize with the cross-linker. (3) As polymerization
proceeds, an insoluble, highly cross-linked polymeric network is formed around the template. (4) Removing the
template liberates complementary binding sites that can re-accommodate the template in a highly selective
manner. Reproduced with permission from K. Haupt [78]. Copyright © 2003, American Chemical Society.

In order to achieve a complete removal of the template, the polymers are washed by solvents
able to disrupt all the interactions between template and functional monomers, without
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permanent modification or degradation of the latter, since the binding sites functionalities
should be able to re-bind the template or the target molecule with high affinity [79]. This step
is highly crucial since the partial removal of the template could lead to a decrease of the
polymer affinity in the further polymer use, due to steric effects which do not permit the
entrance of the target molecule into the binding sites. Moreover the template left in the
polymer network could also give a bleeding effect, being gradually released in the following
applications of the polymers to extraction experiments [80].
Together with the synthesis of the MIPs a parallel polymerization of Non-Imprinted Polymers
(NIPs) is usually carried out, by applying exactly the same synthetic protocol used for the
production of the corresponding MIPs, but omitting the addition of the template molecule. In
this way, polymers without structured binding sites are obtained, and they can be used for the
evaluation of the imprinting process. In fact, the direct comparison of the binding properties
between MIP and NIP reveals the efficiency of the imprinting process, responsible of creating
affinity sites in the MIPs only by the means of the template. Thus binding differences are
expected between MIPs and NIPs, and for an efficient imprinting process, the targeting of the
studied molecule is theoretically expected only in the MIPs, while the NIPs are not expected
to be able to fit and bind the target molecule. The measure of the imprinting effect is
commonly estimated by the imprinting factor defined as the ratio of the retention factor of
MIP to the retention factor of NIP [81]
However, the NIPs often show binding capability toward the target molecule, which may be
ascribed to unspecific interactions, occurring despite the absence of template-shaped sites.
This circumstance, which has been usually interpreted as lack of selectivity and efficiency of
the imprinting process, has been lately re-considered as an advantage for the obtainment of
MIPs characterized by significant imprinting effect [82].
Due the tailored affinity of the MIPs, following the imprinting process, their application to the
separation science has rapidly developed as research area in the field of analytical chemistry
[83-90]. In this perspective many polymerization approaches have been developed for the
synthesis of a variety of materials and formats, such as RAFT-MIPs [91, 92], magnetic MIPs
[93, 94], microspheres [95-99], membranes [100, 101], monoliths [102-104] and nanogels
[105-107].
The RAFT polymerization uses a chain transfer agent (RAFT agent) comprising a
thiocarbonyl group which ensures living radicals for the polymerization. This synthetic
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approach represents a key tool for the design of well-defined polymers with controlled
molecular weight and polydispersity [92].
Another synthetic strategy applied for the production of MIPs microspheres of controlled
dimensions and porosity is precipitation polymerization [99]. This approach allows the
obtainment of rather clean polymers without using stabilizers or surfactants [97].
Magnetic MIPs can be easily obtained via coprecipitation of Fe2+ and Fe3+ ions, included into
the pores of the polymers, obtaining magnetic polymers with defined dimensions and binding
structure.
Particularly suited for the application in the field of the sample preparation, MIPs have been
widely employed as solid phase extraction (SPE) sorbents for the development of clean-up
protocols providing the specific extraction of small molecules from food, environmental and
biological matrices [108-117].
The successful application of MIPs in the separation field has to be ascribed to the
opportunity of performing highly selective extractions and separations under extreme
physical-chemical conditions. In fact, MIPs are sorbents characterized by pronounced
robustness which allows the use of high temperatures, wide pH range and broad organic
solvent compositions, with almost any limitation of the experimental conditions. Moreover,
due to their production process, their synthesis is time and cost-effective, assuring high degree
of selectivity even with the use of relatively inexpensive reagents and limited polymerization
time. It has to be additionally considered that MIPs can be developed for a wide variety of
target molecules, thus broadening their application field.
A recent application field of MIPs is the extraction of macromolecules such as peptides and
proteins [118-125]. This field has been investigated later than the extraction of small
molecules, due to the complexity in the imprinting process of large molecules which
encounters many issues to be overcome such as template stability, solubility and scarcity,
conformational matching of fully- or partial folded proteins, uncontrolled multiple
interactions and mass transfer limitations. However spreading interest has risen from this field
aimed to replace the use of natural receptors with MIPs which can address and overcame the
main drawbacks of using expensive antibodies.
Progress in this field have confirmed a new application of MIP extraction in proteomic
workflows [126-136] and promising perspectives are now opened for MIPs integration in
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diagnostic assays for clinical management of severe diseases such as cancer [137],
Alzeheimer [138]and Parkinson disease [139].

1.5 ProGRP as model biomarker
Pro-Gastrin Releasing Peptide (ProGRP) is a sensitive and specific biomarker for the Small
Cell Lung Carcinoma (SCLC), a very aggressive tumor with early and rapid development of
the metastases, representing around the 20% of the bronchogenic carcinomas [140]. Due to
this characteristics, most of the patients receive diagnosis of SCLC when the carcinoma is
already in a late stage with extensive disease (ED) which results in a median survival of
approximately one year [141]. Thus the diagnosis of SCLC, when the carcinoma is still in an
early stage with limited disease (LD), become of vital importance for a successful outcome of
the treatment.
The use of ProGRP as serum biomarker for the early diagnosis and the prognosis of SCLC
has been studied within several studies focused on SCLC markers [142-147].
ProGRP is the precursor for the gut hormone gastrin releasing peptide (GRP), present in nerve
fibers, brain and in fetal neuroendocrine cells [148] and biologically active in a range of
tissues and in cancer cell lines, due to the multitude GRP forms involved in physiological
functions such as a mitogenesis, morphogenesis, and pro-angiogenesis activities [149].
Despite the high levels of GRP in plasma from SCLC patients, the use of ProGRP as
diagnostic marker is preferred to the GRP use due the instable nature of the latter in serum
[150-152].
Applied solely, ProGRP has high diagnostic sensitivity for SCLC (around 60–70% in early
stage limited disease and 75–90% in advanced stage of extensive disease cases) with a
prognostic significance highly correlated with clinical staging during chemotherapy [153].
These evidences argue for robust quantification of ProGRP for both SCLC diagnosis and
prognosis, since quantitative information on its abundance in serum can strongly impact
SCLC management [154, 155].
Accurate quantitative information on ProGRP in serum are strongly challenged by the low
concentration level (7.6 pM ) which has been proposed as reference value for the assessment
between healthy and diseased state [143].
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Three isoforms of cloned human ProGRP occur in serum with common region referred to the
ProGRP fragment (31–98) which has been measured for the investigation of the ProGRP
expression in SCLC tumor tissues [156]. Amino acid sequences of all the isoforms are
reported in Figure 1.6, where it has been highlighted in bold the sequence referred to the
ProGRP fragment (31–98) and underlined is the amino acid sequence used for the
quantification of ProGRP by MS-assays (see §1.6 and §3.1)

Figure 1.6 Amino acid sequences of the three ProGRP isoforms expressed in serum. Adapetd from the National
Centre for Biotechnology Information (NCBI) database [157].

1.6 Analytical strategies for the quantification of
ProGRP
ProGRP quantification is currently carried out in the clinical practice by enzyme-linked
immunosorbent

assays

®

(ELISA).

Among

them

few

are

commercially

available

®

(ARCHITECT from Abbott Diagnostics [158], CanAg from Fujirebio Diagnostics and
Elecsys® from Roche) and a time-resolved immunofluorometric assay (TR-IFMA) has been
developed at Oslo University Hospital, (Radiumhospitalet, Norway) [159].
All these assays are characterized by high sensitivity reaching low concentrations of ProGRP
(below 3 ng/L corresponding to 0.2 pM), and they are thus able to diagnose the SCLC at early
stage (LD). For this reason they represent the “golden standard” for the accurate
quantification of ProGRP.
Mass-spetrometry based ProGRP assays have also been investigated [160-165]. The aim of
developing MS-assays was to search for quantification strategies for ProGRP which could
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have high sensitivity and could overcame the limitations related to the use of enzymatic
assays, occasionally suffering from cross-reactions and false positive responses.
All the aforementioned MS methods were based on the bottom-up approach, which means
that the quantification of the total ProGRP in serum is carried out by the means of the
signature peptide NLLGLIEAK, a unique proteotypic peptide detectable with high signal
intensity for all the ProGRP isoforms (see Figure 1.6). Among the different sample
preparation applied, such as protein precipitation before trapping on a restricted access media
(RAM) [163] or in-well immunocapture [162], only the use of antibodies immobilized onto
magnetic beads coupled to a triple quadrupole mass spectrometer (QqQ) [165] achieved high
sensitivity. This method, in fact, is characterized by a low limit of detection (1 pM) which is
below the reference value of 7.6 pM and thus which allows a robust and sensitive
quantification of ProGRP in serum also in the early stage of the disease.
Despite the use of antibodies has been shown to be essential for the realization of analytical
method with high sensitivity, other studies have focused on ProGRP extraction with the aim
of replacing antibodies with synthetic receptors, such as MIPs and aptamers [137, 166].
Synthetic receptors, in fact represent a convenient alternative to the biological receptors, in
terms of availability, costs and robustness, which makes MIPs attractive for the realization of
diagnostic assays, in the frame of the clinical management.
The aforementioned studies were mainly focused on the creation of new enriching systems as
“proof of concept” by the development of MIPs, able to capture the NLLGLIEAK peptide
[137], and the development of DNA aptamers

able to bind the ProGRP protein[166].

However, in these studies the application of the newly produced synthetic receptors to the real
quantification of ProGRP in serum samples was not investigated.
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2 Aim of the study
The aim of this thesis is the application of peptide-selective MIPs to the targeted proteomic
workflows. The scope of the research presented here is to get insight in the integration of
MIPs in the MS-assay for the determination of the biomarker ProGRP. The latter has been
chosen as model marker for the following reasons:
¾ MS-assays have been already developed for the quantification of ProGRP proving the
suitability of its signature peptide NLLGLIEAK of giving reliable quantification of
ProGRP by bottom-up approach.
¾ Abundance of ProGRP in serum is very low, increasing the analytical challenge for
the quantification from patient samples
¾ Time and cost-effective quantification of ProGRP could have relevant impact on
SCLC management

Hence, the following research questions were answered within this work:
x

How the MIPs can be applied to the workflow of ProGRP quantification.

x

How the MIPs targeting NLLGLIEAK can be synthetized. (Paper I, Paper III, Paper
IV)

x

How a SPE protocol is developed using MIPs as sorbents. (Paper I, Paper III, Paper
IV)

x

Which SPE-formats can be used for the integration of MIPs in ProGRP analysis.
(Paper I, II, III, IV)

x

How the enrichment of NLLGLIEAK occurs within the MIPs. (Paper II and V)
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3 Results and discussion
3.1 Application of MIPs to the ProGRP quantification
workflow.
The strategy applied within this work provided the implementation of the MIPs in the bottomup approach for the determination of ProGRP by LC-MS/MS.
The bottom-up workflow requires the digestion of ProGRP with trypsin, as previously
described in section §1.2.2. Among the generated peptides a specific peptide, NLLGLIEAK,
was previously identified as signature peptide for the further determination of ProGRP by
tandem mass spectrometry [161]. Besides fulfilling all the requirements of the signature
peptides, this peptide offers the advantage to occur in all ProGRP isoforms (see Figure 1.6).
Hence the idea behind this work was to develop MIPs which could specifically recognize and
capture the signature peptide of ProGRP in a SPE step prior the mass spectrometric detection,
as schematically represented in Figure 3.1.

Figure 3.1 Schematic representation of the bottom up approach for the determination of ProGRP using MIP-SPE.

Thus the signature peptide NLLGLIEAK is the target peptide to be “fished-out” within the
binding sites of the MIPs among a variety of peptides produced in the digestion of the sample
(serum) containing ProGRP.
The use of NLLGLIEAK as target peptide, beyond the direct extraction of ProGRP signature
peptide, offers the advantage of producing polymers with a simplified imprinting strategy. In
fact the peptide has the adequate amino acid length (9 residues) which allows the solubility in
the media used for the syntheses and, in the meanwhile, allows the creation of multi-
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functional binding sites without the need of taking in account the folding or the multiple intramolecular interactions occurring in peptides with long amino acidic length (> 15 residues).
The efficiency in recognizing the target peptide NLLGLIEAK and the ability of releasing the
peptide in a clean solution, suited for mass-spectrometric detection, were evaluated and finetuned by the use of different synthetic approaches, the development and optimization of SPE
protocols and the incorporation of the produced MIPs in different formats.

3.2 Synthesis of MIPs
The approach chosen for the synthesis of MIPs able to retain the signature peptide
NLLGLIEAK was the targeting of the carboxylic acid group on the glutamic acid (E) and
peptide C-terminus lysine (K). Different functional monomers and cross-linker were used for
producing MIP libraries which were consequently tested for the optimization of the SPE
protocol.
A previous combinatorial approach on polymer synthesis, aimed to develop MIPs able to
target the peptide NLLGLIEAK, highlighted the suitability of using N-(2-aminoethyl)
methacrylamide hydrochloride (EAMA.HCl), N-3, 5-bis (trifluoromethyl)-phenyl-N’ -4vinylphenylurea (TFU) and methacrylic acid (MAA) as functional monomers (FMs), and
ethylene glycol dimethylacrylate (EDMA) and divinylbenzene (DVB) as cross-linker [137].
Structures of the abovementioned FMs and cross-linkers are represented in Figure 3.2.

Figure 3.2 Chemical structures of the functional monomers and the crosslinking agents used for constructing the
libraries of imprinted polymers for NLLGLIEAK, MAA: methacrylic acid; TFMAA: trifluoro methacrylic acid;
4-VPy: 4 vinylpyridine; HEMA: 2-hydroxyethyl methacrylate; DEAEMA: diethylaminoethyl methacrylate;
EAMA: N-(2-aminoethyl) methacrylamide hydrochloride; TFU: N-3, 5-bis (trifluoromethyl)-phenyl-N’-4-
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vinylphenylurea, EDMA: ethylene glycol dimethylacrylate; DVB: divinylbenzene. Reproduced with permission
from Figure 2 of A.A. Qader et al. [137]. Copyright © 2014 Elsevier B.V.

Moreover the study pinpointed the need of using templates containing either N-, or C- side
chain protected groups in order to promote the peptide solubility in the reaction media and to
avoid the signal overlap between the template remained in the polymer after the synthesis and
the peptide captured from the sample. Thus for the synthesis of the template, the signature
peptide NLLGLIEAK was protected at the N-terminus with a benzyloxycarbonyl group (Zgroup), which allowed to enhance the template solubility in the polymerization solvents;
while the C-terminal lysine was replaced by the norleucine (Nle) group, which permitted to
easier interact with the FMs, overcoming the intramolecular competition caused by the lysine
side for the anionic sites of the FMs. The structure of the template is shown in Figure 3.3.

Figure 3.3 Structure of the template Z-NLLGLIEA(Nle)

Building on this knowledge, the polymers used for this work were synthetized using the
aforementioned functional monomers, cross-linkers and template molecule. Various synthetic
approaches were developed and the obtained MIPs, with the related NIPs, were tested.
3.2.1 Reversible Addition Fragmentation Chain (RAFT) Polymerization
Polymers synthetized by RAFT polymerization were prepared at the Department of
Environmental Chemistry and Analytical Chemistry, Technical University of Dortmund,
Germany.
The polymerization used RAFT-modiﬁed silica beads which were grafted for the obtainment
of a homogeneous thin polymeric ﬁlm around the beads, illustrated in Figure 3.4.

Figure 3.4 Synthesis of MIP for NLLGLIEAK via RAFT-modiﬁed mesoporous silica. Template: ZNLLGLIEA(Nle). RAFT: RAFT-agent. ABDV: initiator. Reproduced with permission from Figure 1 of Paper I.
Copyright © 2014 American Chemical Society
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The RAFT polymers were produced using for the imprinting process EAMA as functional
monomer, DVB as cross-linker and the template Z-NLLGLIEA(Nle).
A small library of RAFT polymer was also created using a variety of functional monomers,
cross-linker and template quantities, as reported in Table 3-1.
Table 3-1 PMIP and PNIP polymer manufacturing parameters. Reproduced with permission from Table S1 of
Paper III. Copyright © 2017, © SAGE Publications
Template

Functional
monomer

Cross - linker

Molar ratio

Ratio
RAFT/
ABDV

Solvent

MAA,
EDMA,
DMSO/ACN
20.63 μL
229.37 μL
0.3/40/200
3
(20:80)
(0.243 mmol) (1.216 mmol)
MAA,
EDMA,
T2, 19.87 mg
DMSO/ACN
20.63 μL
229.37 μL
3.0/40/200
3
PMIP-2
(18.24 μmol)
(20:80)
(0.243 mmol) (1.216 mmol)
EAMA,
DVB,
T2, 3.34 mg
DMSO/ACN
67.22 μL
290.78 μL
0.3/40/200
3
PMIP-3
(3.06 μmol)
(20:80)
(0.408 mmol) (2.041 mmol)
EAMA,
DVB,
T2, 33.35 mg
DMSO/ACN
67.22 μL
290.78 μL
3.0/40/200
3
PMIP-4
(30.62 μmol)
(20:80)
(0.408 mmol) (2.041 mmol)
MAA,
EDMA,
DMSO/ACN
20.63 μL
229.37 μL
−/40/200
3
PNIP-1
(20:80)
(0.243 mmol) (1.216 mmol)
EAMA,
DVB,
DMSO/ACN
−/40/200
3
67.22 μL
290.78 μL
PNIP-2
(20:80)
(0.408 mmol) (2.041 mmol)
PMIP/PNIP: RAFT Polymers MIP and NIP; T2: Template Z-NLLGLIEA(Nle); MAA Methacrylic acid; EAMA
N-(2-aminoethyl) methacrylamide; DVB: divinyl benzene; EDMA: Ethylene glycol dimethylacrylate; DMSO:
dimitethyl sulfoxide; ACN: acetonitrile. Chemical structures of the FMs and cross-linkers are shown in Figure
3.2

PMIP-1

T2, 1.99 mg
(1.82 μmol)

The spherical composite beads obtained with this strategy were homogeneous and dimensions
ranged around 30 μm in diameter, which allowed the easy polymer packing in all the tested
formats, using sedimentation under vacuum of the polymeric suspension in organic solvents.
3.2.2 Precipitation Polymerization
The polymers synthetized by precipitation polymerization were prepared at the Department of
Pure and Applied Chemistry, University of Strathclyde, United Kingdom.
Two different imprinted polymers were designed by using two different functional
monomers: the EAMA monomer and the TFU monomer (see Figure 3.2). The MIP A was
designed in order to target the negative charge of the template by EAMA only; while in the
MIP B the targeting occurs by both EAMA and TFU simultaneously, as shown in Figure 3.5.
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Figure 3.5 Representation of the non-covalent molecular imprinting of Z-NLLGLIEA[Nle] for MIP A (A) and
MIP B (B). The carboxylic acid groups in the glutamic acid (E) residue and C-terminus of Z-NLLGLIEA[Nle]
are drawn explicitly for emphasis, since these functional groups are involved in the self-assembly of the ZNLLGLIEA[Nle] with the functional monomers (FMs). The complexed synthetic receptors depict the
hypothetical molecularly imprinted binding sites formed upon the free radical copolymerization of a molecular
complex of Z-NLLGLIEA[Nle] and FM(s) with cross-linker (DVB-80). Reproduced with permission from
Figure 1 of Paper IV. Copyright © 2017, Rights Managed by Nature Publishing Group

Since the dimensions of the obtained polymers were in the low micron-sized range (diameters
≤ 5 μm), the particles were particularly well-suited for the packings in trap columns to be
integrated in the LC-MS/MS system (Paper IV, see §3.4.6). The wet-packing into trap
columns was performed under high pressure using the facilities of G&T Septech, Ski,
Norway.
3.2.3 Magnetic Polymers
The co-precipitation of Fe2+ and Fe 3+ ions allowed the obtainment of magnetic polymers
with the same dimensions and binding structure as the polymers tested in Paper IV (see
§3.4.6) with additional magnetic properties.
The magnetic polymers were also prepared at the Department of Pure and Applied Chemistry,
University of Strathclyde, United Kingdom.
Two different polymers type (core-shell and non core-shell) were synthetized according two
different strategies, described in detail by Świtnicka-Plak [167].
In Figure 3.6 a schematic representation of the two synthetic approaches is presented.
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Figure 3.6 Schematic representation of the synthesis of magnetic MIPs core-shell (A) and non core-shell (B).

The core-shell particles (A) were obtained by a two-synthetic step protocol: the initial
polymeric core was synthetized by typical precipitation polymerization using the cross-linker
DVB and the monomer MAA. The further co-precipitation of Fe

2+

and Fe

3+

into the

polymeric pores under basic conditions allowed the obtainment of the magnetic core. Thus a
second synthetic step allowed the growth of the MIPs coating around the magnetic core.
The non core-shell particles (B) were obtained by a single synthetic step: the pre-formed
macroreticular MIPs were further processed for the integration of the ions Fe 2+ and Fe 3+ into
the pores obtaining directly the non core-shell magnetic MIP.
A small library was created also for magnetic polymers in order to pinpoint the synthetic
strategy which could give better selective retention of the target peptide. The feed condition
for each polymer tested are reported in Table 3-2
Table 3-2 Composition of core-shell and non-core shell magnetic MIPs and their corresponding NIPs.
Name
Functional monomer
MIP core-shell EAMA+TFU
MAA, EAMA.HCI, TFU
NIP core-shell EAMA+TFU
MAA, EAMA.HCI, TFU
MIP core-shell EAMA
MAA, EAMA.HCI
NIP core-shell EAMA
MAA, EAMA.HCI
MIP non-core-shell EAMA+TFU EAMA.HCI, TFU
NIP non-core-shell EAMA+TFU EAMA.HCI, TFU
MIP non-core-shell EAMA
EAMA.HCI
NIP non-core-shell EAMA
EAMA.HCI
MAA Methacrylic acid; EAMA N-(2-aminoethyl) methacrylamide;
N’-4-vinylphenylurea; DVB-80: divinyl benzene.
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Crosslinker Template
DVB-80
Z-NLLGLIEA[Nle]
DVB-80
DVB-80
Z-NLLGLIEA[Nle]
DVB-80
DVB-80
Z-NLLGLIEA[Nle]
DVB-80
DVB-80
Z-NLLGLIEA[Nle]
DVB-80
TFU: N-3, 5-bis (trifluoromethyl)-phenyl-
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3.3 Development of a MIP-SPE protocol
For the development of a MIP-SPE protocol, able to extract the target peptide NLLGLIEAK
from a complex matrix such as serum, the strategy applied was composed of different steps:
1. Optimization of the wash/elution condition with NLLGLIEA[K_13C615N2]
2. Increase in sample complexity (from a single peptide standard solution to digested
ProGRP isoforms and further to protein mixture, e.g. ProGRP with NSE)
3. Optimization of the sample pretreatment before the application of the MIP-SPE to
serum samples.
The initial tests on all the polymers packed in all the formats were decided to be performed by
using the NLLGLIEA[K_13C615N2], the heavy-labeled form of the signature peptide ProGRP
which is used as internal standard for the quantification of the peptide in the LC-MS/MS
method. This choice has been determined by the need of initially testing the polymers with a
molecule which could have exactly the same retention mode as the target peptide
NLLGLIEAK within the polymer binding sites and which could simultaneously give a
different MS signal. This circumstance is crucial in case the template used for the synthesis of
MIP could give, after extreme pH or prolonged thermal stress, degradation products with
similar structure or m/z values to the signature peptide and its MS fragmentation products. In
fact the removal of the template molecule after the completion of the synthetic process is
often incomplete and small amount of the template molecule could be gradually released from
the polymer and overlap with the signature peptide signal [79, 168].
The initial tests with the heavy-labeled NLLGLIEAK form assured that the obtained response
came from the amount of peptide loaded onto the cartridge for the test. With the further SPEdevelopment, once the polymers were checked for the absence of template release, the heavylabeled form of the signature peptide was used as internal standard and the test were
performed with the digested samples.
The development of a SPE protocol for MIPs targeting peptides from complex samples aims
to find the optimal conditions (loading, washing and elution composition and volumes) which
make the peptide extraction selective (desirably specific), quantitative (with sufficient
recovery) and reproducible.
The selectivity of the extraction is strongly dependent on the condition applied in the SPE
protocol and, for MIP sorbents, can be primarily evaluated by the comparison with the NIP. In
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fact, being the NIP the exact analogue of the MIP without binding sites, the retention of the
target peptide is expected to be less specific. The target peptide is expected to be retained in
minor extent without being differentiated from molecules with similar physical-chemical
properties. However such retention differences are rarely verified because of the multiple
interactions of the target molecule with the polymers, also external to the MIP binding site
[82].
The application of a generic SPE protocol prior the additional optimization could not
highlight the minimal differences between MIP and NIP polymers. Hence, we initially applied
a “fine-tune” approach which had the aim to discover eventual MIP and NIP retention
differences and to pinpoint the condition which could improve the selectivity by
maximization of the retention differences between MIP and NIP.
The experiments consisted in gradually increasing the eluent strength after activation and
sample load of the cartridges (at this stage the sample was still the standard solution of
NLLGLIEA[K_13C615N2]) and a final elution, as schematically illustrated in Figure 3.7. By
the application of sequential washes it is possible to evaluate the cumulative peptide recovery
from the cartridge which is expected to have different profiles for MIP and NIP, since the NIP
is expected to elute the target peptide at lower acetonitrile concentrations.

Figure 3.7 Schematic illustration of the experiment leading to the “fine-tune” approach by sequential washes of
the cartridges with increasing acetonitrile percentages (from 5 to 100% MeCN) for the final elution profile of the
MIP and corresponding NIP.

An example of this approach applied to MIPs and NIPs packed in 1 mL-cartridges (Paper I) is
given in Figure 3.8. In this experiment, the sequential washes were formerly performed by
using an increase of 10% in organic content and successively was repeated by reducing the
intervals to a 2.5% increase of organic content, in the range between 5 and 30% of
acetonitrile, in order to create a zoom effect where the differences between the MIP and NIP
could be better appreciated.
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Figure 3.8 Cumulative total recovery of NLLGLIEA[K_13C615N2] after loading 500 μL of 1nM solution in
50mM ABC buffer on MIP (black) and NIP (gray) cartridges followed by sequential wash step using aqueous
solution (500 μL each) containing increasing percentage of acetonitrile (A) 10% intervals (5-100% MeCN) and
(B) 2.5% intervals (5-30% MeCN). Reproduced with permission from Figure 2 of Paper I. Copyright © 2014
American Chemical Society.

From this experiment it was possible to discover a concentration range of acetonitrile which
could give different peptide retention in MIP and NIP and which could be further used as
wash composition in order to obtain maximized differences in the peptide recovery in the
elution step, as shown in Figure 3.9.

Figure 3.9 Elution recoveries of NLLGLIEA[K_13C615N2] after loading 500 μL of a 1nM solution in 50nM ABC
buffer on MIP (black) and NIP (gray) followed by wash (5 mL) using solutions containing different MeCN
percentages (N=3). Reproduced with permission from Figure 3 of Paper I. Copyright © 2014 American
Chemical Society

Following the results of this experiment, the optimal concentration of acetonitrile in the wash
step was set at 7.5%, which represented the best compromise between the MIP and NIP
elution differences and the acceptable overall peptide recovery.
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The “fine-tune” approach was applied as initial screening experiment for the polymers packed
in 1 mL-cartridge (§3.4.1, Paper I), 300 μL-tips (§3.4.2, Paper II), 384-well plate (§3.4.4,
Paper III) and trap-column (§3.4.6, Paper IV). In all the tested formats this approach was a
valuable tool for the discovering of the organic composition in the wash step which could
result in high recovery and maximized selectivity, as shown also in Figure 3.10, where the
experiment confirmed the use of 7.5% of acetonitrile to be added in the wash composition of
the screened SPE protocols in Paper III.

Figure 3.10 Recovery (R%) of the analyte in the (A) wash and (B) elution fraction collected after SPE of 20 μl of
a 5 nM NLLGLIEAK sample in 50 mM ABC buffer on MIP (black square)/NIP (white circle) phases with
washing buffer containing different percentage of ACN. Reproduced with permission from Figure S7 of Paper
III. Copyright © 2017, © SAGE Publications

In the on-line format (Paper IV), the wash composition was strongly dependent from the
initial organic composition of the chromatographic run, due to the on-line setup as illustrated
in Figure 3.11.
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Figure 3.11 Schematic representation of the mobile phase composition within the on-line setup: the loading
buffer flushes the MIP trap-column until the valve switching for 10 minutes. At this time point the valve is
switched and the solvent composition of the wash step (5% of MeCN) is modulated from the chromatographic
pumps directly in the MIP trap-column. Such solvent composition is also the initial composition of the gradient
starting after 10 minutes the valve switching. Adapted with permission from Figure 3 of Paper IV. Copyright ©
2017, Rights Managed by Nature Publishing Group.

Hence, the screening approach was here mainly used for the appraisal of the MIP/NIP pair
which could give larger differences of peptide retention, as shown in Figure 3.12.

Figure 3.12 Differences in retention times of NLLGLIEA[K_13C615N2] (1 nM) on the MIPs (orange) and
corresponding NIPs (black) for both polymer pairs (A and B). ). Reproduced with permission from Figure 4 of
Paper IV. Copyright © 2017, Rights Managed by Nature Publishing Group.

From these experiments MIP A was chosen for integration in the on-line SPE method: using
an isocratic run with 5% of acetonitrile, this polymer showed the highest peptide retention
(longest retention time) and a significantly retention difference with the corresponding NIP.
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Taking the screening experiment as the basis for a tailored SPE development, the elution
composition can be easily optimized by the direct comparison of the different conditions to be
tested in the MIP cartridge only, as shown in Figure 3.13 (see Paper I).

Figure 3.13 Elution efficiency in the MIP-SPE expressed as the recovery of target peptide
NLLGLIEA[K_13C615N2] (1nM solution in 50nM ABC buffer) in the elution fractions (500 μL) divided by the
overall recovery in the SPE protocol (N=3). Reproduced with permission from Figure 4 of Paper I. Copyright ©
2014 American Chemical Society.

In Paper I the eluent composition which gave the highest peptide recovery in the elution step
was shown to be a mixture of acetonitrile, water and formic acid (80:17:3 respectively).
The further tests with the digested ProGRP isoforms allow the verification that the developed
SPE protocol is able to capture the signature peptide also in samples where other peptides are
present. As an example, in Paper I the MIPs packed in 1 mL-cartridge were preliminary tested
with the NLLGLIEA[K_13C615N2] standard solution for the development of a SPE-protocol
which could enrich the target peptide NLLGLIEAK. Successively the sample complexity was
increased ranging from a single peptide standard solution to the digested solution of the shortisoform of ProGRP, as shown in Figure 3.14.
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Figure 3.14 Comparison of the recoveries of NLLGLIEA[K_ 13C615N2] standard solution (darker color) and the
target peptide (NLLGLIEAK) resulting from the digestion of short ProGRP (AA 31−98) (brighter color), using
the optimized extraction protocol Reproduced with permission from Figure 5 of Paper I. Copyright © 2014
American Chemical Society.

Since the retention behavior of both MIP and NIP cartridges did not change upon the
increased number of peptides, the SPE protocol was considered suited for the enrichment of
the target peptide. Thus the MIP-extraction was further challenged by the loading of a
digested protein mixture including a longer ProGRP isoform, the isoform 1 (see Figure 1.6),
mixed with an excess of another protein biomarker for SCLC, the Neuron-Specific Enolase
(NSE).
This experiment had the intention to highlight the retention difference between NLLGLIEAK
and other tryptic peptides by the simultaneous detection of the signature peptide of ProGRP
isoform 1 (LSAPGSQR), the signature peptide of NSE (ELPLYR) and the target peptide
NLLGLIEAK. These peptides come from the tryptic digestion of two SCLC biomarkers
which are overexpressed in patient serum, thus it is important that the MIPs are able to
selectively enrich the target peptide in the eluate, removing the other two peptides during the
washing step of the SPE protocol. The results of the experiment are shown in Figure 3.15.

43

PhD thesis Cecilia Rossetti – Results and discussion

Figure 3.15 Recoveries of NLLGLIEAK, LSAPGSQR, and ELPLYR (the signature peptides of ProGRP,
ProGRP isoform 1 and NSE, respectively) in the SPE of a mixture of digested ProGRP isoform 1 (AA 1−125 +
8) and NSE (γ-enolase) (1:3) on MIP (black) and NIP (gray) cartridges. Reproduced with permission from
Figure 7 of Paper I. Copyright © 2014 American Chemical Society.

This figure shows the extensive loss during the washing step of the peptides LSAPGSQR and
ELPLYR, originating from the protein digestion of ProGRP isoform 1 and NSE (γ-enolase)
respectively; while the occurrence of the target peptide is predominant in the elution step.
This means that selective retention toward the target peptide occurs within the MIP particles
using the optimized SPE protocol, which was thus applied to the extraction of NLLGLIEAK
from a very complex sample matrix: a serum solution spiked with ProGRP (see §3.4.1).
Also the sample pretreatment can be adjusted by testing different experimental conditions in
the MIP cartridge only. The pre-treatment of the sample has to be optimized and performed
before the extraction of serum samples in order to avoid clogging of the cartridges with the
high abundant albumin. In fact the sample complexity of the serum is notably increased
compared to protein mixture digests and, together with the presence of many different
peptides competing with NLLGLIEAK for the functional groups of the MIP binding sites, the
limited capacity of the cartridge has to be taken into consideration. Protein precipitation with
cold acetonitrile was a rapid and easy sample pre-treatment already used for the determination
of the short isoform of ProGRP [156]. This technique allows for the precipitation of larger
proteins, with higher folding attitude than ProGRP, which does not precipitate and can be
separated from the precipitated proteins by the simple collection of the clean supernatant.
For this reason protein precipitation was performed before the tryptic digestion and the
following extraction of the spiked or patient sera into the MIP off- and on-line cartridges (see
Paper I, Paper IV and Paper V respectively).
An example of pretreatment optimization (from Paper IV) is reported in Figure 3.16.
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Figure 3.16 Extraction optimization (A-D) by using 1 nM NLLGLIEA[K_13C615N2]: (A) duration of the wash
step (5 % MeCN) on MIP A column; (B) duration of the loading step (20 mM FA) on MIP A column; (C)
capacity evaluation by extraction of different serum volumes; (D) injection volume evaluation by extraction of
50 μL of serum. Sample pretreatment optimization (E-F) by using 37 nM ProGRP isoform 1 spiked serum
samples: (E) evaluation of trypsin amount and reduction and alkylation after protein precipitation (PP) on spiked
serum; (F) optimization of the MeCN:serum ratio (v/v) in protein precipitation step. Reproduced with permission
from Figure 6 of Paper IV. Copyright © 2017, Rights Managed by Nature Publishing Group.

In Paper IV the overall optimization of the on-line extraction and related sample pre-treatment
adjustment was evaluated according the maximized signal intensity in the MS detector. Load
and wash duration were performed using the only heavy-labeled peptide solution, being two
steps of the SPE-protocol development, while the pretreatment optimization, in terms of
serum and injection volumes to be used, was optimized by the spiking of the serum samples
with the heavy-labeled peptide. The digestion was optimized according the enzyme/substrate
ratio and the need of the reduction/alkylation steps, while protein precipitation was optimized
depending on the acetonitrile volume to be used. These pretreatment steps have been
optimized by the extraction of serum samples spiked with ProGRP isoform 1, in order to
mimic the actual complexity of a clinical sample.
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3.4 Study and application of different formats for
MIP-SPE.
The incorporation of the MIPs in different, multiple formats represents one of the main
advantage of such enrichment strategy. The versatility of the MIP particles to be packed in
various arrangements allows the determination of the studied analyte for many diverse
purposes, strictly depending from the investigated formats. The quantification of
NLLGLIEAK, indeed, has not been achieved with the same degree of sensitivity and
specificity among all the studied setups and the analytical high throughput of the applied
platforms was closely related to the final purpose of the study; i.e. the quantification of low
NLLGLIEAK concentration in serum or screening of polymer libraries or modeling of
polymer retention mechanism.
The investigated formats can be grouped in two main categories: off-line and on-line formats
according to the suitability of the extracted sample to be directly transferred into the LCMS/MS system (on-line formats) or if further sample handling is required (off-line formats).
In this section the different formats used for the MIP-SPE experiments are presented together
with the main results achieved using each format.
3.4.1 Off-line SPE -1 mL cartridge (Paper I)
The MIP-SPE cartridge with 1 mL volume was the first format to be studied for the extraction
of the signature peptide NLLGLIEAK, as reported in Paper I.
The MIPs packed in this format were synthetized by RAFT polymerization from porous silica
supports (see §3.2.1). The cartridge preparation was performed in-house and provided the
sedimentation under vacuum of homogeneous slurry containing about 20 mg of polymers into
2 mL methanol. The cartridge capping was realized between two fritted polyethylene disks
(20 μm pore size) as shown in Figure 3.17
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Figure 3.17 Schematic representation of the MIP-SPE cartridges with 1mL volume.

This format allowed rapid and easy extraction of the target peptide NLLGLIEAK in matrices
of different complexity (from a single peptide standard solution to serum samples) using a
common vacuum manifold for SPE cartridges which permitted the dropwise collection of the
eluate from the cartridges.
The experimental condition of the final SPE protocol optimized with this format and the LCMS/MS system are detailed described in Paper I.
Among the results obtained during the study of MIP particles packed in 1mL-SPE cartridges
(Paper I), significant evidence was collected on the selective retention of the MIP particles
toward the target peptide NLLGLIEAK; using the optimized SPE protocol for the extraction
of serum spiked with ProGRP isoform 1.
The use of ProGRP isoform 1 allowed to follow the signals for both the signature peptide
coming from ProGRP, one related to the isoform 1 only (LSAPGSQR) and the other related
to the target peptide (NLLGLIEAK) and allowed to confirm that the only NLLGLIEAK was
recovered in the elution step as shown in Figure 3.18.
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Figure 3.18 Serum sample extraction. Recovery of NLLGLIEAK and LSAPGSQR after SPE on MIP (black) and
NIP (gray) of digested serum samples spiked with ProGRP isoform 1 (AA 1−125 + 8). Serum volumes: 1 mL
(A), 500 μL (B), and 250 μL (C). Reproduced with permission from Figure 9 of Paper I. Copyright © 2014
American Chemical Society.

The figure shows the occurrence of the only target peptide in the MIPs elution, since the
LSAPGSQR is lost during the washing step. An important aspect to be considered is also the
difference in NLLGLIEAK retention between the MIP and the respective NIP, highlighted
also in this experiment. The use of a fine-tuned extraction protocol in fact allows for the
enrichment of the target peptide mainly in the MIP elution also extracting serum samples
fortified with ProGRP.
The actual extraction of NLLGLIEAK from serum samples (Figure 3.18), represented the
main novelty in MIP-SPE application to the extraction of tryptic peptides since was the first
48

PhD thesis Cecilia Rossetti – Results and discussion

time that MIPs were selective for tryptic peptides in serum samples. At the same time the
figure also highlights here the increasing recovery of NLLGLIEAK when the volume of the
spiked serum sample to be extracted decreases. Such observation has been explained by the
limited MIP capacity which has been also a crucial constraint in the application of the MIP
extraction in the on-line format also (Paper IV).
From the work presented in Paper I some considerations can be anticipated on the packing of
RAFT-MIP particles in 1mL SPE cartridges. Such off-line format allowed the determination
of NLLGLIEAK in serum samples, which is an essential result itself, but the application of
this extraction format to the analysis of patient samples with clinical relevant concentration of
ProGRP, is limited from the LOD of the method which is about 80 times higher than the
reference limit of ProGRP. This circumstance is probably caused by the uncomplete recovery
from the cartridge and by the further sample handling after the SPE extraction prior the
chromatographic analysis, missing in the on-line setups. In addition the relatively large
sample and eluent volume to be used (compared to other formats successively discussed)
together with the relatively large amount of polymer to be packed in each cartridge represent a
drawback of this format. The latter aspect strongly limits the number of parallel extractions,
which makes this format unsuited for the high throughput screening of polymer libraries and
SPE operating conditions, as it has been achieved instead with other formats such as 384-well
filter plate. On the other hand these circumstances required the re-use of the same cartridges
for the repetition of the extraction experiments, demonstrating the opportunity to easy
regenerate these sorbents after the SPE step, which further decreases the extraction costs
compared with the immuno-based techniques.
3.4.2 Off-line SPE -300 μL tips (Paper II)
In order to reduce the sorbent amount required in the off-line 1 mL cartridge a smaller format
was investigated using 300 μL pipette tips. About 800 μg of the same RAFT polymers based
on EAMA monomer and DVB, as previously used in the 1 mL cartridges (see §3.2.1), were
packed into the Bevel Point™ pipette (1–300 μl, VWR) on an etched polyethylene (PE) disk
support, placed at the bottom of the tip as shown in Figure 3.19.
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Figure 3.19 Schematic representation of the MIP-SPE tips with 300 μL volume.

Due to the low polymer consumption for the packing of the tips, the packing of several SPEtips was allowed with the same polymer synthetic batch. This gave the opportunity to perform
parallel extractions simultaneously, which was particularly advantageous in increasing the
confidence of the peptide identification and relative quantification through the peptide
screening in the Orbitrap mass spectrometer. This format was thus used for the study of the
retention mechanism in both MIP and NIP sorbents, defining the identity and abundance of
the peptides in each elution fraction collected from the tips. Using a simple protein model,
such as serum albumin, the cartridges were used in order to find a relation between different
peptides’ physical-chemical properties and their retention in the polymers (see §3.5.2), with
the final aim of increasing the knowledge on the interaction occurring between sorbent and
different peptides, during the SPE, as described in paper II.
Despite other authors investigated MIPs packed in 200 μL- format using C8-membrane disks
as polymer supports at the bottom of the tips [169, 170], the need of studying the MIP and
NIP retention mechanism solely, without the retention contribution of the C8 membrane, has
driven to the choice of using polyethylene disk supports (as used in Paper I), punched at the
bottom of the tips (see Figure 3.19).
The use of the Orbitrap mass spectrometer allowed the identification and signal acquisition of
the BSA peptides simultaneously and thus allowed the analysis of the peptides co-eluting with
the NLLGLIEAK from the MIP when the applied eluent was varying in composition
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(sequential elutions with increasing acetonitrile concentrations as previously described in §0).
The elution profile of the identified peptides is shown in Figure 3.20.

Figure 3.20 Cumulative recovery of the serum albumin peptides from MIP cartridge plotted versus the
acetonitrile percentage (MeCN %) applied for each sequential elution step. Reproduced with permission from
Figure 1 of Paper II. © Springer-Verlag GmbH Germany 2017

Among the identified and recovered peptides from the MIP cartridge, the target peptide
NLLGLIEAK is one of the most retained peptides, indicating different and strong interactions
occurring between the polymers and NLLGLIEAK. The elution profiling of the extracted
peptides was equally performed on the NIP-tips in order to build retention models by partial
least square regression, which could explain similarities and differences in polymers retention,
as discussed in paper II (see §3.5.2).
The main advantage of using 300 μL-cartridges was the low sample, eluent and sorbent
amount required for each single extraction. The parallel extractions could be performed in the
same analytical section without the need of regenerate and re-use the same tips, reducing the
overall analytical time required for the whole study and showing the suitability of this format
for SPE-screening purposes. However the use of smaller volumes and polymer amount affect
the reproducibility of the tips-packing, the extraction recovery and the cartridges overload
compared to the 1mL-cartridges, thus the application of such format to quantitative ProGRP
determination from serum samples is not feasible as for the 1 mL-cartridges or for the on-line
SPE formats.
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3.4.3 Off-line SPE -Magnetic Beads (unpublished work)
Magnetic MIPs have been synthetized and provided from Strathclyde University, (see §3.2.3 )
and tested within this project. The handling of the magnetic format was directly harmonized
with the antibody-coated magnetic beads extraction, previously employed for the
quantification of ProGRP in serum samples [165]. The opportunity to simply use a magnet to
localize the MIP particles containing the targeted peptide NLLGLIEAK (Figure 3.21) allows
the rapid discharge of the unbound peptides, resulting in an overall rapid and simplified
NLLGLIEAK extraction. Time-consuming or difficult packing procedures requiring specific
equipment are hence avoided by the use of such format.

Figure 3.21 Schematic representation of the magnetic MIP extraction.

The extraction protocol applied to the magnetic MIPs was a direct adaptation of the optimized
SPE protocol realized with the MIP particles packed into 1 mL cartridges.
The particles were suspended (about 50 mg) in 500 μL of acetonitrile and successively
pipetted into 1.5 mL Eppendorf vials. The acetonitrile was discharged and the magnetic MIPs
were conditioned with 250 μL of ammonium bicarbonate buffer 50 mM before the loading of
the digested ProGRP standard solution. The beads and the sample were incubated for 30
minutes in a sample mixer providing rotation and shake of the vials in order to enable the
interaction of the target peptide within the MIP biding sites. The extensive wash step was
realized by three additions of 250 μL of the aqueous solution containing 7.5% acetonitrile;
while the elution was performed by the addition of 500 μL of the organic solution containing
80% acetonitrile and 5% of formic acid. In order to gain better understanding of the extraction
process, all the fractions were collected, dried, reconstituted with 0.1% formic acid and
analyzed into the chromatographic system coupled with the mass spectrometer. The LC52
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MS/MS analysis was performed with the same LC method and the same MS settings used
with the 1 mL-SPE cartridge format and as reported in Paper I.
The experiments which were carried out were aimed to compare four different magnetic MIP
particles: core shell, non-core shell, EAMA-based and EAMA + TFU-based particles. The
aim of the experiments was to show which of the different particles type could give higher
efficiency in selectively retain the target peptide NLLGLIEAK by the removal of other
peptides. For this reason ProGRP isoform 1 was digested and extracted onto all the magnetic
MIP particles and the recovery of both NLLGLIEAK and LSAPGSQR was calculated in each
fraction as shown in Figure 3.22.
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Figure 3.22 Recoveries of the extraction of 10 nM ProGRP isoform 1 by magnetic MIP.

The non-core shell magnetic MIP based on EAMA solely gave the higher elution recovery of
NLLGLIEAK and, at the same time, the complete removal of the other peptide LSAPGSQR
during the load and wash steps. This suggests that polymers based on the EAMA monomer
are able to efficiently retain the target peptide in the binding sites. Polymers based on TFU
and EAMA showed also NLLGLIEAK retention but in this case the NIP polymers have better
elution recoveries, meaning that the interaction of the target peptide is not completed directly
in the binding sites. Moreover the core-shell particles retained the peptide LSAPGSQR, with
a recovery about 20% in the elution step.
Magnetic MIP particles were thus easily applied for the screening of a small polymer library,
highlighting the polymers with higher affinity and specificity for the target peptide
NLLGLIEAK. The extraction comprises an incubation step which increases the sample
preparation time if compared with the other off-line format as the 1mL-SPE cartridges and the
384-well filter plate. The amount of the polymer required for the extraction strongly depends
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on their magnetism and on the synthesis yield in the Fe2+ and Fe3+ incorporation into the
polymers. Before the extraction, the particles were washed in acetonitrile for the removal of
the polymers which were not magnetic enough to be pulled down by the magnet. When the
polymers have pronounced magnetic properties, the amount to be used is relatively small,
allowing parallel extractions with the same polymer batch. This feature and the easy-handling
of the overall extraction make this format more suited for screening purposes than for the
quantification of NLLGLIEAK in serum matrices for diagnostic purpose.
3.4.4 Off-line SPE -384-well filter plate (Paper III)
The high-throughput screening of polymers libraries requires a setup of an extraction
technique which could easily and rapidly extract a variety of different sorbents and eluents,
simultaneously.
Moreover the opportunity to analyze the collected fractions with different mass spectrometry
techniques is one of the main goals in such screening approach since deeper understanding of
the polymers performances is achieved evaluating the target peptide recovery together with
the capability of the polymers to deplete matrices of increasing complexity from interfering
peptides.
In this scenario the 384-well extraction plate plays a fundamental role as SPE-format being
capable of many simultaneous extractions (up to 384) and capable of being off-line interfaced
with different analytical platforms such as LC-MS/MS and MALDI-TOF analysis, as
described in Paper III.
The extraction occurs directly in the filter plate, loading the slurred polymers into a
MultiScreen HTS 384-well filter plates from Millipore made of styrene acrylonitrile with
polyvinylidene fluoride membrane/polyester supports. The application of vacuum for the SPE
was realized by a Millipore MultiScreen HTS Vacuum Manifold coupled to a vacuum pump.
The eluates were collected into Thermo Scientific Nunc plates made of polystyrene, as shown
in Figure 3.23.
In addition the dispense of multiple solutions in the different wells was realized by a
laboratory automation workstation; in order to enable fully-automated sample preparation
which could increase the reproducibility and rapidity of the extraction.
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Figure 3.23 Schematic representation of the 384-well filter plates and the workflow of the SPE step in the
microwell. (A) 384-well filter plate. (B) SPE sample preparation, where the sample is transferred to the
microwell loaded with SPE material (1), followed by a wash step to remove undesired components (2), and the
captured analytes are then displaced by the elution step (3). Reproduced with permission from Figure 1 of Paper
III. Copyright © 2017, © SAGE Publications.

The 384-well format was preliminary tested by performing the simultaneous screening of five
SPE protocols with identical load and elution phases (50 mM ABC and 80% ACN with 3%
FA) and only differing for the composition of wash solutions (5, 10, 30, 50 and 95 % ACN).
The MIP and related NIP selected for the experiment were RAFT-polymers prepared as
describer in Table 3-1 (see §3.2.1 ). All the SPE fractions were collected and analyzed on the
LC-MS/MS system (Figure 3.24), previously used for the detection of NLLGLIEAK also
during the study of 1 mL-cartridges format (Paper I). This approach allowed the direct
benchmarking of the recoveries obtained using the 384-well format and the studied 1 mL-SPE
cartridges.
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Figure 3.24 Comparison of recovery percentage (R%) in each extracted fraction after loading (L) 20 μl of a 5 nM
NLLGLIEAK peptide in 50 mM ABC buffer on MIP/NIP phases followed by 80 μl washes (W) using solutions
containing different percentage of ACN and eluting (E) with 80% ACN and 3% FA. Reproduced with
permission from Figure S6 of Paper III. Copyright © 2017, © SAGE Publications.

The figure shows good agreement with the recovery trends previously obtained in the study of
1 mL-cartridge (see Paper I). The SPE protocol which uses a wash buffer containing 5% of
acetonitrile (ACN) gives the highest recovery of NLLGLIEAK from both MIP and NIP
polymers and differences between the polymers are not emphasized. On the other hand using
higher concentrations of acetonitrile in the wash buffers (from 10% to 95% in ACN) allows
the differentiation of the NLLGLIEAK recoveries from the MIP and the NIP, emphasizing the
MIP retention but reducing at the same time the peptide elution recovery in both MIP and NIP
elution. Hence, in order to highlight the selective retention of NLLGLIEAK, the strength of
the wash buffer should be 7.5% ACN representing a compromise between the NLLGLIAK
recovery and the maximized retention differences between MIP and NIP polymers.
The accordance of these results with the results obtained in a similar experimental setup using
the 1 mL-cartridge format (Paper I) means that the difference in SPE formats does not affect
the experimental outcome of the polymer investigation, which is thus reliable and only
depends on the polymers properties and the SPE protocols applied.
The 384-well plate was hence used as screening format to investigate a polymer library and
different SPE protocols, all in a single analytical session, for the simultaneous evaluation of
NLLGLIEAK recovery and background removal. The experiment performed for this purpose
was tested on a matrix of reduced complexity such as β-casein digest spiked with
NLLGLIEAK, which was extracted on a polymer library including 6 different polymers (see
Table 3-1) with 4 different SPE protocols according the Table 3-3.
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Table 3-3 Different SPE Optimization Conditions Used for the Semiquantitative Method for Materials PMIP-1–4
to PNIP-1–2. Reproduced with permission from Table I of Paper III. Copyright © 2017, © SAGE Publications
SPE Condition Load Buffer
Wash Buffer
L1W1E1
ABC + 0.5% FA
7.5% ACN + 0.5% FA
L2W2E2
ABC + 0.8% NaOH 7.5% ACN + 0.8% NaOH
L3W3E2
ABC
7.5% ACN
L4W4E3
100% ACN
100% ACN + 0.1% FA
L: load solution; W: wash solution; E: elution; ABC: ammonium bicarbonate
sodium hydroxide; ACN: acetonitrile; NH3 ammonia; MeOH: methanol

Elution Buffer
80% ACN + 3% NH3
80% ACN + 3% FA
80% ACN + 3% FA
50% MeOH + 5% FA
buffer; FA: formic acid; NaOH:

In order to evaluate the background removal, the mass spectrometric analysis was performed
off-line after the extraction on a MALDI LTQ Orbitrap XL (Thermo Fisher Scientific) mass
spectrometer.
The intensity of the target peptide NLLGLIEAK and the sum of all other peptides detected in
the extracts coming from the different polymers with the different SPE protocols (Table 3-3)
are plotted in Figure 3.25

Figure 3.25 Intensity of the analyte peak (NLLGLIEAK) and sum of the background peaks (i.e., sum of the
intensity of the peptide peaks corresponding to the β-casein digest), corresponding to each SPE material in four
different conditions using MALDI-MS analysis: condition 1, L1W1E1; condition 2, L2W2E2; condition 3,
L3W3E2; and condition 4, L4W4E3. The box shows the MALDI-MS intensities generated by the replicates of
the corresponding polymer, and the solid black line inside the box represents the median. Black dots above and
below the boxes represent the outliers. Reproduced with permission from Figure 5 of Paper III. Copyright ©
2017, © SAGE Publications.

The collected data showed a substantial decrease in background signals when the protocols
L3W3WE2 and L4W4E3 providing load solution 3, wash solution 3, elution 2 and load
solution 4, wash solution 4, elution 3, respectively (see Table 3-3) were applied. Although the
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NLLGLIEAK intensity is lower than the intensities measured with the protocols L1W1E1 and
L2W2E2, the protocols L3W3WE2 and L4W4E3 allowed the selection of two candidate
sorbents (MIP-4 and related NIP-2) which showed selective retention of the target peptide in
these conditions.
Hence, this experiment confirmed the feasibility of using the SPE-protocol L3W3WE2 on
EAMA-based MIP and NIP, as previously optimized in Paper I. Moreover, the experiment
highlighted the opportunity of using a completely new extraction procedure such as L4W4E3
which could drastically remove the signal interferences from other matrix peptides, enriching
the target peptide NLLGLIEAK. In addition, the coupling of the 384-well format with
MALDI-MS analysis allowed the rapid screening of the polymer library by avoiding the
extended LC-MS analysis time.
The 384-well plate thus demonstrates to be a convenient SPE format which can be easily
interfaced with different MS setups creating an efficient experimental platform for the highthroughput screening of SPE protocols and sorbents. The chance of automatizing the sample
extraction by using a Laboratory Automation Workstation further minimized the sample
preparation time together with the risk of sample handling errors, giving a convenient and
robust analytical platform to be employed for screening purposes.
3.4.5 On-line SPE –Integrated Selective Enrichment Target (ISET)-plate (unpublished
work)
In the frame of searching for SPE-platforms, which can be directly integrated in the mass
analyzers for rapid, automated and high-throughput screening of polymer libraries, the ISET
plate was investigated as SPE-format for on-line MALDI-TOF analysis of NLLGLIEAK.
The ISET plate is a silicon wafer, 53 x 41 mm in size, etched by Deep Reactive Ion Etching
(DRIE) technique in order to produce 96 miniaturized wells (30 x 30 μm) where is possible to
pack sorbent materials and to perform 96 parallel SPE experiments (left part of Figure 3.26)
[171-173]. The plate has the dimension and geometry suited for the fitting in an automated
sample handling workstation and in the target holder of a MALDI loading-plate.
Since no sample transfer/treatment is needed before the ionization in the mass analyzer, the
ISET plate format can be considered an on-line format.
The SPE process occurs directly on the wafer by the application of vacuum in a 384-pitch
manifold and the eluate is collected by the rotation upside down of the plate, which allows the
collected drop to dry with the crystallization of the α-cyano-4-hydroxycinnamic acid (CHCA),
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added in the elution phase for the ionization in the MALDI source, as schematically
represented in Figure 3.26.

Figure 3.26 Schematic representation of the MIP-SPE experiment on the ISET-plate. Adapted with permission
from Figure 1 and Figure 2 of Jagadeesan et al. [173]. © 2015 Elsevier B.V.

Diverse experimements were performed with this format with the aim of testing several SPE
protocols and sorbent polymers. As example of the data obtained with the ISET-MALDI-TOF
one of the experiments is detailed as follow: three of the polymer library (2 MIPs and related
NIP, see paragraph §3.2.1) were RAFT polymers based on EAMA monomer and DVB crosslinker and six different protocols were applied simultaneously, according Table 3-4.
Table 3-4 Experimental plan for the screening of the materials MIP-3–4 and NIP-2 using 6 different wash
conditions starting from the same loading and elution buffers.
Load
Wash 1
Wash 2
Wash 3
Wash 4
Wash 5
Wash 6
Elution
(10 μL)
(2x2.5 μL)
(2x2.5 μL) (2x2.5 μL) (2x2.5 μL) (2x2.5 μL) (2x2.5 μL) (2 μL)
50 mM
30%
30%
20%
20%
80% MeCN,
30 %
20 %
Ammonium
MeOH,
MeOH,
MeOH,
MeOH,
3% TFA, 10
MeOH
MeOH
bicarbonate
3% NH3
0.1% TFA
3% NH3
0.1% TFA mg CHCA
MeOH: methanol; NH3 ammonia; TFA: trifluoroacetic acid; MeCN: acetonitrile; CHCA: α-cyano-4hydroxycinnamic acid matrix.

The polymers were washed and suspended in MeOH before the packing into each ISET well
by the sedimentation of 2 μL of the polymer slurry, according the setup described by
Jagadeesan et al.[173]. After MeOH removal by vacuum flow-through, 10 μL of the tryptic
digest mixture (500 nM Yeast Alcohol dehydrogenaqse 1 (YADH-1) and 500 nM ProGRP
isoform 1) were loaded onto the polymers. The SPE protocols were subsequently applied and
the elution drops were collected as described above, lowering the vacuum with the aim to
create a confined spot of the analyte around the well outlet-hole, for a better crystallization of
the CHCA matrix. After plate rotation and spot complete dryness the plate was inserted into
the MALDI plate holder and full scan MALDI –TOF spectra were acquired. As an example of
the spectra acquired the first 3 SPE protocols on MIP 3 and NIP 2 (see Table 3-1) are reported
in Figure 3.27.
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protocol different described in Table 3-4.

Figure 3.27 MALDI-TOF spectra of the eluates on the ISET-plate of the EAMA-based MIP (MIP 3) and related NIP (NIP 2) of the Table 3-1, applying the first the SPE
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From the signals acquired in the MALDI-TOF spectra the most predominant are the m/z ratios
948.48

and

2313.15,

corresponding

to

the

peptides

EALDFFAR

and

ATDGGAHGVINVSVSEAAIEASTR respectively. These peptides belongs to the YADH-1
digestion, while the other signal visible at m/z 1618.84 is probably a peptide coming from the
auto-digestion of the trypsin, since it has been revealed also in the MALDI-TOF spectra of the
ProGRP and YADH-1 digestion before the extraction and additionally, does not belong to the
tryptic peptides set obtained for both protein in the in-silico digest.
The signal of NLLGLIEAK (m/z 970.60) is seen in the background of many of the acquired
spectra, but it was not predominant in any spectra and its signal did not show any significant
increase or decrease in connection with the protocol applied.
From the experiments performed on the ISET plate, none of the conditions tested allowed the
selection of a MIP/NIP pair or SPE protocol which could selectively retain the target peptide
(NLLGLIEAK) or substantially deplete the analyzed peptide from the interfering background.
A reason for this circumstance could be found in the limited capacity of these polymers,
which requires higher polymer quantities in order to achieve selective and efficient
extractions. Another reason could be found in the MALDI-TOF detection mechanism where
the ions intensity strongly depends on the ions attitude to fly in the TOF detector. Further
information regarding the ions abundancy could be thus obtained by using another detection
technique such as ESI-MS. In this context the 384-well plate format was a more convenient
format to be applied for fast high-throughput screening of RAFT MIP-libraries, since the
amount of polymers in each well could be 10 times higher than the amount allowed in the
wells of the ISET-plate and, additionally, the collected eluates could be analyzed by ESI-QqQ
and MALDI-TOF at the same time.
3.4.6 On-line SPE trap-column (paper IV)
In order to set up an automated biomarker quantification requiring low sample volume and
minimal sample handling, the SPE cartridge was directly integrated in the LC-MS systems, by
using a trap column before the analytical column, as shown in Figure 3.28.
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Figure 3.28 Schematic representation of the on-line SPE trap-cartridge integrated in the LC-MS/MS system: at
the beginning the serum peptides are loaded into the trap column along the red line and excess goes to the waste,
while LC pumps equilibrate the analytical column (black line). Successively the valve is switched and the trap
column is connected (via the dashed black lines) to the LC pumps and the analytical column coupled to the ESIMS/MS for data acquisition.

MIPs and NIPs synthetized via precipitation polymerization (see §3.2.2) were packed into
trap columns (1.4 × 5mm) between 1 μm stainless steel frits at G&T Septech site (Ski,
Norway). The wet packing of the polymers was performed by suspending around 10 mg of
polymer in 1200 μL of acetonitrile. 200 μL of the slurry were subsequently loaded into the
cartridge and flushed using a flowrate of 500 μ L/min of 70%acetonitrile, as described in
Paper IV.
The cartridges were first checked for selectivity comparing MIP and NIP cartridges and
observing the retention time of the target peptide NLLGLIEAK and the retention time of a
peptide which should not be retained as LSAPGSQR (proteotypic peptide of the ProGRP
isoform 1 only). Since the study was focused on the peptide separation occurring into the MIP
and NIP trap column only, the digested ProGRP isoform 1 was loaded onto the MIP and NIP
columns directly coupled with the ESI interface of the triple quadrupole without the analytical
column. The SRM transitions corresponding to NLLGLIEAK and LSAPGSQR [165] were
acquired from the moment of the injection to the end of the gradient. The results of this
experiment are shown in Figure 3.29.
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Figure 3.29 MS/MS Chromatograms of 10 nM digested ProGRP isoform 1 obtained by using MIP B (orange)
and NIP B (black) coupled directly to the MS detector without analytical column. Reproduced with permission
from Figure 2 of Paper IV. Copyright © 2017, Rights Managed by Nature Publishing Group.

From the figure, differences between MIP and NIP retention can be seen. The peptide
LSAPGSQR is poorly retained in both cartridges giving a slight retention difference (0.25
min), while NLLGLIEAK is longer retained in the MIP (1.27 minutes longer than the NIP). In
addition the NLLGLIEAK elution time above the 19 minutes, was indicative of the suitability
of the MIP column to be further used as a trap column followed by the analytical column.
A wide optimization of the sample preparation, sample volume, loading buffer composition,
load and wash duration successively allowed the analysis of low concentration of
NLLGLIEAK from spiked serum samples (Paper IV).
The linearity of the method was verified over a range of ProGRP concentration from 180 pM
to 109 nM and by looking at the S/N of the chromatogram corresponding to the lowest
concentration, the method LOD was assessed around 17 pM. This was the lowest LOD
achieved with MIP selective for NLLGLIEAK, especially comparing this result with the LOD
achieved by using the 1 mL-cartridge format (Paper I).
Thus patient sera were extracted and analyzed as shown in Figure 3.30.
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Figure 3.30 Analysis of patient serum samples: chromatograms of NLLGLIEAK (orange) and the Internal
Standard (IS) NLLGLIEA[K_13C615N2] (black) (left side) and corresponding ion spectra for selected reaction
monitored (fragments y6 and y7) for NLLGLIEAK determination (right side). Reproduced with permission from
Figure 7 of Paper IV. Copyright © 2017, Rights Managed by Nature Publishing Group.

The ProGRP amounts obtained from this analysis were benchmarked with the ProGRP
amounts previously obtained analyzing the same samples using two reference methods: the
immunocapture – liquid chromatography-mass-spectrometric method (immuno-LC-MS) and
the time-resolved immuno fluorometric assay (TR-IFMA) [174], as shown in Table 3-5.
Table 3-5 Benchmarking of ProGRP concentrations in patient samples measured by the three analytical methods
(Reproduced with permission from Table 1 of Paper IV). Copyright © 2017, Rights Managed by Nature
Publishing Group.
Patient_39
Patient_43

MISPE-LC-MS
2402 pM
1029 pM

immuno-LC-MS[174]
922 pM
918 pM

TR-IFMA[174]
2425 pM
1899 pM

From the table is possible to assume that analyzing samples with high ProGRP amount (such
as Patient_39 serum) by the MIP-SPE-LC-MS method the obtained results are close to the
amount found by TR-IFMA, which is the golden standard of the analytical methods for the
total ProGRP quantification and is currently used in the clinics for diagnostic purposes.
Another consideration raised from the results reported in Table 3-5 is that, in case of extended
disease, clinically relevant ProGRP concentrations are well above the LOD achieved with this
method. Despite these promising results, the developed method is not able to discriminate
healthy donors close to the reference limit of 7.6 pM.
Although this cannot be achieved at the present moment, this format represents a significant
breakthrough in creating a new alternative for total ProGRP quantification which uses
synthetic receptors (such as MIPs) instead of recombinant antibodies.
In addition, remarkable advances in ProGRP quantification are intrinsic into the on-line MIP
SPE format since this format enabled direct integration of the enrichment step with the LC64
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MS system, resulting in the first automated extraction method for ProGRP quantification in
patient samples with low sample consumption (only 50 μL were required for the analysis).
The on-line SPE trap-cartridge was thus not intended to be used for polymer screening
purposes, but the development of this format aimed to comply the analytical requirements
from the clinics in creating a time- and cost- effective analytical strategy with minimized
sample handling and sample-volume consumption.
Since this format was shown to be the most promising setup for clinical serum analysis, the
extraction by on-line MIP-SPE was further benchmarked in terms of specificity, sample
clean-up efficiency and sensitivity in Paper V (see §3.5.4) with two sample pre-treatment
techniques previously applied in the LC-MS analysis of ProGRP: the immuno-capture on
magnetic beads and protein precipitation [165, 161].
For the evaluation of the methods sensitivity, 6 lots of serum were spiked with ProGRP (short
isoform) at two concentration levels, 2 and 20 nM, and further processed using the three
sample preparation strategies. Results are summarized in Table 3-6.
Table 3-6 Spiked serum analysis by using immunocapture, protein precipitation and MIP extraction as sample
pre-treatments. Reproduced with permission from Table 1 of Paper V. Copyright © 2016 Elsevier B.V.

Immunocapture

Protein Precipitation

MIP

Serum volume
(μL)

Concentration
(nM)

S/N

Intensity

Area

1000

2

4711

20325

50

2

442

1000

20

50

b

c

RSD
(%)

LOD
(pM)

523991

7

1

628

10178

16

14

31918

340428

8230091

8

2

20

5798

12345

300639

11

10

1000

2

38

9

211

57

160

50

2

63

34

397

34

96

1000

20

252d

85d

1170d

n.d

238

50

20

389

128

1576

70

154

50

2

534

336

6669

7

11

50

20

8431

2953

11

7

a

a

b

a

a

54342
c

d

n.d: Not determined; Average on the 6 spiked lots of serum samples; Relative to the area; Based on S/N = 3; Number of sample
successfully analyzed: 1.

When the sample volume to be extracted 50 μL MIP extraction performances were shown to
be close to the performances of immunocapture, in terms of signal intensity and
reproducibility (RDS ≤ 11 %). This was the first time that MIP for peptides achieved high
affinity, close to the antibodies performances.
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Limit of detections, calculated from the S/N values, showed to be in accordance with the
values previously reported [161, 165, 132], considering the lower ProGRP concentration (2
nM).
The use of small sample volumes to achieve low detection limits is a convenient property of
the extraction techniques to be employed in the clinics. However, the low volume in the MIP
extraction (50 μL) represents the upper capacity limit due to cartridge overload, while the
immunocapture beads are able to extract larger sample volumes (1000 μL) for the reaching of
very low detection limits.
The extraction of such large volume into the on-line MIP is not possible and sensitivity
cannot be improved by the extraction of larger serum volume as shown in Figure 3.16.
Despite the limitation in achieving LOD below the reference limit of ProGRP (8 pM), the
advantage of the on-line MIP format is the rapid and automated (minimal sample handling is
required) extraction which has shown to be sensitive and reproducible, also by re-using the
same cartridge for several extractions.

3.5 The enrichment of NLLGLIEAK
3.5.1 Theoretical aspect of NLLGLIEAK retention by MIP
Among the polymers tested, the MIP and NIP based on DVB and EAMA.HCl (cross-linker
and functional monomer respectively) showed to have high affinity for the target peptide
NLLGLIEAK.
By looking at the chemical structures of the polymer components and the target peptide
(Figure 3.31 and Figure 3.32), it is possible to pinpoint the groups which interact in the
experimental condition tested.

Figure 3.31 Chemical structures of the DVB (left side) and the EAMA.HCl (right side) used for the MIP and NIP
synthesis.
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Figure 3.32 Chemical structures of the target peptide NLLGLIEAK.

It can be assumed that ionic and hydrophobic forces, taking place at the same time, are the
responsible of the peptide retention in both MIP and NIP polymers. However such mixed
mode-retention mechanism is differently completed in the MIP and the NIP polymers,
causing the general differences in peptide retention and recoveries.
3.5.2 Retention contributions by peptide properties
MIP retention mechanism was deeply investigated in Paper II by looking at the correlation
between the physical-chemical properties of the extracted peptides and their retention in the
MIP and NIP sorbents.
This knowledge was acquired by using multivariate analysis for the design of a correlation
model, by the means of Partial Least Square (PLS) regression, which could interpolate the
peptide elution from the MIP and the NIP with the physical-chemical properties of the
peptides.
Thus the aim was to identify which of the physical-chemical peptide properties (independent
variables or descriptor) contributed to the retention of the peptide in the MIP or in the NIP
cartridge (dependent variable or response).
The retention of the peptide in the MIP and NIP were assessed by SPE experiments where the
MIP and NIP particles were packed into 300 μL pipette tips and the elution of the peptides
was modulated by gradual increasing of the acetonitrile content in the eluent phase (see
§3.4.2). Thus the percentage of acetonitrile necessary to achieve 50% of the total peptide
elution in MIP and NIP cartridges was set as model response.
The PLS regression model was obtained by Unscrambler® program using three principal
components (PCs) and applying random cross validation and the Martens uncertainty test in
order to obtain a validated method and uncertainty limits on the regression coefficients
associated to each descriptor chosen for the model (for details see Paper II).
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The physical-chemical properties of the peptide chosen as model descriptors were: number of
amino acids, number of negative charges, number of positive charges, number of aromatic
residues, molecular weight, gravy index, isoelectric point and aliphatic index. These variables
were considered according to the preliminary hypotheses on the peptide groups which could
interact with the polymer components (see §3.5.1). The accessible molecular surface area as
peptide descriptor was also evaluated but it was not included due to the information overlap
with the information given from the peptide molecular weights [175]. Moreover the set of
descriptors chosen for this model were in accordance with the variables of peptide retention
models previously developed for RP-LC, where the accessible molecular surface area was not
considered in the principal component analysis [176].
The model was based on the linear combination of the initial variables and the resulting
regression coefficients were used to identify the original descriptors that contribute most to
the retention, according to their absolute values and to the uncertainty range associated to
each descriptor, as shown in Figure 3.33.

Figure 3.33 Regression coefficient of the MIP model (A) and NIP model (B) for each descriptor: number of
amino acids (#AA), number of negative charges (#Ne), number of positive charges (#Po), number of aromatic
residues (#Ar), molecular weight (Mw), gravy index (Gra), isoelectric point (pI), aliphatic index (AI).
Reproduced with permission from Figure 5 of Paper II. © Springer-Verlag GmbH Germany 2017.
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The descriptors which gave significant contribution to both the MIP retention model (A) and
the NIP model (B) were the negative charge (#Ne), the isoelectric point (pI) and the aliphatic
index (AI) of the peptides. However in the NIP model also the numbers of aromatic residues
(#Ar) gives a significant contribution and, at the meantime, the absolute value of the negative
charge is slightly inferior to the value displayed in the MIP model.
It is then reasonable to hypothesize an improved selectivity toward peptides with acidic
residues in the MIP cartridge due to the interaction of the negative charges on the peptides
and the functional monomer EAMA.HCl, which is positively charged at pH below 10.
Simultaneously peptides with aliphatic side chains such as alanine, isoleucine and leucine
interact with the apolar part of the polymer. However such interactions occurs also in the NIP
polymer, even though the ionic interaction seems to influence in minor extent the peptide
retention, but an additional contribution of the peptide retention is given by the aromatic
group of the polymer skeleton of the NIP interacting with the of the peptide, mainly made up
from the cross-linker of the polymer reaction (DVB).
Differences in retention models could be explained in the structural organization of the
functional monomer EAMA.HCl within the polymers. The polymerization of the MIP
provides the addition of the template molecule at the beginning of the synthesis. Thus the
template arranges and organizes the directions of the functional monomer EAMA.HCl before
the addition of the cross-linker DVB, which is responsible of the polymeric reticulation
growth. In the NIP polymer instead, the absence of the template causes a random
incorporation of EAMA.HCl in the polymeric structure. A reason why the negative charges
contribute more in the MIP retention model could be the molecular recognition mainly
occurring within the binding sites where the functional monomers are properly directed. Viceversa, in the NIP polymer, the contribution from the negative charges becomes less effective,
probably due to the random distribution and orientation of EAMA.HCl. In this case the
interaction with the polymer structure is increased, probably promoted by an ordered
reticulation. In fact, the absence of the binding sites within the NIP could lead to a polymeric
skeleton without distortions.
The isoelectric point of the retained peptides plays a crucial role in the peptide retention in
both MIP and NIP, thus the effect of the pH on the extraction process is a variable to be
considered and studied with the aim of maximizing the SPE efficiency and acquiring further
insights on polymers retention.
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3.5.3 The role of pH in peptide retention.
The pH contribution has been extensively studied within Paper II and partially investigated in
the SPE optimization in Paper IV.
Both studies considered the change in charge distribution on the target peptide NLLGLIEAK
and on functional monomer caused by the pH: by looking at the pKa of the basic terminal of
EAMA.HCl (see Figure 3.34) and the acidic residues (glutamic acid - Figure 3.35 - and the
lysine C-terminal - Figure 3.36) of NLLGLIEAK it is thus possible to estimate the pH range
(between 2 and 9) where the interaction between these species will be promoted.
In Paper II an experiment was performed in order evaluate the pH effect on the loading of
NLLGLIEAK and on the wash step of the SPE. The choice of the pH of these steps was
driven by the combination of pH values where the functional monomer EAMA.HCl and the
acidic chains of NLLGLIEAK could change their charge state.

Figure 3.34 Microspecies distribution vs pH of the functional monomer EAMA.HCl occurring in both MIP and
NIP polymers. Adapted with permission from Chemicalize.org [177].

Figure 3.35 Microspecies distribution vs pH of the glutamic acid (E) in the target peptide NLLGLIEAK.
Adapted with permission from Chemicalize.org [177].
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Figure 3.36 Microspecies distribution vs pH of the lysine (K) in the target peptide NLLGLIEAK. Adapted with
permission from Chemicalize.org [177].

Four different pHs (2.2, 7.1, 9.5 and 12.0) were then tested and the recovery of each SPE step
was calculated and is shown in Figure 3.37.

Figure 3.37 Influence of the loading pH on the NLLGLIEA[K_13C615N2] recovery in all the collected SPE
fractions (flow through, wash and elution). Reproduced with permission from Figure 7 of Paper II. © SpringerVerlag GmbH Germany 2017.

By matching the pKa information with the recovery results, it could be inferred that at pH 2.2
the interaction between polymers (both MIP and NIP) and targeted peptide is based on the
functional monomer EAMA.HCl, positively charged, and the peptide C-terminal carboxylic
acid, negatively charged. At this pH the glutamic acid of the target peptide slightly starts to be
negatively charged, thus the interaction between this group and the polymer is weak and
additional retention has to be ascribed to the hydrophic interactions between polymer
structure, given from DVB, and aliphatic peptide chains. This circumstance can also explain
the partial the elution recovery from both cartridges, which follows a wash step where the
target peptide is partly lost.
Another consideration on the MIP recovery (~ 20%) can be done by comparison with the NIP
recovery (~ 80%). The difference in NLLGLIEAK retention could be ascribed to the
increased NIP tendency to retain peptides with aromatic and aliphatic groups over the
negative charges, as previously shown in the comparison between MIP and NIP retention
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models (see Figure 3.33). Thus the supplementary hydrophobic interactions mainly occurring
in the NIP cartridge could be responsible of the higher recovery; while the MIP cartridge,
retaining peptides essentially by ionic interaction, misses the most part of NLLGLIEAK in the
wash step.
In the experiment performed at pH 12.0, the MIP and NIP cartridges show similar behavior.
The ionic interactions are massively reduced as the EAMA.HCl is not charged and most of
the target peptide is thus lost in the sample load and wash of both cartridges. Also in this case
the increased NIP recovery could be attributed to stronger hydrophobic interactions.
When the pH is 7.1 and 9.5 both glutamic acid and the C-terminal carboxylic acid of the
peptide are negatively charged. Thus a strengthening of their interactions with the
EAMA.HCl, positively charged, is displayed in both MIP and NIP cartridges. In this instance
almost the totality of the peptide is recovered in the elution step without losses in the load and
wash steps.
Similar results were found in the study on loading pH in Paper IV (packing the MIPs in the
on-line trap cartridge) during the SPE optimization, as shown in Figure 3.38

Figure 3.38 Effect of loading pH on retention times and peak areas of NLLGLIEA[K_13C615N2] (5 nM) extracted
on both MIPs. Reproduced with permission from Figure 3 of Paper IV. Copyright © 2017, Rights Managed by
Nature Publishing Group.

Since this study was performed on the on-line MIP cartridges, the retention within the
polymers was quantitatively assessed by the retention time. The higher was the loading pH,
the longer the peptide was retained within the cartridges, revealing a strengthening of the
ionic interactions between the positive charge of EAMA monomer and the negative charges
of the glutamic acid residue and the lysine C-terminal of the peptide.
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Loading the peptide at pH 3.0 allowed the peptide retention mainly by the carboxylic group of
the lysine C-terminal.
However, in this study the drop in signal intensities was substantial compared to the increase
in retention time. Since loading solution with pH above 7 led to incomplete peptide ionization
in the MS detector, the solution with pH 3.0 was used for the sample loading in the further online SPE development.
3.5.4 The clean-up effect of MIP extraction: removal of matrix interferences and
benchmark with other analytical strategies for ProGRP
In Paper V a study on the clean-up efficiency of the MIP extraction was performed by
qualitative and quantitative approach, comparing the extract from the online-MIP SPE with
the extracts obtained by immunocapture and protein precipitation, two sample preparation
methods previously applied in the analysis of ProGRP [165, 161].
The study aimed to compare the performances of these three sample preparation methods in
terms of ion suppression and specificity of the enrichment.
The ion suppression assessment was a qualitative study aimed to check for ion signal drop or
enhancement of the target peptide NLLGLIEAK in the tandem mass analyzer. It was realized
by the signal acquisition over the chromatographic run of the NLLGLIEAK solution, of the
digestion buffer and of the sera extracted with the three methods, and the simultaneous postcolumn infusion of a standard solution of NLLGLIEA[K_13C615N2]. This setup facilitated the
direct comparison of the results obtained with the three techniques. In fact, a quantitative
evaluation would have been required a more complicated extrapolation of the different
methods, since the MIP-cartridge was an on-line sample preparation, while immunocapure
and protein precipitation were off-line techniques. Results of the experiment are shown in
Figure 3.39.
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Figure 3.39 Chromatograms of LC-MS method with post-column infusion experiments for qualitative
assessment of matrix effect in samples extracted by immunocapture (A), protein precipitation (B) and MIP (C)
by using the NLLGLIEA[K_13C615N2] 5nM, the 6 extracted serum lots and ABC 50 mM. Reproduced with
permission from Figure 2 of Paper V. Copyright © 2016 Elsevier B.V.

Since the NLLGLIEA[K_13C615N2] solution is introduced post-column into the mass detector
at a constant rate, a constant ion current should ideally be observed over the entire
chromatogram if no suppression/enhancement is given by interferences in the serum extracts
[178].
From the performed experiments, it is possible to notice how the amount of ion suppression is
dependent on the sample preparation applied. The immuno-capture (A) showed no ion
suppression or enhancement since the serum extracts have constant ion current as the
ammonium bicarbonate buffer or the standard peptide elution; while the protein precipitation
(B) gave extracts rich in interfering species, being the sera ion current enhanced in many parts
of the chromatograms and significantly below to the ion currents of the buffer and the
standard solution in the elution range of NLLGLIEAK.
The on-line MIP-SPE gave a minor ion suppression effect in the retention time of
NLLGLIEAK since the extracted sera intensities were marginally below the buffer and the
standard peptide baseline. However interfering species were also extracted in the MIP
cartridge, giving an extra peak before the elution of NLLGLIEAK.
Thus, a further study was performed to identify the interfering peptides, which were coextracted during the sample preparation using immunocapture, protein precipitation and
online MIP-SPE. The experiment required the injection of the sera extracts to the LC-LTQ74
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Orbitrap mass analyzer in order to gain the necessary resolution for the peptide identification,
thus the on-line MIP SPE extracts were formerly collected as heart-cut fraction of the
analytical run, collected in the elution range of NLLGLIEAK (from 34 to 37 min), and then
injected in the LC-LTQ-Orbitrap mass analyzer.
The peptide identification was performed by the processing of the raw MS-files with
Proteome Discoverer 1.4 (Thermo Fisher) and the subsequent protein identification was based
on the presence in the extracts of unique peptides. In Figure 3.40 the Venn diagrams of the
number of identified peptides (A) and proteins (B) in all the extracts coming from the three
tested techniques are shown.

Figure 3.40 Venn diagrams of identified proteins (A) and all peptides (B) co-extracted with NLLGLIEAK after
immunocapture (red), protein precipitation (blue) and on-line MIP extraction (green) (Reproduced with
permission from Figure 3 of Paper V). Copyright © 2016 Elsevier B.V.

Only 16 peptides were commonly co-extracted by all three techniques. Surprisingly, the
immunocapture extracts displayed a high number of peptides (708) and only 161 peptides
were found in protein precipitation extracts.
The MIP-SPE gave the extracts with the lowest number of identified peptides (116). Not
surprisingly, almost half of them (31+16) were shared with protein precipitation extracts,
easily understandable since a step of protein precipitation is used also before the on-line MIP
extraction for the depletion of serum albumin.
Similarly, the highest number of identified proteins was in the immunocapture extracts (61)
followed by the protein precipitation extracts (41). Again MIP extracts showed the lowest
number of identified proteins. Among them, only four proteins were shared among the sample
pre-treatment methods: serum albumin, apolipoprotein A-I, apolipoprotein A-II and alpha-1antitrypsin.
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The protein identification was validated using Scaffold 4.5.3 (Proteome Software Inc.) which
allowed the relative protein quantification based on the spectral counts. In Figure 3.41 the
quantification of the four proteins common in all the extracts are shown.

Figure 3.41 Quantity of the common proteins (based on spectral counts) left in the sample after the three sample
preparation method (Reproduced with permission from Figure 4 of Paper V). Copyright © 2016 Elsevier B.V.

As expected, in the immunocapture extracts low quantities of the four common proteins
(normalized total spectra < 1000) were found. In the protein precipitation extracts, the serum
albumin was highly expressed (7000 spectral counts) and the quantity of apolipoprotein A-I
reached the 2000 spectral counts.
In the MIP extracts a high quantity of serum albumin was found (11000 spectral count),
despite the preliminary serum albumin precipitation step before the extraction.
For the explanation of the obtained results and further characterization of the clean-up effect,
the abundancy of the identified proteins in plasma was considered by using Peptide Atlas
(build 2015-09 Non-Glyco) (see Table S7 in the Supporting Information of Paper V).
Most of the identified proteins in the extracts from online MIP-SPE and immunocapture are
low-abundant proteins, mainly present in plasma in the range of ng/mL; while the majority of
the proteins identified in the extracts of protein precipitation are in the range of μg/mL.
The four proteins common to all extraction techniques are high abundant proteins in the range
of μg/mL.
In light of this, it is possible to explain the high number of identified peptides and protein in
the extract of the immunocapture. In fact Fonslow et al. [179] previously described the
improved identification of low-abundant peptides and proteins by the depletion of the most
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abundant proteins. This circumstance is displayed here in the immunocaputure extracts where
the identification of lower-abundance proteins and peptides which naturally occur in serum
matrices in elevated number is increased. This hypothesis well agrees also with the absence of
ion suppression or enhancement of the experiment previously shown in Figure 3.39, and with
the low quantity of abundant protein displayed in Figure 3.41.
On the other hand, the number of identified peptides and high abundant protein in the protein
precipitation extract was not surprising, being protein precipitation rather unspecific and
being affected by ion suppression and enhancement from many species co-extracted together.
The MIP on-line SPE allowed the clean-up of many interfering species. The identification of
low abundant proteins was the consequence of the depletion of many abundant proteins. The
clean-up effect of the MIP extraction in this circumstance has to also be linked to the on-line
setup which allowed to collect a heart-cut of a limited elution range (from 34 to 37 minutes)
and to discharge all the species eluting before and after.
In this elution range, the enrichment of peptides coming from serum albumin (Figure 3.41)
was unintended but could explain the increase in ion current registered at 34 minutes during
the experiment checking for ion suppression/enhancement (Figure 3.39).
It is thus plausible that serum albumin peptides interact with the hydrophobic structure of the
polymer and the charges of the functional monomer, being released close to the retention time
of NLLGLIEAK.

3.6 Future perspectives
The findings described in this thesis have showed the real application of MIPs in proteomic
settings, by the enrichment and the quantification of cancer biomarker from patient samples.
However before the developed approach can be effectively integrated of the in clinical
settings, the extraction reproducibility and analysis sensitivity have to improve.
In first instance, using of new reagents and protocols could ensure higher particle
reproducibility in the MIP synthesis, especially concerning sizes and porosity. The use of
different cross-linker and more specific functional monomers could ultimately lead to reduced
unspecific interactions with interfering peptides. Moreover, the increase of MIP synthesis
reaction yield is desirable to allow parallel testing of the materials, fundamental for the
extraction optimization outcome.
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Adding of multiple targets in the reaction media could be achieved by using new imprinting
strategies. This would result in the enrichment of multiple peptides coming either from the
same protein biomarker (as the simultaneous enrichment of NLLGLIEAK and LSAPGSQR
for the determination of ProGRP) or from different protein biomarker with combined clinical
value for the same disease (such as ProGRP and the NSE).
Concerning the improvement of the analytical methods, the coupling of MIP with modern
nanoLC‐MS/MS could tremendously increase the method sensitivity, reaching LOD lower
than 7.6 pM, the ProGRP refenece value.
Despite the on-line MIP enrichment has decreased the handling and extraction time of the
MS-assays for the quantification of ProGRP by immune-capture (from 60 to 15 minutes)
much can be still done in terms of automation and analysis time. The efficiency of the
albumin removal by acetonitrile protein precipitation could be improved by a preceding
chromatography dimension, such as size exclusion or ion exchange chromatography. These
techniques should ensure the effective removal of the albumin, leaving the sample in a buffer
solution with a pH suitable for the further protein digestion. In addition, the proteolytic step
could be performed into an on-line system providing the immobilization of Trypsin into an
enzyme reactor [180], resulting in a fully-automated ProGRP analysis.
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4 Concluding remarks
This thesis has disclosed the application of MIPs to the targeted LC-MS analysis of the
biomarker ProGRP, relevant for the SCLC diagnosis.
Among the tested polymers, MIPs produced using EAMA.HCl, as functional monomer, and
DVB, as cross-linker, shown superior ability to selectively recognize, capture and release the
signature peptide of ProGRP, NLLGLIEAK, for the further MS determination.
The diverse synthetic protocols applied led to the differentiation of the physical-chemical
properties of the MIP particles, determining their feasibility to be integrated in different SPE
formats. Precipitation polymerization gave homogeneous microspheres particularly suited for
the packing into on-line SPE columns, while RAFT-polymers were easily integrated in-house
into off-line formats, such as 1 mL-cartridges, 300 μL-tips, 384-well and ISET plates.
The ISET plate was revealed to be an inefficient format for the simultaneous screening and
optimization of SPE protocols, but the 384-well filter plate enabled high throughput screening
of MIP libraries and SPE conditions at the same time, by using both LC-MS/MS and MALDITOF analysis.
The use of on-line trap column for automated MIP-SPE gave major breakthroughs in the
MIPs application to the quantification of ProGRP. The developed method reached a limit of
detection of 17 pM being able to accurately quantify the ProGRP concentrations occurring in
patients sera. In addition the automated on-line extraction improved critical aspects of the
established methods providing LC-MS quantification of ProGRP, by reduction of the sample
handling, sample volumes (only 50 μL required) and extraction time (15 minutes).
Considering the aforementioned method, the suitability of employing MIPs, able to
selectively extract tryptic peptides, for further targeted protein MS analysis, has been
demonstrated in this thesis by the quantification of the marker ProGRP. Hence the prospect of
implementing synthetic receptors in biomarker analysis and other proteomic applications is
now opened.
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