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Introduction 
Since the development of the first blood serum test to detect colon cancer by Dr. Joseph 
Gold in 1965 [1] the discovery and application of proteins as diagnostic biomarkers for 
diseases have been gradually increased. Today, more than 100 different proteins are 
analyzed in serum and plasma for diagnostics purposes, and their number continues to 
grow [2,3]. Moreover, in clinical practice the discovery and application of new, more 
relevant biomarkers is ongoing. One example of such biomarkers are proteins from 
neurotrophic factors (NF) family [4]. This is a group of small proteins secreted by neurons 
and neuron-supporting cells and supporting the survival of neurons. The correlation 
between the level of these proteins in serum and a number of neurological and mental 
diseases has been established [5,6]. For example, it was shown that serum level of the 
brain-derived neurotrophic factor (BDNF) is associated with disorders of brain function 
caused by neurodegenerative diseases (such as Alzheimer’s and Parkinson’s) and 
depression [7–9]. Simultaneously, it was noted that cerebral dopamine neurotrophic 
factor (CDNF) is a therapeutic protein and is able to cause a positive effect in the 
treatment of traumatic spinal cord injury [10,11]. 

The greatest analytical challenge is the determination of low protein concentrations 
usually occurring at the early stages of the disease, whilst the early and reliable diagnosis 
of the disease helps prevent fatal changes in the body. Nowadays, the concentration of 
proteins in body fluids is determined in various ways, including chemical, biochemical 
and immunological methods. However, in many methods, biological molecules are used 
as receptors, that are not stable under environmental changes and are subject to rapid 
aging. From the point of view of a clinical chemist, the optimal analytical device for the 
quantitative determination of protein should be simple, require a small number of 
operations and be resistant to environmental fluctuations. Sensors based on synthetic 
receptors can meet these requirements. 

Molecular imprinting technology is widely recognized as a promising strategy for the 
development of robust synthetic receptors with high selectivity to the analyte [12]. 
Molecularly imprinted polymers (MIP) have been shown to be a promising alternative to 
natural biological receptors in biosensors providing more stable and low-cost recognition 
elements [13]. Currently, this approach is widely used as a simple and universal 
technique for the synthesis of artificial receptors for small organic compounds and large 
biological macromolecules [14]. Concept of the molecular imprinting consists in 
polymerization of a mixture of functional monomers in the presence of a target molecule 
that acts as a template. The binding sites that are generated during the imprinting 
process often have affinities and selectivities approaching those of antibody-antigen 
systems, and molecularly imprinted materials have therefore been dubbed “antibody 
mimics” [15]. MIPs demonstrate some obvious advantages over biological receptors for 
sensor technology: due to their artificial polymer nature, they are intrinsically stable and 
robust, facilitating their application in extreme environments, such as in the presence of 
acids or bases, in organic solvents, or at high temperatures and pressures [16]. 
Additionally, due to the high number of different monomers that are commercially 
available (more than 4000 polymerizable compounds), their properties can be tuned to 
detect a specific analyte [17]. 

The application of MIP-based sensors for detection of different proteins has been 
widely studied. Thus, it was reported about the successful detection of cancer 
biomarkers (such as breast cancer tumour marker (CA15-3) [18], or prostate specific 



10 

antigen [19], cardiovascular disease biomarkers (myoglobin [20] and cardiac troponin T 
[21]), clinically-relevant protein such as IgG antibody [22,23], by MIP-modified sensors. 
Nevertheless, despite the increase in the number of publications dedicated to the use of 
MIPs for the detection of proteins, the molecular imprinting of NFs has not yet been 
reported. 

When designing a MIP for a chemosensor it is very important to ensure the reliable 
interface between the recognition element and a sensor transducer. The surface-initiated 
polymerization method is apparently a suitable in situ synthesis of MIP films, and assists 
in the creation of reliable adhesion of the polymer film on the surface [24]. 
Electropolymerization is a simple and widely used method for realization of this idea 
because the reaction product is a film already localized on the electrode surface having 
a good electrical conductivity. Moreover, this type of polymerization has a high 
stoichiometry of the process that allows obtaining sufficiently pure polymers. However, 
the unstable operation of electrolytes, the limited number of monomers from which 
high-quality polymer layers can be obtained [25], and the complex synthesis of highly 
cross-linked polymers [26] limit the use of electropolymerization for synthesis of MIPs. 
Meanwhile, the use of surface-initiated photopolymerization allows the synthesis of a 
cross-linked polymer with high adhesion to the surface. Photopolymerization provides 
the possibility of a good control of both film thickness and internal morphology, as well 
as the ability of the reaction to be carried out at room temperature [27]. The method of 
controlled/living radical polymerization (C/LRP) can be used to obtain MIP films with 
controlled thickness and composition [28]. The reversible addition-fragmentation chain 
transfer (RAFT) polymerization is the most versatile process among C/LRP techniques. 
There are few studies on the RAFT approach for imprinting of protein MIPs [29] and the 
preparation of MIPs for some small molecules [30,31]. 

The integration of MIP-based recognition elements into various label-free sensor 
platforms has been intensively studied [32,33]. Sensors based on electrochemical 
transduction mechanisms such as screen-printed electrodes (SPE) meet the diagnostic 
objectives since they include, ease of manufacture, compactness, simplicity in handling, 
quantitative determination of analyte in microvolumes of samples and good sensitivity 
at a low cost [34,35]. In addition, sensors based on surface acoustic wave (SAW) 
transmission as well as surface plasmon resonance (SPR) allow observing the process of 
protein binding to the surface in real-time and without using a label. The aforementioned 
platforms are compatible with large-scale manufacturing and multiplexing technologies 
and represent an ideal starting point for the implementation of inexpensive and portable 
sensing platforms suitable for point-of-care devices [36]. 

Thus, the aim of the research is at developing synthesis methods employing  
electro- and photopolymerization techniques for preparation of polymer films 
molecularly imprinted with a NF-protein. The synthesis methods should allow the reliable 
integration of MIP films into various label-free sensor platforms. Two clinically relevant 
NF-proteins: CDNF and BDNF, were used as target molecules for molecular imprinting to 
generate CDNF-MIP and BDNF-MIP, respectively. Capability of the films to bind 
selectively the respective target protein was assessed by the label-free techniques such 
as SAW, SPR, SPE. 
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1. Theory and literature review

1.1 The general principle of molecularly imprinting 
The term “molecular imprinting” refers to the technology for producing synthetic 
molecular systems – molecularly imprinted polymers (MIPs) – capable of mimic natural 
biological receptors. Such synthetic receptors are capable to recognize and bind the 
target molecule with high affinity and specificity [37]. Molecular imprinting is the process 
of producing synthetic polymers in which functional and cross-linking monomers are 
copolymerized around a target molecule to form a tightly cross-linked polymer lattice, 
which acts as a molecular template. The functional monomers initially form a complex 
with the imprint molecule, and following polymerization, their functional groups 
maintain their spatial position due to the highly cross-linked polymer structure [38]. After 
removal of the target molecule in the polymer matrix stay specific binding sites. Thus, 
the molecular memory is introduced into the polymer, and now it is able to bind analyte 
with a high specificity [37]. Depending on the further application MIPs may be obtained 
in different physical forms: particles, films or membranes [39]. There are two distinct 
approaches to molecular imprinting: covalent and non-covalent interaction (Fig. 1.1). 

The covalent approach 
Covalent imprinting is distinguished by the use of templates which are covalently bound 
to one or more functional groups of the monomer. After polymerization, the template is 
cleaved, and the functionality left in the binding site is capable of binding the target 
molecule by re-establishment of the covalent bond. The advantage of this approach is 
that the functional groups are only associated with the template site; however, only a 
limited number of compounds (alcohols (diols), aldehydes, ketones, amines and 
carboxylic acids) can be imprinted with this approach [40]. The covalent coupling process 
can achieve stable coupling, but it needs derivation steps, which are complicated and 
costly, and limited sites for attachment lead to shorter lifetime [41]. 

Figure 1.1. Schematic representation of the non-covalent and covalent molecular imprinting 
procedures. 
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Non-covalent approach 
The great attraction of the non-covalent method is its simplicity. As the formation of the 
template monomer complex is accomplished via non-covalent forces such as H-bonding, 
ion-pairing and dipole-dipole interactions. In non-covalent imprinting the interactions 
between functional monomer and template during polymerization are the same as those 
between polymer and template in the rebinding step. Due to its simplicity, this method 
is the most widely used to create imprinted polymers [40]. However, the drawback is an 
unavoidable inhomogeneity of the binding sites obtained. This owes to the formation of 
a multitude of complexes between the functional monomers and template during the 
initial stages of polymerization [38]. 

1.2 Polymerization processes for synthesis of molecularly imprinted 
polymers 
The synthesis of MIPs can be carried out by thermal polymerization, electropolymerization 
or photopolymerization. The chain reaction of polymerization begins with the activation 
of monomer molecules, which subsequently become active centers of the reaction. 
The radical formation in a polymerization mixture is usually carried out by the presence 
of a specific initiator molecule or by the action of free electrons. As initiators for the 
thermal and photopolymerization substances are used, which can decompose under the 
action of heat or light to form an active radical. After activation, the growth of the 
polymer chain occurs until the chain is broken, or the external effect no longer disappears. 

1.2.1 Thermal polymerization 
The best known initiator of FRP is N,N-azobisisobutyronitrile (AIBN), which is fragmented 
when heated to isobutyronitrile radicals (Scheme 1.1). 

Some of the new radicals bind and deactivate each other or become disproportionate 
to (CH3)2CH(CN) + CH2 = C(CN)CH3. Thus, only a portion of the initially formed 
isobutyronitrile residues can initiate polymerization of the monomers [42]. Thermal 
initiators are quite expensive, although trace quantities of initiators have been reported 
by Chiefari et al to be sufficient to initiate the polymerization [43]. The use of thermal 
polymerization is fraught with difficulties because of impurity traces that can accelerate 
or retard polymerization leading to non-reproducible results. However, the careful 
removal of oxygen that inhibits polymerization and the use of purified fresh monomer 
that has not been exposed to oxygen result in reproducible polymerization [44]. A major 

Scheme 1.1. The thermal decomposition of AIBN. Eliminating a molecule of nitrogen gas to form 
two 2-cyanoprop-2-yl radicals. 
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shortcoming of thermal polymerization for the synthesis of MIPs, especially protein-MIPs, 
is an elevated temperature (85–160 °C) required to initiate the reaction [45] since 
proteins or other biomolecule used as target/template molecules, can be easily 
destroyed at increased temperature. Another disadvantage is that the known thermal 
polymerization initiators are insoluble in water [42] that limits their use for protein MIPs 
synthesis, where the aqueous solutions are preferable in order to keep the native 
conformation of protein molecule. 

1.2.2 Electropolymerization 
Electrochemical polymerization has several advantages over the thermal process. First, 
the reaction product is a polymer film deposited directly on the surface of the electrode 
or sensor transducer. Another advantage of the process is a high stoichiometry of the 
process, which makes it possible to obtain sufficiently pure polymers [46]. Finally,  
the properties of the polymer coating such as porosity and morphology can be 
conveniently controlled by appropriate selection of the experimental conditions such as 
amount of electric charge transferred, solution pH, electrolyte nature. The disadvantages 
are as follows: an unstable operation of the electrolytes, a limited number of monomers 
from which high-quality polymer layers can be obtained, as well as a complicated 
synthesis of highly cross-linked polymers [26]. Electropolymerization is only suitable for 
MIP film formation on electrically conductive surfaces such as gold, silver or graphite. 
Nevertheless, electropolymerization has become one of the popular methods for the 
synthesis of MIP films especially for sensing application, because a polymer can be 
deposited directly on the sensor transducer and the thickness of the polymer layer can 
be easily controlled by the amount of electrical charge passed through the electrode. 
Moreover, after electropolymerization the polymer films do not require any additional 
treatment except the template removal and can be applied directly for analyte 
determination [47]. Using electropolymerization, proteins such as troponin T [21], 
myoglobin [20], immunoglobulin G [23], breast cancer biomarker (CA 15-3) [48], and 
others have been recently imprinted.  

1.2.3 Photopolymerization 
In photopolymerization the initiations of radicals proceeds under UV or visible light 
radiation. Such radical formation does not require thermal activation energies, and 
polymerization proceeds at room temperature or even at very low temperatures [42].  
In photopolymerization, the probability of chain transfer is usually high, resulting in a 
significant number of branched macromolecules [49]. For a successful photopolymerization 
process, it is necessary to provide an oxygen-free medium because molecular oxygen can 
physically quench the activated state of the photoinitiator as well as reduce the number 
of free radicals or active radical sites by forming non-reactive peroxide radicals. This 
problem can be solved with special photoinitiators such as thioxanthone anthracene,  
a polyaromatic photoinitiator, which initiates the polymerization of monomers in an air 
atmosphere. This initiator requires oxygen to form endoperoxide and to decompose and 
generate initiating radicals [50]. The observed insensitivity of thiol-based systems to 
oxygen inhibition is due to the ability of the oxygen-bond-forming peroxy radicals to 
abstract one hydrogen atom from thiols, thereby forming a new initiating phenyl radical 
[51,52]. Thin MIP films prepared using photopolymerization have found application in 
the development of sensors for both small molecules such as diclofenac [53] or 
vanillylmandelic acid [54]) and high molecular weight molecules such as lysozyme [55], 
bovine serum albumin [56], immunoglobulin G [57]. 
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1.3 The polymerization mechanisms 
The radical mechanism of polymerization is widely used for the synthesis of MIPs, mainly 
due to its multipurpose. The radical mechanism does not require rigorous conditions and 
applies to most monomers. However, using free radical polymerization (FRP), it is difficult 
to control chain growth, which leads to high polydispersity and irregularity of the  
cross-linked polymer matrix. Whereas, the controlled radical polymerization mechanism 
provides a linear increase in the molecular weight of the polymer over time, resulting in 
uniform growth of the polymer. 

1.3.1 Free radical polymerization 
FRP is initiated by radicals and propagated by macroradicals. These radicals exhibit an 
unpaired electron. Initiating radicals are rarely formed by monomers themselves but 
rather thermal or photochemical decomposition of initiators or are initiated 
electrochemically. FRP process includes the following steps (Scheme 1.2): 

1. Initiation. Firstly, under the influence of thermal or UV radiation, the initiator 
decomposes with the formation of active radicals. In the case of electro-initiated, 
the formation of active radicals occurs due to the redox process on the cathode 
or anode. The radicals thus generated are capable of chain initiation, resulting 
in a fairly significant proportion of unsaturated end groups. Radical Ri⠁starts 
polymerization. 

2. Propagation and transfer. During polymerization, a polymer spends most of its 
time increasing or increasing its chain length. In the propagation reaction, more 
monomer molecules are added and macroradicals are formed. The propagating 
chain length macroradical deprives the transfer agent of a weakly bound atom 
(e.g., hydrogen or halogen). As a result, a polymer chain with a saturated end 
group is generated as well as a new free-radical, which in turn can react with 
monomer units. The transfer agent may be the monomer itself, the initiator, the 
solvent or any other intentionally added transfer agent [58]. 

3. Termination. There are two models for the chain termination process. First, 
direct coupling (combination) of two free macroradicals to give a dead polymer 
chain of chain length i + j. The second model, so-called disproportionation, 
where a hydrogen atom is abstracted from one of the radical chain ends, 
yielding two stabilized polymer chains, one of which carries a double bond. 

Various types of initiators can be used for FRP: azobis-compounds; aromatic ketones 
and alcohols, esters or t-amines; benzoin derivatives etc. The FRP mechanism is 
implemented in a variety of polymerization types (photo-, thermo-, electropolymerization). 
However, the main advantage of the use of photoinitiator is the possibility to define exact 
start- and endpoints of the polymerization process via the duration of the irradiation 
period. In addition, the rate of decomposition of the photoinitiator depends on the 
intensity of the light and is practically independent of the temperature of the reaction 
medium [58]. 
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1.3.2 Controlled/”Living” Radical Polymerization (C/LRP) 
The C/LRP mechanism (Scheme 1.3) consists of replacing an irreversible bimolecular 
chain termination by a reversible reaction with propagating radical initiator fragments or 
special additives introduced into the polymer in a “catalytic” quantities [59]. Initiators for 
C/LRP can be either prepared in advance or formed in situ. Generally, the structure of 
the initiator should resemble the dormant macromolecular species. In C/LRP, radicals are 
formed reversibly at both the initiation and propagation stages. The concentration of 
radicals is essentially established by balancing rates of activation and deactivation [58]. 
Radicals may either be reversibly trapped in a deactivation/activation process according 
to Scheme 1.3, or they can be involved in a “reversible transfer”, degenerative exchange 
process (Scheme 1.4) [59]. 

C/LRP and FRP follow the same radical mechanism, show the same chemical and 
stereoselective effect, and can polymerize a similar range of monomers. However, in 
C/LRP, the lifetime of growing chains is significantly increased due to the participation of 

Scheme 1.2. Schematic illustration of the free radical mechanism [58], where I2 is the initiator, M is 
the monomer, Ri⠁is a radical of chain length i, S is a transfer agent. 

Scheme 1.3. Schematic diagrams of C/LRP by reversible termination. 

Scheme 1.4. Schematic diagrams of C/LRP by degenerative exchange process.  
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alternating reversible activation. The activation/deactivation process in C/LRP reduces 
the amount of dead chains by less than 10% [59]. When applying C/LRP to MIP synthesis, 
Salian and co-workers [30] demonstrated the improvement in network homogeneity and 
imprinting efficiency in weakly crosslinked polymer networks made via C/LRP compared 
to FRP. C/LRP extended the reaction-controlled regime of the polymerization reaction 
and formed more homogeneous polymer chains and networks with smaller mesh sizes. 
In addition, C/LRP reduces the effect of the template on polymer chain growth, resulting 
in polymers with a more consistent polydispersity index that was independent of the 
template concentration in the prepolymerization solution. 

Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerization 
RAFT polymerization is a reversible deactivation radical polymerization and one of the 
more versatile methods for providing living characteristics to radical polymerization. 
Effective chain transfer agents for RAFT are different dithioesters, dithiocarbamates, 
trithiocarbonate and xanthates [58,59]. RAFT polymerization consists of the simple 
introduction of a small amount of dithioester in a conventional free-radical system 
(monomer + initiator). The transfer of the chain-transfer agent between growing radical 
chains, present at a very low concentration, and dormant polymeric chains, present at a 
higher concentration, regulates the growth of polymer chain and limit the termination 
reactions (Scheme 1.5) [60].  

In an ideal RAFT process, the RAFT agent should behave as a transfer agent [61]. 
The product of chain transfer is also a chain transfer agent with similar activity to the 
precursor transfer agent [62]. The extent to which the side reactions of retardation 
and termination occur in RAFT depends in part upon the selection of transfer 
agent/monomer combinations and of the reaction conditions [59]. The RAFT agent must 
be selected in such a way that its chain transfer activity is appropriate to the monomer(s) 
to be polymerized. RAFT polymerization has also been applied for MIPs preparation 
because of its versatility and simplicity. For example, MIP nanoparticles were synthesized 
via RAFT polymerization with a yield of 14%, that is a significant increase compared with 
similar methods using high monomer concentration and UV initiation [31]. 

1.4 Synthesis strategies for protein-MIP film formation 
The synthesis of thin polymer films has become a popular method for imprinting of 
proteins. Various synthesis strategies of protein-imprinted polymer (protein-MIP) films 
have been developed to prevent the restriction of diffusion of macromolecules in highly 
crosslinked polymer matrices. One of the first strategies proposed was the use of a 
slightly cross-linked hydrogel [63]. A hydrogel is a crosslinked hydrophilic polymer chain 

Scheme 1.5. The mechanism of chain activation/deactivation in RAFT with thiocarbonylthio agents.  
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that swells under the influence of water but does not dissolve in it. In order to improve 
diffusion in macroporous polymer matrices significantly reduce the number of cross-links, 
which leads to a decrease of density of polymers and, as a result, to the loss of specific 
recognition and the rebinding efficiency after several regeneration cycles. It is also 
difficult to imprint large proteins, such as immunoglobulins, since with increasing 
physical parameters of the template it becomes more difficult to maintain selectivity 
[64]. Another approach for the synthesis of protein-MIP films was proposed by Rachkov 
with colleagues. They used a short peptide sequence, which frequently occurs on the 
protein surface, to create specific binding sites. As a result, the imprinted matrix is able 
to recognize the whole protein by a small amino acid sequence-epitope [65,66].  
The so-called “epitope imprinting” allows the synthesis of protein-MIP films from non-
aqueous solvents. However, the binding of a large protein can be difficult due to the 
deficiency of 3D binding sites. Therefore, it is recommended to use epitopes with a 3D 
structure, with a sequence of more than 200 amino acids [67]. 

1.4.1 Surface imprinting 
The surface imprinting approach leading to the formation of polymer with imprinted sites 
located on or close to the polymer surface, enabling easy access to the target 
macromolecules, was shown to be a promising way for protein-MIP preparation [68]. 
Various techniques have been developed to create the protein-selective binding sites on 
the polymer surface. H. Shi with co-workers were first proposed to immobilize the 
protein on the mica surface before the polymerization [69]. Thus, the growth of the 
polymer matrix was limited to the surface of the protein stamp, and the resulting specific 
cavities were located very close to the polymer surface. Electropolymerization has 
increasingly been used to realize the principle of surface imprinting, since this method 
allows precise control of the film thickness by controlling the charge consumed [70–73]. 

1.4.2 Microcontact imprinting of proteins 
One of the prospective approaches to producing protein-MIP films with surface-confined 
binding sites is microcontact imprinting [74]. The microcontact imprinting technique 
consists in the polymerization of monomers in a sandwich structure between a substrate 
and a protein stamp. This method includes three main steps: formation of a protein 
stamp, assembling a sandwich structure and polymerization, separating the protein 
stamp and the formed polymer (Fig. 1.2). In most cases, physical adsorption of the 
template protein on the surface is used to form a protein stamp by incubation in a protein 
solution followed by drying of nitrogen gas [68,75,76]. However, physical adsorption, in 
spite of its simplicity and particularly suitable for the deposition of proteins on various 
surfaces, does not ensure the homogeneity of the layer and the molecules are loosely 
attached to the surface [77]. Alternatively, it is possible to form a protein stamp by 
covalently attaching the protein to a glass pre-modified with reactive groups [78,79].  
This approach allows to obtain a very homogeneous monolayer of proteins on the 
surface [80]. An important advantage of microcontact imprinting is that after the removal 
of the protein stamp, there is very little or no template left in the polymer matrix, which 
leads to the production of a MIP film with more homogeneous binding sites [79]. Also,  
a small amount of protein is usually needed for the formation of a protein stamp in 
microcontact imprinting [74]. The method of microcontact imprinting was used to 
prepare MIP films with lysozyme and RNase A [75], myoglobin [79], prostate specific 
antigen [81], C-reactive protein [74] on glass substrates. 
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1.5 MIP-sensors for protein detection 
1.5.1 Interfacing a MIP film with a sensor transducer 
To create chemical sensors MIP films can be integrated with the transducer surface with 
various types of transduction such surface plasmon resonance (SPR), surface acoustic 
wave (SAW), voltammetry, impedance spectrometry, piezoelectric microgravimetry, 
fluorescence and chemiluminescence spectroscopy. When designing a MIP for a 
chemosensor it is very important to ensure the perfect interaction between MIP film as 
a recognition element and a sensor transducer. MIP films on planar surfaces can be 
prepared by spin coating, surface-initiated polymerization or direct electrodeposition. 
However, the latter method is only suitable for electrically conductive surfaces such as 
gold, silver or graphite. The surface-initiated polymerization method is apparently a 
suitable in situ synthesis of MIP films, and assists in the creation of reliable adhesion of 
the polymer film to the sensor surface [24]. 

Surface-initiated polymerization 
The fixing of polymer films on the substrate surface by the most popular methods, such 
as dip-coating, spin-coating and plasma deposition leads to the formation of a polymer 
film physically (hydrophobic or van der Waals interactions) adsorbed on the surface. This 
gives relatively weak adhesion, making these films not resistant to external factors 
(solvents, high temperature, mechanical stress) and limits the scope of their application 
[82]. To overcome these disadvantages, it is necessary to create covalent or electrostatic 
bonds between the polymer film and the surface of the substrate. Surface-initiated 
polymerization (SIP) is the universal way to do this [24] (Fig. 1.3). To perform SIP, the 
initiator is firstly attached to the surface by electrodeposition [83], self-assembly [24], or 
by the synthesis of the initiator directly on the surface [84,85]. SIP method can proceed 
via different polymerization mechanisms depending on the initiator end-group [86]: 
cationic and anionic polymerization [87], ring-opening polymerization [88], FRP [89], 
RAFT [85], atom-transfer radical polymerization (ATRP) [90]. The SIP method offers the 
capability of the film thickness control, uniform coating of the surface, control over 
composition, high density of grafting [24]. 

Figure 1.2. Schematic diagram of microcontact imprinting procedure for protein-MIP preparation. 
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Figure 1.3. Schematic diagram of surface-initiated polymerization. 

1.5.2 MIP-sensor for detection of clinically relevant protein 
As mentioned above, MIPs can replace the biological receptors used in biosensors for 
clinical analysis, thereby improving the stability of the sensor to environmental 
fluctuations and increasing its service life. Also, there is a growing interest in application 
of MIPs in clinical diagnostics, because the production of MIPs is considered cheaper than 
obtaining antibodies [14]. Currently, many research groups are focused on the synthesis 
of MIPs for the detection of clinically relevant proteins. Thus, it was reported that 
chemosensors based on MIPs successfully detected cancer markers such as breast cancer 
tumour marker (CA15-3) [18], prostate specific antigen [19,91], carcinoembryonic 
antigen [92], epithelial ovarian cancer antigen-125 [93]. In addition, successful detection 
of cardiovascular disease biomarkers (myoglobin [20] and cardiac troponin T [21], 
clinically-relevant protein such as IgG antibody [22,23], has been reported. As concerns 
the imprinting of neurotrophic factor (NF) proteins, so far only the selective recognition 
of another growth factor family protein – vascular endothelial growth factor (VEGF) by 
hybrid MIP nanoparticles as well as by MIP thin layer on SPR and SPE has been reported 
[94–96]. Sellergren’s group has demonstrated the successful application of MIP 
receptors for the selective extraction of β-amyloid peptides, a biomarker of Alzheimer’s 
disease [97]. However, it is worth noting that despite the increase in the number of 
publications dedicated to the use of MIPs for detection of clinically relevant proteins, the 
MIP capable of selective recognition of a NF protein has still not been reported. 

1.6 Neurotrophic factors as target protein 
Neurotrophic factors (NFs) are a family of proteins that are secreted by neurons and glial 
cells and support the survival of nerve cells [98]. They perform an essential function in 
the development and survival of neurons, as well as in the mature nervous system, they 
maintain synaptic plasticity and contribute to the formation of long-term memories. 
The latest studies have confirmed that NFs are associated with the development of 
various neurodegenerative states, such as Parkinson’s, Alzheimer’s, and several other 
mental disorders [6,10,99,100]. Changes in the level of NF concentration in the serum and 
cerebrospinal fluid may be associated with the stages of development of neurological 
diseases, which makes NF proteins potential biomarkers for early diagnosis and 
subsequent neuroprotective treatment. Historically, the first isolated neurotrophic 
factor in purest form was Nerve growth factor (NGF), the next was discovered the 
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Brain-derived neurotrophic factor (BDNF) [101]. Also, the NF family includes such 
proteins as a glial cell-derived neurotrophic factor (GDNF), ciliary neurotrophic factor 
(CNTF), cerebral dopamine neurotrophic factor (CDNF), mesencephalic astrocyte-derived 
neurotrophic factor (MANF) and many others.  

In this thesis, BDNF and CDNF were selected as model NF proteins for imprinting and 
a more detailed description of their properties is provided below. BDNF protein performs 
an important function in the survival of nerve cells by supporting their maturation and 
growth. It was found that the level of BDNF in the patient's serum was relevant to 
neurodegenerative disorders such as Huntington’s, Parkinson’s and Alzheimer’s disease 
[102]. BDNF is a small protein with molecular weight of 27 kDa and isoelectric point (Ip) 
of 9.43 [103]. BDNF has an oval shape with dimensions of 59x31 Å (Fig. 1.4 a). Considering 
the use of BDNF as a template molecule for molecular imprinting, the nature and number 
of available functional groups on the surface of the protein that can subsequently 
participate in the formation of a complex with functional monomers is of great interest. 
BDNF contains 6 tyrosines (TYR), 9 serines (SER), 13 threonines (THR) and 2 aspartic acids 
(ASP) residues, which can form a noncovalent complex with amine groups of a functional 
monomer (calculated by RasMol 2.7.5.2 software using the Protein Data Bank (pdb) file – 
1b8m.pdb). In turn, the hydroxyl groups, carboxylic oxygens and amino groups of a 
functional monomer can interact noncovalently with asparagine (ASN), glutamine (GLN) 
and glutamic acid (GLU) residues on the surface of BDNF. 

CDNF has a therapeutic effect in injuries of the spine and neurodegenerative diseases 
[11,104]. CDNF has molecular weight of 18 kDa. CDNF is a neutral protein with Ip 7.67, 
has an oval shape with dimensions 58x36 Å (Fig. 1.4 b). CDNF contains the surface 
accessible amino acid residues: 16 GLU, 6 TYR, 8 SER, 4 GLN, 9 ASP, 4 ASN, 9 THR 
(calculated by RasMol 2.7.5.2 software using the Protein Data Bank (pdb) file –
1b8m.pdb). CDNF has a 59% similar amino acid sequence to MANF [10]. 

At present, the level of NFs in serum is determined using classical methods such as 
western blotting and enzyme-linked immunosorbent assay (ELISA) [105–107]. These are 
expensive, multi-stage analytical methods requiring a highly qualified analyst and special 
laboratory conditions. Therefore, there is a great demand for rapid, simple, and less 
expensive alternatives for detection of NF proteins. Thus, different kinds of biosensors 
were developed for NF detection: electrochemical sensor with anti-BDNF protein as a 

Figure 1.4. 3D structure of the CDNF (4BIT.pdb) (a) and BDNF (1B8M.pdb) (b) proteins. 
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recognition element [108,109], grating-coupled SPR (GC-SPR) sensor with a propeptide 
as recognition element [110]. However, according to our best knowledge, there is no 
report on MIP-based sensors for detection NFs. 

1.7 Label-free sensing platforms 
Label-based assays are widely used for protein detection and are rather informative, but 
labeling process is usually quite expensive, labour- and time-consuming. Label-free 
detection technique is based on measuring precisely the chemical and physical 
characteristics of the molecules [111]. Sensors generate a response directly during or 
after binding the analyte to the recognition element, without requiring other interactions 
with the labels providing the signal [112,113]. The advantage of this method is a 
significant simplification of analysis, reduction in sample preparation time and analysis 
costs. Therefore, the method of label-free detection is suitable for analysis outside the 
laboratory, where the possibility of using special devices is limited.  

1.7.1 Surface acoustic wave sensor 
Surface acoustic wave (SAW) sensors are based on modulation of surface acoustic waves 
during interaction with material adsorbed onto the sensor surface. The sensor converts 
the input electrical signal into acoustic waves, which interact with the material. Then the 
device converts this wave back into an electrical signal. Changes in the amplitude, phase, 
frequency between the input and output electrical signals are used to determine the 
properties of the material deposited on the sensor surface [114]. Acoustic waves are 
transmitted within a limited guide layer, thus only slightly damping in the aquatic 
environment [115]. The sensitivity of the sensor increases due to changes in the design 
of the guide layer and the selection of more suitable materials [116]. In order to use the 
SAW sensor to detect biological molecules, the sensor surface is usually covered by a 
biolayer that is specific to the analyte. Gold layer makes it possible to functionalize the 
surface with self-assembled layers of thiols, while the quartz allows the use of silanes 
functionalization. Schematic diagram of the device SAW sensor is shown in Fig. 1.5 a. 
There are two interdigital transducers (IDT), the first IDT generates SAW which is 
propagated through the guide layer. The second IDT detects the modulated SAW and 
generates an electrical signal. The sensory layers are located on the delay line, which is 
the distance between two IDTs [117]. The binding of analytes on the modified sensing 
surface will affect the propagation speed and amplitude of the SAW, and as a result, on 
the generated output signal (Fig. 1.5 b). As a rule, changes in pressure, temperature, 
conductivity, dielectric coefficient, and mass can affect the propagation speed of SAW. 
Changes in the propagation speed v of the SAW will proportionally affect the phase p and 
resonant frequency f of the SAW [117]. 

Δv/v= −Δp/p= Δf/f  (1) 

SAW sensors operate in the frequency range from 25 to 500 MHz. Increasing the initial 
resonant frequency can increase the sensitivity of the sensor, but it also contributes to 
an increase in background noise. Therefore, SAW-based microfluidic systems operate at 
low frequencies from 10 to 30 MHz. The sensitivity of the sensor also depends on the 
electromechanical coupling coefficient (K-2) of the piezoelectric material, therefore 
materials with a higher K-2 such as LiTaO3 are preferable for SAW sensors [116]. The use 
of new sensitive materials, changes in the design of sensors, as well as the integration of 
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SAW technology with chemical platforms such as thread network or paper-based, 
increases sensitivity of these methods without loss of sensitivity and portability 
[118,119]. 

SAW sensors were applied for detection of cancer biomarker (mammaglobin [120], 
carcinoembryonic antigen [121], protein PTHrP [122], for the detection of viral diseases 
(hepatitis B [84], papilloma virus [123], for Immunoglobulin G [23,124] and for many 
other proteins. 

1.7.2 Surface plasmon resonance sensor 
Surface plasmon resonance (SPR) technology is based on the total internal reflection of 
a monochromatic polarized light that occurs at the interface between two transparent 
media with different refractive indices (Fig. 1.6 a). There is an angle of resonance at which 
a polarized wave will excite plasmons, which are collective oscillations of delocalized 
electrons. This technique detects changes in the refractive index of a metal substrate 
produced by any affinity binding interactions between biomolecules, immobilized on the 
surface of the transducer and the analyte in solution, without the need for labelling of 
the biomolecule [125].  

The angle at which the resonance occurs is extremely sensitive to any change in the 
refractive index (RI) of the medium adjacent to the metal surface. The energy transfer 
between the incident beam and excited surface plasmons results in a reduced intensity 
of the reflected light, which is measured by a photodetector as the SPR signal [126]. 
A change in the mass on the surface of the sensor chip as a result of binding and/or 
dissociation of the analyte with the ligand causes a change in the angle of incidence of 
light due to a change in the refractive index on the surface of the chip (Fig 1.6 b). 

Figure 1.5. Schematic drawing of SAW sensor design (a) and dependence of signal response to the 
change in SAW wave pattern on molecular interaction (b). 

Figure 1.6. A schematic view of the SPR immunoassay technique: basic components of an 
instrument for SPR biosensing(a), a typical SPR biosensing experiment, showing the optical 
response versus time (b) [128]. 
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The resonance angle shift can provide information on the amount of bound analyte, the 
affinity of the analyte for the antibody and the association (or dissociation) kinetics 
between the antibody and analyte [127]. Changes in the angle of incidence are 
monitored and recorded in the form of a sensogram, a graph of the response unit (RU or 
RIU) versus real time, in seconds (1 RU = 0.0001 = 1 μRIU). For most proteins and 
polymers, a change in 1 RU is approximately equivalent to a change in surface 
concentration of 1 pg/mm2.  

1.7.3 Screen-printed electrode 
Screen-printed electrodes (SPEs) are sensitive disposable electrodes that can be used 
with portable devices [129]. SPE represents a small platform of non-conductive material 
(ceramics, alumina, plastic, etc.) with a working, counter and reference electrodes 
printed on it (Fig. 1.7 a). In the basic technology for the production of SPEs, inkjet printers 
are used where the particles of carbon-containing materials, silver, etc. are included in 
the composition of the coloring powder. The composition of the “ink” determines the 
properties of the electrode. Such electrodes are low in cost and easy to manufacture in 
bulk in any laboratory. Connected to the measuring device and coated with an analytical 
solution, the SPE forms an electrochemical cell. Currently, there are many SPE 
configurations that can be modified to analyze a specific analyte. Multiplex SPE 
applications have also been developed for the simultaneous detection of various 
analytes with an array of 8 SPEs and 96 SPEs in a standard 96-well plate [130]. 
The versatility of SPE allows to modify the sensor in various ways and use a wide range 
of electrochemical analysis methods, e.g. differential pulse voltammetry (DPV), for the 
detection of analytes. DPV is a voltammetry method where a series of regular voltage 
pulses superimposed on the potential linear sweep or stairsteps are used (Fig. 1.7 b). 

The difference in the current values at the beginning and the end of the pulse is 
registered. The measured current increases due to the short pulse time, while the 
differential measurement reduces the influence of background processes.  

Protein-MIPs were successful combined with SPEs for detection of many 
macromolecules such as cardiac biomarker (myoglobin) [20,131], breast cancer 
biomarker (CA 15-3) [48], epidermal and vascular growth factors [95].  

Figure 1.7. Schematic drawing of SPE design (a) and polarogram in DPV (b). 
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1.8 Theoretical models for analysis of adsorption process on the MIP 
surface 
MIPs are selective adsorbents whose properties can be adjusted by the choice of 
functional monomers, imprint method, integration with a more sensitive transducer, etc. 
Therefore, it becomes necessary to evaluate the capability of various MIP films to rebind 
selectively the target molecule. For this purpose, the response obtained after rebind 
experiment were analyzed by fitting the experimental data to theoretical models of 
binding kinetics. Kinetics models of pseudo-first of pseudo-second order reaction allow 
to determine the value of the sensor response under equilibrium conditions (Qeq) as well 
as the reaction rate constant (k) 

Q=Qeq(1-e-k1*t)      (2) 

Q=(Qeq2*k2*t)/(1+Qeq*k2*t)     (3) 

where Q is the response upon template rebinding at time t, Qeq is its value at equilibrium, 
k1 is a pseudo-first order rate constant, k2 is a pseudo-second order rate constant. 
According to the pseudo-first order kinetics model, the adsorbate binds only to a single 
active site on the adsorbent surface and the interactions of adsorbate and adsorbent are 
of physical nature, the rate of occupation of adsorption sites is proportional to the 
number of unoccupied sites [132]. The pseudo-second order kinetic model is used to 
describe strongly heterogeneous systems and also in the presence of chemisorption, 
where the exchange of electrons between the adsorbate and adsorbent occurs 
[133,134]. The applicability of this model increases with the approaching of the studied 
system to equilibrium [135]. 

The ratio between the amount of analyte adsorbed on the MIP surface and its volume 
concentration under equilibrium conditions at a constant temperature and pressure is 
described by an adsorption isotherm. The maximum adsorption capacity and the 
association constant can be determined from fitting parameters of theoretical isotherm 
models such as Langmuir, Langmuir-Freundlich. The Langmuir model is the most 
common model for adsorption describing. The theoretical model was developed by 
Langmuir in 1918 and is based on the assumptions that the adsorbate molecules do not 
interact with each other and each molecule occupies only one adsorption site on the 
homogeneous surface of the adsorbent, forming an adsorption monolayer [136].  

The Langmuir model is expressed as: 

Q=QmaxC/(KD+C)      (4) 

where Q and Qmax are the responses upon adsorbate rebinding at concentration C and 
its saturation value, respectively, KD is the equilibrium dissociation constant.  

To describe a heterogeneous adsorption system the Langmuir-Freundlich (LF) 
isotherm model is widely used. For the first time, this adsorption model was applied for 
MIPs characterization by Umpleby [137]. LF isotherm is a combination of a homogeneous 
Langmuir model and a heterogeneous Freundlich model, that makes it possible to 
analyze various systems at a large range of concentrations. LF describes the relationship 
between the equilibrium concentration of bound (Q) and free (C) adsorbent in 
heterogeneous systems: 

Q=QmaxCm/(KD+Cm)      (5) 
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where m is the heterogeneity index, which can take values in the range from 0 to 1 and 
if values < 1, therefore material is heterogeneous [137]. 

Based on the calculated values of the equilibrium signals or the values of maximum 
adsorption, the relative adsorption capacity of MIP can be estimated using the Imprinting 
Factor (IF), which determines the adsorption capacity of a MIP towards a target relative 
to the non-imprinted polymer (NIP). IF is a general parameter used to estimate the 
imprinting effect, as a large value of IF connotes with the availability of more binding 
sites with high affinity in the resulting polymer, and is defined as [138]: 

IF= Qeq(MIP)/Qeq(NIP)       (6) 

or, 

IF= Qmax(MIP)/Qmax(NIP)       (7) 

where Qeq(MIP), Qmax(MIP) and Qmax(NIP),Qeq(NIP) equilibrium response and response at 
saturation of the target molecule on MIP and NIP, respectively. 

1.9 Summary of the literature review and objectives of the study 
Most modern analytical recognition systems use biological molecules (enzymes, DNA, 
antibodies), which leads to significant limitations in the design of the biosensor 
associated with reduced chemical and physical stability of biological receptors. Molecular 
imprinting technology has been widely recognized as a promising strategy for developing 
robust molecular recognition materials with high selectivity toward the analyte. 
Nowadays, MIPs are a promising alternative to natural biological receptors in biosensors 
providing more stable and low-cost recognition elements. 

The importance of a protein for clinical diagnostics is an essential criterion when 
choosing a target protein for imprinting. The NF proteins, BDNF and CDNF, are potential 
biomarkers of various neurodegenerative diseases. However, despite the increase in the 
number of publications dedicated to the use of MIPs for the detection of clinically 
relevant proteins, the MIP capable of selective recognition of a NF protein has still not 
been reported. Thus, MIP film capable of selective recognition of a NF protein and 
coupled as a recognition layer with a label-free platform can provide a prospective 
solution for preparation of a low-cost robust chemosensor for real-time detection of a 
NF protein that represents a particular interest for clinical diagnostics. 

In terms of effective protein sensing, however, it is required to develop MIP synthesis 
procedures that (i) do not subsequently hinder mobility and conformation of the large 
biomolecules in highly reticulated polymeric networks and (ii) allow their intimate 
integration with a suitable sensor transducer for the direct, label-free detection of 
molecular recognition events. The surface imprinting approach leading to the formation 
of polymer with imprinted sites located directly in the surface layer of the MIP films, 
enabling easy access to the target macromolecules, is a promising way for protein-MIP 
preparation. SI-C/LR photopolymerization as well as electropolymerization are particularly 
attractive methods for the synthesis of firmly adherent protein-MIP films directly on the 
surface of a sensor transducer.  

The use of label-free sensor platforms, such as SPR, SAW, or SPE to create a MIP 
sensor, allows us to study the analytical and selective properties of MIP films without the 
need of labelling. Moreover, the formation of the MIP sensor based on the portable 
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sensor platform will allow the development of point-of-care devices capable to carry out 
the analysis close to a patient’s bed.  

The main aim of the thesis was to develop synthesis methods employing electro- and 
photopolymerization approaches to generate MIPs selective to NF proteins, such as 
CDNF and BDNF, CDNF-MIP and BDNF-MIP, respectively. The methods should allow to 
generate the MIP films reliably integrated with various label-free sensor platforms, such 
as SAW, SPR and SPE. Thus, to achieve this aim, the following objectives were specified: 

● To adapt the electrochemical surface imprinting approach for formation of a 
CDNF-MIP film integrated with SAW; 

● To develop a SI-C/LR photopolymerization approach for preparation of a 
protein-MIP film using a model protein. This includes finding: (i) a method for 
grafting of a photoinitiator on the sensor surface, (ii) optimal ratio of 
monomer/crosslinker and (iii) UV irradiation power and time; 

● To adapt the SI-C/LR photopolymerization approach for formation of BDNF-MIP 
integrated with SPE; 

● To study the capability of CDNF-MIP/SAW and BDNF-MIP/SPE sensor systems to 
detect selectively a respective target protein from aqueous solutions and 
synthetic serum. 
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2 Experimental part 

2.1 MIP film formation by electropolymerization  
The polymeric matrix for protein recognition was formed by electropolymerization of  
m-PD directly on SAW sensor surface preliminary modified with the target protein 
(CDNF) that was immobilized via the linker system having the cleavable S-S bond, DTSSP. 
The protocol for synthesis of CDNF-MIP and non-imprinted polymer (NIP) films on the 
sensor surface was adapted from previous work of our group [23]. Thus, preliminary the 
sensor surface was modified with the target protein (CDNF) immobilized via the linker 
system having the cleavable S-S bond, DTSSP followed by electropolymerization of mPD 
conducted at the constant potential (0.6 V versus Ag/AgCl/1M KCl) applied to the sensor 
surface until defined amount of electrical charge had been passed. To form the molecular 
imprints the polymer was treated in 0.1 M ethanolic solution of 2-mercaptoethanol to 
cleave the S-S bond in the linker system and, subsequently, in the aqueous solution of  
3 M NaCl and DMSO. The respective reference films i.e those that do not have the 
molecular imprints of CDNF in the polymer, non-imprinted polymers (NIPs), were prepared 
by very similar way as CDNF-MIP but excluding the treatment in mercaptoethanol. Thus, 
the template proteins are still covalently retained in the NIP matrix hindering the 
possibility to rebind CDNF at this location. 

Electropolymerization of m-PD on SAW surface was carried out in the custom-made 
5-mL electrochemical cell where a constant potential was applied to the surface of the 
sensor until a certain amount of electric charge had been reached. The growth of  
poly(m-phenylenediamine) (Pm-PD) film was controlled precisely by the electrical charge 
dosage and its thickness was determined by a spectroscopic ellipsometer (SE 850 DUV, 
Sentech Instruments GmbH, Berlin, Germany). Ellipsometric parameters ψ and Δ were 
measured from three spots for each sample in ambient air confining the wavelength 
range between 380 and 850 nm at the angle of incidence of 70°. The spectra were fitted 
(SpectraRay 3 software) with the optical model containing a one-layer Cauchy layer on 
the top of the gold and the thicknesses were determined. 

2.2 MIP film formation by photopolymerization 
The MIP film was synthesized on the surface of the sensors by photopolymerization of a 
mixture of diethylaminoethyl methacrylate (DEAEM) as a functional monomer and  
N,N′-Methylenebis(acrylamide) (BAA) as a crosslinker. The formation of polyacrylamide 
matrix included four basic procedures: 1) modification of the sensor surface with an 
photoinitiator, 2) template protein immobilization, 3) initiation of photopolymerization 
by UV irradiation, 4) template removal and MIP film formation. 

2.2.1 Modification gold surface by the photoinitiator 
In this thesis, a two-stage method for immobilization of the photoinitiator 
(diethyldithiocarbamate, DEDTC) on a gold surface was developed. The SPR sensor or SPE 
served as a substrate for photoinitiator immobilization. The first stage is the electrochemical 
treated in ACN solution containing 1 mM 3.5-DClPD/p-MP, 0.1 M Bu4NBF4 by cyclic 
voltammetry, ramping the potential between -0.6 V and +0.5 V vs Ag/AgCl/KCl electrode 
for SPR sensor, and –0.1 V and 0.5 V vs Ag/AgCl/KCl electrode for SPE at a rate of 50 mV/s 
over two cycles. After that the sensor with grafted 3.5-DClP monolayer was immersed  
in an ethanolic solution of DEDTC 2 mM at room temperature for overnight. Finally,  
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the sensor was thoroughly rinsed with pure ethanol and Milli-Q water, dried with a 
nitrogen flow.  

2.2.2 Protein immobilization 
Two techniques for protein immobilization on the surface for further synthesis of the 
MIP film were applied. In addition to the simple and proven method of physical 
adsorption, methods of covalent immobilization of protein on the glass were applied to 
create a stamp for microcontact imprinting. The cover glass was modified with epoxy 
groups by treatment in 5% 3-GPS solution in chloroform. After that, the modified glass 
was incubated in a special cell with 0.05 mg/mL protein (BSA) solution in PBS buffer at 
room temperature for 2 h and then washed with MillI-Q water and dried with nitrogen 
flow. 

2.2.3 Microcontact imprinting 
Protein-MIP film on modified SPR sensor surface was prepared according to the following 
procedure. The water solution of monomers was prepared by mixing a 5mM functional 
monomer (DEAEM) and 20 mM crosslinking monomer (BAA). After that, 10 μL of 
monomers solution was dropped onto the SPR sensor surface and then cover glass with 
protein was immersed in this solution drop. Glass distributes over on the sensor surface 
a drop of the polymerization solution. Then, the all sandwich-structure was irradiated 
with UV light (300 W/m2, 365 nm) at room temperature during 15 h under nitrogen 
atmosphere. Since during photoinitiator free radicals grafted to the sensor surface are 
formed the polymerization is initiated from the surface. The polymerization process 
carried out in a custom-made cell, which allows the synthesis of protein-MIP and NIP 
films at the same time on a single SPR sensor. After the polymerization process, the 
removal of the protein stamp and extraction of protein was carried in solution containing 
0.07 M SDS and 0.2 M NaOH with heating at 800C. After removal of the glass from the 
polymer film surface, SPR sensor was washed with ethanol and then rinsed with Milli-Q 
water and dried with a nitrogen flow.  

2.2.4 Polymerization of acrylamides on SPE surface 
The prepolymerization solution was prepared by mixing 12.5 μg/mL BDNF, 2.5 mM 
functional monomer (DEAEM) and 15 mM cross-linking monomer (BAA) in 0.05 M PBS. 
The prepolymerization solution (10 μL) was dropped onto the DEDTC-modified SPE 
sensor and left for 30 min for physical adsorption of the protein on the electrode surface. 
Before the photopolymerization the SPE with drop of prepolymerization solution was 
covered with a mask with a hole 20% larger than the diameter of the working electrode. 
The photopolymerization was carried out directly on the working electrode surface 
under UV irradiation (500 W/m2, 365 nm) at room temperature for 30 min. Further, the 
electrode was alternately immersed in aqueous solution 0.2 M NaOH and 10% acetic acid 
for 30 min at vortex circulation (600 rpm) to finally remove the protein from the polymer 
matrix. After that the SPE was washed with MQ and dried under nitrogen flow. NIP film 
was produced in the same way only the prepolymerization solution was prepared 
without the addition of BDNF. 
 



31 

2.3 Rebinding and selectivity studies of protein-MIP films 
2.3.1 Surface acoustic wave (SAW) 
The recognition properties of the synthesized CDNF-MIP films towards CDNF were 
evaluated by the SAW-based biosensor system (Sam®X, NanoTemper Technologies 
GmbH, München, Germany), capable of handling two SAW chips with four sensor 
elements each. The SAW chips, modified with CDNF-MIP and respective reference, NIP 
films were loaded into the SAW system and equilibrated with running buffer (PBS, 
pH 7.4) until a stable baseline was established. Then the consecutive injections of the 
analyte  solutions  at  a  flow  rate  of  25  μL/min  in  the  order  from  lower  to  higher  
concentrations were applied and the signal responses (sensorgrams) were monitored. 
The association phase lasted 12 min and was interrupted by washing the sensor surface 
with PBS solution for 20 min (the dissociation phase). 

2.3.2 Surface plasmon resonance (SPR) 
BSA rebinding on the synthesized BSA-MIP films was studied by SPR. The SPR 
measurements were performed using a two channels SPR system (SR7500DC, Reichert 
Technologies Inc., Depew, NY, USA). The modified SPR sensor with BSA-MIP and NIP films 
was loaded into the system and equilibrated with a degassed PBS buffer solution 
(pH = 7.4) at a flow rate of 25 µl/min until a constant baseline of SPR sensor response 
was reached. Subsequently, the various concentrations of the analyte samples 
(BSA solutions in PBS buffer) were injected into the flow stream by the autosampler 
(SR7120). The SPR sensor was regenerated by injecting 1% NaOH after each injection of 
the analyte. The SPR system was controlled SPRAutolink software (v. 1.1.10-G). 

2.3.3 Screen-printed electrode (SPE) 
The binding affinity and selectivity of the BDNF-MIP films on SPE toward the target 
protein were determined by means of differential pulse voltammetry (DPV). 
Measurements were performed in the 1 M KCl solution containing 4 mM redox probe 
K3[Fe(CN)6]/K4[Fe(CN)6]. The DPV was recorded from 0 V to 0.4 V with pulse amplitude of 
0.025 V, width of 0.05 s and 0.001 V step potential. The DPV curves were recorded after 
30 minutes incubation of BDNF-MIP- and NIP-modified SPE sensor in solutions with 
increasing concentration of the analyte. After that, unbound target protein was removed 
by washing twice in PBS buffer for 5 minutes with a vortex circulation (600 rpm). 
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3 Result and discussion 

3.1 MIP film by electropolymerization 
The electrochemical surface imprinting approach was employed in this study to generate 
CDNF-MIP films with the macromolecular imprints situated at/close to the surface of the 
polymeric film. According to this approach the polymeric matrix was formed by 
electropolymerization directly on the sensor surface preliminary modified with the target 
protein (CDNF) that was immobilized via the linker system having the cleavable S-S bond, 
DTSSP. The protocol for synthesis of CDNF-MIP films on the sensor surface was adapted 
from previous work of our group [23]. 

The CDNF-MIP film was synthesized on the SAW chip by electropolymerization of 
m-phenylenediamine. The oxidation potential of monomer for coulometric deposition of 
polymer was selected on the basis of cyclic voltammetry curves for m-phenylenediamine,
obtained in the range of potentials from 0 to 0.9 V (Fig. 3.1 a). The potential of 0.6 V,
a slightly more positive than the E1/2 potential (0.56 V) for the oxidation of
m-phenylenediamine [139] was selected for electropolymerization. This made it possible 
to obtain homogeneous films with a controlled thickness by adjusting the charge passing
through the surface of the electrode. Depending on the amount of charge the process of
electropolymerization lasted from 0.3 to 7.3 seconds (Fig. 3.2 b), which significantly
reduces the effect of electrochemical processes on the conformation of the protein.

For MIP synthesis by electrochemical surface imprinting approach, the deposition of 
a polymer with an appropriate thickness is one of the most crucial tasks in order to avoid 
irreversible entrapment of a macromolecular template and infeasibility of its removal 
during the subsequent washing out procedures. In order to choose the range of the 
appropriate thicknesses for the polymer film, which confines, but does not irreversible 
entrap CDNF, the length of the whole structure containing the linker system and CDNF, 
was theoretically estimated (Fig. 2, Paper I). 

Assuming that covalent attachment of CDNF via the succinimidyl group of DTSSP 
proceeds predominantly through its lysine residues that are abundant in the protein, the 
size of the resulting structure with random orientations of CDNF might vary from 5.1 to 
7.5 nm. Thus, polymer films confining the immobilized CDNFs till the middle of their 
possible front dimensions i.e. films with thicknesses between approx. 3.4 and 4.6 nm 
would be a good starting point in finding an optimal one for CDNF-MIP.  

Figure 3.1. Cyclic voltammograms at the scan rate of 50 mV/s (a) and сhronocoulometry (b) of 
10 mM m-PD in PBS performed on a gold electrode surface modified by 4-ATP/DTSSP/BDNF. 
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Several polymer films were synthesized in order to study the effect of the amount of 
electrical charge applied during the in-situ electrodeposition on the thickness of the 
resulting polymer film. It was found that the film thickness depends linearly on the 
applied charge value (Fig. 3.2), that made it possible to quite accurately determine the 
film thickness by controlling the amount of applied charge. The difference in the 
thicknesses of MIP and NIP films can be associated with a partial loss of short polymer 
chains during the procedure of removing the template from the matrix. The optimal 
thickness was elucidated after calculation of the molecular imprinting effect or the 
imprinting factor (IF) for every pair of CDNF-MIP and NIP characterized by the same 
thicknesses. The experiments revealed only marginal differences in responses between 
CDNF-MIP- and NIP-modified sensor elements (Fig. 3a, Paper I) most likely due the 
intrinsic affinity of PmPD-based matrix to CDNF resulting in significant non-specific 
binding.  

In order to reduce the non-specific binding, the CDNF-MIP and NIP films underwent 
the treatment in 0.01 M PBS solution containing 0.04 mg/mL HSA beforehand the 
rebinding experiments. Since HSA is significantly larger than CDNF and for this protein, 
there are no specific binding sites on the CDNF-MIP surface, the HSA can bind to the 
polymer film only in a non-specific way and suppress nonspecific adsorption of CDNF on 
both surfaces of the CDNF-MIP film and on NIP film. After pre-treatment in HSA solution, 
the CDNF-MIP film obtained using a charge of 2 mC/cm2 corresponding to the thickness 
of 4.7 nm showed the highest relative rebinding of CDNF as judged by IF of approx. 2.0 
(Fig. 3 b, Paper I). At such thickness the polymer confines about the median dimension 
of CDNF, and, in turn, likely does not hinder its successful extraction to leave behind a 
selective molecular cavity. The found optimal thickness correlates well with the concept 
of surface imprinting approach used in this study. 

3.2 MIP film by photopolymerization 
In this thesis, a SI-C/LR photopolymerization approach for synthesis a protein-MIP film 
reliably interfaced with a sensor surface was developed. Firstly, BSA as a model protein 
for imprinting and SPR as a convenient sensor platform were used to proof of concept 
(Fig. 1, Paper II). In the course of work, the problems of grafting the photoinitiator to the 
surface, creating a protein stamp, finding an optimal ratio of monomer and crosslinker 

Figure 3.2 The calibration graph representing the dependence of the polymeric thickness of MIP 
and NIP films, as measured by VIS-ellipsometry, on the amount of the charge consumed during the 
electropolymerization of m-PD on CDNF-modified gold electrode. The solid lines represent linear 
regression fits. 
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in the polymerization medium and UV irradiation power and time were solved. 
Subsequently, the developed method was adapted for the synthesis of BDNF-MIP films 
on the SPE surface (Fig. 1, Paper III). 

3.2.1 Grafting of the photoinitiator to the gold surface 
To apply a method of surface-initiated polymerization the photoinitiator should be 
attached to the electrode surface (Fig. 1.3). The electrochemical reduction of diazonium 
salts is widely used to modify the gold surface and allows the grafting of various 
functional groups on the metal surface, depending on the substituent on the phenyl 
group [140]. As a result of the modification of the gold surface by 3,5-DClP or p-MP layers, 
the easily accessible chlorophenyl or maleimide groups, respectively, were attached to 
the electrode surface. The photoinitiator, DEDTC, was subsequently attached to the gold 
surface by an electrophilic substitution or addition reaction with pre-deposited layers of 
3,5-DClP or p-MP. Under the action of UV light the initiator molecule decomposed into 
two radicals. The active radicals at the surface were involved in the nucleation of the 
polymer chain, while the inactive radicals were migrated into the polymerization solution 
and participated in the chain growth (Paper II). 

Analysis of the gold surface with deposited 3,5-DClP/p-MP layers using CV and EIS 
methods showed an increase in charge transfer resistance, that indicates the formation 
of thin organic layers on the electrode surface. The XPS data confirmed the successful 
functionalization of gold by 3,5-DClPDT, p-MPDT electrochemical reduction revealing the 
presence of Cl and N elements, respectively (Fig. 5, Paper II). The photoinitiator 
attachment to the functionalized surface was assessed by analyzing the S2p core level 
region of XPS spectra since the photoinitiator compound contains S=S bond. It can be 
seen that in the case of photoinitiator grafting through the 3,5-DClP-layer the intensity 
of the peak at 162 eV is higher compared to the p-MP- modified surfaces. At the same 
time, the presence of peak at 163.7 eV corresponding to S in the S-S bond in the spectra 
of p-MP-modified surface can be attributed by the formation of a disulfide bridge 
between two photoinitiator molecules obviously induced by the UV-light treatment what 
was not the case for the 3,5-DClP surface functionalization. As a result, the part of 
initiator can be excluded from the further photopolymerization process. Taking into 
account all aforesaid, it was decided to select 3,5-DClP as the primary linker for 
photoinitiator grafting to ensure required surface quality for subsequent formation of 
the protein-MIP film formation. 

3.2.2 Optimization of the photopolymerization conditions 
To obtain a highly selective MIP it is essential that the target protein preserves its 
conformation during the imprinting process. Therefore, the effect of the intensity and 
duration of UV irradiation on the protein 3D structure was studied by DLS-based particle 
size analysis and UV-Vis spectroscopy. Analysis of the UV-Vis spectra showed that after 
UV irradiation with a power of 500 W/m2 for 3 and 4 hours, a shift of the absorption 
bands (289.7, 288, and 281 nm) and the appearance of new peaks in the spectra of the 
BSA solution are observed (Fig. 6 a, Paper II). Changes in the UV-Vis spectra can be 
explained by conformational changes in the protein structure after UV irradiation, as a 
result of which the chromophores of aromatic amino acids enter the more polar 
environment. The DLS analysis of the protein molecular size supported that after 3 h of 
UV exposure (500 W/m2), significant changes in the structure of the protein occurred 
since the amount of BSA molecules in their native monodisperse form (hydrodynamic 
diameter 7.4 nm) is substantially reduced (Fig. 6 b, Paper II). At the same time, it was 
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found that irradiation with a lower intensity (300 W/m2) does not cause such a strong 
change in the conformation of the protein and its native form remains intact (Fig. 6 c-d, 
Paper II).  

Since the interaction between the protein and the polymer matrix is based on 
non-covalent interactions it is extremely important to minimize the non-specific 
interactions between a MIP matrix and a protein that can be achieved, for example, by a 
proper adjustment of the hydrophilicity of the polymer matrix by optimizing the ratio of 
monomer/crosslinker. Due to the high content of hydrophobic ethyl groups the DEAEM 
monomer can lead to the formation of a hydrophobic surface promoting the nonspecific 
adsorption of a protein, which adversely affect the selectivity of MIP film. In this regard, 
it is necessary to reduce the influence of hydrophobic non-specific interaction by 
optimizing the ratio of the hydrophobic monomer, DEAEM, and the hydrophilic 
cross-linker, BAA. Moreover, the monomer/crosslinker ratio can influence the textural 
properties of the polymer. Thus, the insufficient numbers of cross-links leads to the 
formation of a polymer matrix with a low specific area and, as a consequence to a low 
capacity of MIP, while the excessive numbers of cross-links leads to the formation of very 
narrow pores and decrease in the number of functional groups resulting in the hindered 
interaction of the protein with MIP [56]. Therefore, the polymer films were synthesized 
at different DEAEM/BAA ratios and the contact angles (CA) of the films were measured 
in order to determine an optimal value of the ratio to produce a polymer of sufficient 
hydrophilicity. As can be seen in Fig. 3.3, the CA value of the polymer film decreases from 
30.7° down to 12.6° along with decreasing monomer/crosslinker ratio, i.e. with 
increasing the fraction of the more hydrophilic BAA crosslinker. Thus, hydrophilicity of 
the resulting polymer matrix can be easily manipulated by adjusting the ratio of 
monomer/crosslinker in the polymerization solution. 

3.2.3 Synthesis of BSA-MIP 
First, to implement the microcontact imprinting method, a protein stamp was prepared. 
As a substrate for the formation of the protein stamp, a thin cover glass transmitting 
ultraviolet radiation in the desired range (340-380 nm) was used. Modification of the 
cover glass by epoxy groups was implemented with the method of silanization. 
Silanization is a low-cost, effective, and widely used method for covalent modification of 
silicon-containing substrates. The technique for covalent immobilization of a protein on 
a glass surface through the formation of amide ether bonds between amino groups of 
protein and the epoxy groups of the 3-GPS linker was developed [141]. The quality of 
protein immobilization (BSA was chosen as a model protein) on an epoxy-silane coverslip 
was demonstrated using epifluorescence optical microscopy and a fluorescein-BSA 
isothiocyanate (FITC-BSA) to visualize protein adsorption on the glass surface. The results 
of epifluorescence optical microscopy showed that the interaction of FITC-BSA with the 

Figure 3.3 Droplets of ultrapure water on the polymer surfaces prepared with the different 
DEAEM/BAA ratios. 



36 

glass surface causes a significant and uniform increase (Fig.2, Paper II) in the green 
fluorescence intensity over the entire glass surface, which indicates the formation of a 
homogeneous layer of protein on the surface. 

The chosen approach for the synthesis of MIP provides the opportunity for the 
formation of specific binding sites on the surface of the polymer film and is able to 
prevent complete entrapment of protein in the polymer matrix. Overgrowing of protein 
by polymer is prevented by a cover glass, on the surface of which target proteins are 
covalently immobilized. The BSA-MIP film was synthesized on the surface of an SPR chip 
preliminarily modified by a photoinitiator. To the simultaneous formation of a BSA-MIP 
film and a non-imprinted film on the surface of a SPR chip, the formation of a protein 
stamp and subsequent photopolymerization are carried out in specially designed cells 
for accurately position of cover glass section with and without immobilized protein above 
the SPR chip surface. The SPR chip previously modified by photoinitiator was placed on 
the bottom. A drop of the solution containing the functional monomer (DEAEM) and a 
cross-linker (BAA) was applied on the sensor surface. The cover glass distributed  
the solution over the surface. The cover glass with the protein monolayer was positioned 
in such a way that the monolayer was at the bottom. The closed cell design  
allowed the photopolymerization under nitrogen atmosphere. After polymerization,  
the sandwich-structure was placed in a solution to separate the protein stamp and the 
BSA-SPR sensor. Since the protein is covalently immobilized on the cover glass surface, 
the removal of the protein from the polymer matrix occurred simultaneously with the 
separation of the sandwich-structure. 

3.2.4 Synthesis of BDNF-MIP  
The SI-C/LR photopolymerization approach developed for the formation of BSA-MIP was 
adapted for synthesis of BDNF-MIP film on SPE. However, the approach was modified, 
since using microcontact imprinting, a quite thick polymer film was formed on the 
surface, as a result a blocking polymer layer was formed on the electrically conductive 
surface, which prevented the electrochemical detection of the protein (Fig. 3.4).  
In this regard, a physical adsorption of the protein on the gold surface modified  
with the photoinitiator was used. The polymer growth started directly from the  
photoinitiator-modified gold surface and continued as long as UV radiation was applied. 
The excessive overgrowing of the polymer around BDNF molecules was prevented by 
controlling the UV exposure time. To determine the optimal exposure time, the IF for the 
BDNF-MIP films prepared with different UV exposure times was determined. It was found 
that the highest IF was obtained for BDNF-MIP film synthesized under UV irradiation of 
500 W/m2 for 30 minutes (Fig. 4, Paper III). As it was previously shown (see section 3.2.3) 
the irradiation power of 500 W/m2 during less than 2 h did not result in significant 
changes in protein conformation.  

3.3 Characterization of the protein-MIP films 
The prepared protein-MIP films were reliably integrated with the label-free sensor 
system (SPR, SPE, SAW) that allowed real-time monitoring the events of molecular 
interaction between the MIP and target protein. The binding parameters of the target 
molecule with the MIP film were determined by constructing the adsorption isotherms 
as well as the selectivity of MIP-modified sensors to the target molecule was evaluated. 
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3.3.1 CDNF-MIP interfaced with SAW 
The CDNF protein rebinding experiment was performed using SAW sensor platform. 
The multichannel design of the SAW system made it possible to distinguish the surface 
of the SAW chip into 4 sections and to synthesize NIP and CDNF-MIP films on one SAW 
chip. This made available to carry out experiments with NIP and CDNF-MIP films at the 
same time and thus, avoid the influence of environmental changes on the differences in 
the response of the CDNF-MIP/SAW and NIP/SAW on the injection of different 
concentrations of CDNF in PBS. Since the NIP film is a MIP film with a completely occupied 
specific binding sites by target protein, then only nonspecific protein adsorption is 
possible on such a surface. Therefore, to reduce the effects of not specific adsorption the 
binding profiles observed in the association phase for CDNF-MIP surfaces were corrected 
by subtracting the corresponding binding profiles on the NIP surfaces. After correction 
of the responses of the CDNF-MIP/SAW sensor, well-defined binding profiles depending 
on the analyte concentration were obtained, which gave good fit to the pseudo-first 
order kinetic model with a determination coefficient (R2) in the range of 0.944-0.994. 
The binding capacity of CDNF-MIP for CDNF was determined by plotting the dependence 
of equilibrium response (Qeq) on the concentration of CDNF in PBS solution (Fig. 4, Paper I). 
The data, fitted to a Langmuir-Freundlich model, showed a dissociation constant (KD) of 
4 μg/mL of CDNF and the response at saturation (Qmax) of 2 deg. of MIP. 

The selectivity of the CDNF-MIP/SAW to CDNF was evaluated by analyzing the sensor 
responses upon injections of an interfering protein. MANF was chosen as an interfering 
protein that has the same molecular weight and is identified to be homologous to CDNF 
with 59% amino acid identity in human proteins [10]. In order to simulate additional 
complexity in scenarios for the selectivity testing, the test was carried out in the presence 
of a constant concentration of mCD48. The CDNF-MIP/SAW demonstrated good 
selectivity to CDNF as compared to MANF. The difference in the sensor response upon 
injections of CDNF and MANF increased with increasing the concentration. In the 
concentration range from 50 ng/mL and above, the responses towards CDNF were four 
times higher than those towards MANF. Under these conditions the CDNF-MIP/SAW 
shows a linear response to CDNF in the concentration range from 5 to 50 ng/mL, with 
limit of detection (LOD) equal 4 ng/mL and limit of quantitation (LOQ) 14 ng/mL.  

Figure 3.4 Typical DPV curves of the BDNF-MIP modified SPE obtained by combination methods of 
SI-C/LR photopolymerization and microcontact imprinting irradiated with UV light 300 W/m2 at 
room temperature during 15 h (a); irradiated with UV light 500 W/m2 at room temperature during 
2 h (b); DPV curves of the BDNF-MIP/SPE obtained by only SI-C/LR photopolymerization with 
irradiated 500 W/m2 at room temperature during 0.5 h (c). 
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The selectivity of the CDNF-MIP was further examined by a competitive binding assay 
performed in a label-free manner. In this assay various concentrations of CDNF or MANF 
were allowed to compete with the constant concentration of IgG for the binding sites in 
CDNF-MIP film. The results showed that CDNF inhibited IgG binding on CDNF-MIP better 
than MANF i.e. bound with CDNF-MIP film more preferentially than MANF (Fig. 6, Paper I). 
Analysis of the S-shaped dose-response curves showed that the IC50 value was lower in 
case of CDNF injection than MANF, 0.6 and 0.9 pg/mL, respectively. The normalized 
response decreased (about 75 %) upon injection of the mixture containing 0.01 ng/mL 
CDNF, i.e. obviously, the heavier protein (IgG) was replaced with the lighter one (CDNF). 
Conducting the very same competitive assay with MANF instead of CDNF, resulted in 
much less inhibition of the response (about 15 %), that is, the replacement of IgG from 
the recognition sites was less efficient in this case. If both CDNF and MANF competed 
with IgG in the same solution, then it was still clearly seen that the significant inhibition 
of the signal was induced namely by the presence of CDNF in the sample rather than the 
presence of MANF (Fig. 3.5). 

Thus, CDNF-MIP/SAW could selectively respond to CDNF, confirming that the CDNF 
specific binding sites were formed in the polymer matrix in the course of the 
electrochemical surface imprinting approach.  

3.3.2 BSA-MIP interfaced with SPR 
The protein rebinding experiment on BSA-MIP/SPR was conducted using various 
concentrations of BSA in PBS buffer. The specificity of interactions was evaluated by 
comparing the binding profiles for BSA obtained with BSA-MIP/SPR and NIP/SPR under 
the same conditions. This allowed to correct a non-specific binding component in the 
BSA-MIP/SPR measured response. Injections of BSA solution caused an increase in the 
refractive index, due to adsorption of BSA molecules on the BSA-MIP surface, and this 
process was gradually reaching the equilibrium (association phase). In order to eliminate 
erroneous environmental influences, the binding profiles observed in the association 
phase on the BSA-MIP surfaces were corrected by subtracting the corresponding binding 
profiles on the NIP surfaces. The corrected binding profiles clearly show preferential 
binding of BSA to BSA-MIP even at a BSA concentration of 2.5 nM (Fig. 7, Paper II). 
However, during the correction process, it was not possible to completely neutralize the 
bulk shift effect, which was apparently associated with stronger changes in the refractive 
index on the BSA-MIP surface than on the NIP surface. It was found that the dependence 
of equilibrium responses on analyte concentration was well described by the equation 

Figure 3.5. Values of Qeg obtained by CDNF-MIP/SAW upon applying the samples containing a fixed 
concentration of IgG (500 ng/mL) and (a) MANF (10-2 ng/mL), (b) MANF (10-2 ng/mL)+CDNF  
(10-3 ng/mL), (c) CDNF (10-2 ng/mL), (d) CDNF (10-2 ng/mL)+MANF (10-3 ng/mL). 
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of the Langmuir adsorption isotherm (R2 = 0.992) (Fig. 8, Paper II). The dissociation 
constant (KD) is related to the affinity of the BSA-MIP film towards BSA. Fitting results 
showed that BSA-MIP/SPR had high binding affinity (KD = 68.12 nM) and maximum 
capacity equal 6.7 μRIU. Since the protein adsorption very often takes the form of the 
Langmuir isotherm, but at the same time, the necessary conditions for applying this 
adsorption model are not always met, the fitting results were confirmed by calculating 
the KD using the k-observed plot. The linear response of the BSA-MIP/SPR sensor to BSA 
injections was found in the range from 2.5 nm to 25 nm. Fitting of practical data to linear 
regression gives good R2 = 0.970, which allowed to calculate the LOD and LOQ equal to  
5.6 nM and 18.7 nM (or 370 ng/mL and 1.2 μg/mL), respectively. 

The selectivity analysis of the BSA-MIP/SPR sensor was performed using competing 
protein solutions with the same concentration, that included the human serum albumin 
(HSA) and the Fc fragment of IgG (Fc). As expected, the response of the BSA-MIP/SPR 
sensor on injection of BSA solution was about 2 times higher than those appeared upon 
injection of the interfering proteins, indicating that the BSA imprinted SPR sensor showed 
good selectivity to the target protein. It should be noted that the non-imprinted 
reference film (NIP) demonstrates only slight differences in binding between BSA, HSA 
and Fc (Fig. 10, Paper II). 

3.3.3 BDNF-MIP interfaced with SPE  
The developed SI/C-LR photopolymerization approach was applied to prepare  
BDNF-MIP/SPE. The analytical performance of the BDNF-MIP was characterized by 
differential pulse voltammetry (DPV). The DPV curves were recorded after incubation of 
BDNF-MIP/SPE and NIP/SPE in solutions with increasing concentration of the analyte 
(from 0.1 to 100 ng/mL of BDNF in PBS buffer). Normalized signals of current were used 
to plot the intensity of the response of the BDNF-MIP/SPE as a function of the analyte 
concentration in the solution. The data obtained were in good fit with the theoretical 
adsorption Langmuir model. The fitting results showed that BDNF-MIP bound the target 
protein, BDNF, with a dissociation constant KD of 1.12 ng/mL and had about 5.8 times 
higher binding capacity than NIP as judged by the respective Qmax values (0.92 vs  
0.16 a.u.) The detectability of BDNF-MIP/SPE towards BDNF was studied in the presence 
of a fixed concentration of HSA. Analysis of the regression curve gives the LOD and LOQ 
values of 6 pg/mL and 20 pg/mL of BDNF, respectively (Fig. 7, Paper III).  

The BDNF-MIP/SPE was characterized in terms of its capability to rebind selectively 
the target protein, BDNF, with respect to the interfering proteins of slightly different size 
and isoelectric point (pI) such as CDNF, MANF, and mCD48. Selection of CDNF and MANF 
as interfering analytes was stipulated by their permanent presence in a human serum 
and thus, they can interfere with the sensor response along with the target protein 
(BDNF). The third interfering analyte – mCD48 – has the molecular weight and pI value 
similar to those of BDNF. The selectivity of the sensor was studied in the presence of HSA 
at a concentration of 0.8 mg/mL, corresponding to a 50-fold dilution of its physiological 
norm in diluted human serum. For the selectivity study, the concentration of the 
interfering proteins was selected close to their LOQ value (0.02–0.06 ng/mL).  
The experimental results confirmed that the BDNF-MIP/SPE had the higher response to 
BDNF as compared to interfering proteins (Fig. 8, Paper III). When the protein 
concentration was lower than the LOQ level the BDNF-MIP/SPE did not show a clear 
preferential binding of the target protein, but at a concentration of 20 pg/mL, this 
difference became more pronounced and increased with increasing protein 
concentration.  
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3.4 Reusability potential of the protein-MIP sensors 
The reusability of MIP-based chemosensors can have a big impact on their economic 
efficiency and decrease the time to market. In this work, CDNF-MIP/SAW, BSA-MIP/SPR 
and BDNF-MIP/SPE underwent regeneration procedure, which corresponded to that 
applied for removal of the protein from the polymer matrix after polymerization (Paper 
I, II, III). The studies showed that the possibility of regeneration of the CDNF-MIP/SAW 
was limited. After the first regeneration cycle, the intensity of the response of the sensor 
significantly dropped and at the same time, the standard deviation (SD) increased 
(Fig. 3.6a). This phenomenon apparently may be associated with the loss of part of the 
polymer matrix during the regeneration procedure, since the polymer does not have 
cross-links and, as a result, the m-PD polymer chains stick together only due to π-π 
interactions. In turn, the protein-MIP obtained by photopolymerization of DEAEM in the 
presence of the cross-linker (BAA) had improved reusability. BSA-MIP/SPR showed nearly 
reproducible responses with low relative SD 3.2% even after the 25th regeneration cycle 
(Fig. 3.6 b). 

Thus, the presence of crosslinks in a MIP improves the mechanical stability of the 
polymer and, as a result, increases the reusability potential of the sensor. However, the 
protein-MIPs prepared by the similar photopolymerization approach on SPE had only 
limited reusability. The response of the BDNF-MIP/SPE against BDNF significantly 
decreased after the first regeneration cycle, nevertheless, the relative SDs of the 
responses obtained from the freshly prepared and once regenerated sensors were 
comparable, 4.5% and 3.6%, respectively (Fig. 3.6c). Apparently, this could be associated 
with the design features of the SPEs that were originally intended for single-time use. 
Thus, BDNF-MIP/SPE can be regenerated at least once. It is also necessary to take into 
account that after the regeneration cycle the sensors have to be calibrated again due to 
change in the sensor’s response versus one at the zero cycle. 

Figure 3.6. Potential reusability of CDNF-MIP, equilibrium responses, Qeq, obtained from the  
CDNF-MIP/SAW upon injection of 1.25 μg/mL of CDNF in PBS (a); BSA-MIP, equilibrium responses, 
Qeq, obtained from the BSA-MIP/SPR sensor upon injection of 450 nM BSA in PBS buffer (b);  
BDNF-MIP, normalized responses of the BDNF-MIP/SPE upon the injection of 2 ng/mL of BDNF in 
PBS (c). 
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Conclusions 
This thesis firstly reported the preparation of polymer films molecularly imprinted with 
a neurotrophic factor protein (CDNF-MIP and BDNF-MIP). The developed synthesis 
methods employing the electro- and photopolymerization techniques allowed the robust 
integration of the NF-MIP films with the label-free sensor platforms. The following 
specific conclusions can be drawn from the study: 

● The electrochemical surface imprinting approach enabled a simple and rapid 
preparation of CDNF-MIP directly on SAW sensor surface (CDNF-MIP/SAW).  

● The resulting CDNF-MIP bound the target, CDNF, with KD values of 8 μg/mL and 
demonstrated notable IF (2.0) with the polymer film thickness of 4.7 nm and 
after the treatment in HSA solution aiming to suppress the intrinsic affinity of 
PmPD-based matrix towards CDNF.  

● The CDNF-MIP/SAW sensing system could detect CDNF with LOD value of  
4 ng/mL in the presence mCD48 as an interfering protein. In the competitive 
assays the system notably differentiated between CDNF and its homologue – 
MANF at pg/mL levels in the presence of IgG at sub μg/mL levels. 

● The electropolymerized CDNF-MIP film had a limited regeneration capability: 
the response of CDNF-MIP/SAW was significantly decreased already after the 
first regeneration cycle.  

● The SI-C/LR photopolymerization approach for synthesis of a protein-MIP 
directly on the sensor surface was developed. The approach based on the 
combination of SI-C/LR photopolymerization and microcontact imprinting 
allowed the formation of protein-MIP films robustly interfaced with the sensor 
transducer.  

● The conditions for synthesis of a protein-MIP by SI-C/LR photopolymerization 
were determined using BSA as a model protein. It was revealed that (i) the 
photoinitiator (DEDTC) can be easily tethered to a gold sensor surface via  
3.5-DClP layer formed by electrochemical reduction of 3.5-DClPDT, (ii) decreasing 
the ratio of monomer:crosslinker (DEAEM:BAA) increased hydrophilicity of the 
resulting polymer matrix, (iii) the UV irradiation power - 500 W/m2 or 300 W/m2 
during 0.5 or 15 hours, respectively - did not significantly affect the protein 
conformation. 

● The BSA-MIPs prepared on SPR by SI-C/LR photopolymerization demonstrated 
the improved regeneration capability, withstanding at least 25 cycles in an 
alkaline solution within relative SD 3.2%. 

● SI-C/LR photopolymerization was successfully applied to prepare BDNF-MIP on 
SPE (BDNF-MIP/SPE). BDNF-MIPs demonstrated IF of 5.8 and KD of ca. 1 ng/mL, 
but they could be regenerated at least once. The BDNF-MIP/SPE could detect 
BDNF with LOD value of 6 pg/mL and quantify BDNF with the LOQ value of  
20 pg/mL in the presence of HSA as a highly abundant serum protein. Moreover, 
the sensor was able to discriminate BDNF among analogous molecules,  
i.e. CDNF and MANF, and a molecule of a similar size, i.e. mCD48. 

● The presented synthesis approaches were proved to be suitable for preparation 
of MIP-sensors capable of selective detection of NF proteins and could be a 
promising route towards the development of innovative point-of-care 
diagnostics tools for the early-stage diagnostics of neurological diseases or 
monitoring therapies. 
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Abstract 
Photo- and Electropolymerization Approaches for Molecular 
Imprinting of a Neurotrophic Factor Protein  
Nowadays, healthcare is facing an increasing demand for fast and reliable analytical 
methods suitable for achieving appropriate selectivity with low limit of detection while 
being low-cost, portable, and capable of in situ real-time monitoring. Most of the current 
biosensing systems utilize labile biological recognition elements that offer high selectivity 
towards a target analyte, but limit the shelf life of the device and increase cost and 
analysis time. Thus, there is a growing interest in the replacement of biological receptors 
with synthetic analogues such as molecularly imprinted polymers (MIPs) – materials with 
antibody-like ability to bind and discriminate between molecules. The main benefits of 
MIPs are related to their synthetic nature, i.e. excellent chemical and thermal stability 
coupled with their reproducible and cost-effective fabrication. The surface imprinting 
approach leading to the formation of polymer with imprinted sites located directly in the 
surface layer of the MIP films, enabling easy access to the target macromolecules, is a 
promising way for protein-MIP preparation. SI-C/LR photopolymerization as well as 
electropolymerization are particularly attractive methods for the synthesis of firmly 
adherent protein-MIP films directly on the surface of a sensor transducer. 

The importance of a protein for clinical diagnostics is an essential criterion when 
choosing a target protein for imprinting. For example, neurotrophic factor (NF) proteins, 
were found to be associated with a number of neurological diseases such as Alzheimer’s, 
Parkinson’s and mental disorders. Serum concentration of a specific NF protein could 
thus be a potential biomarker for early-stage diagnosis of these conditions. However, 
despite the increased number of publications dedicated to the use of MIPs for the 
detection of clinically relevant proteins, the MIP capable of selective recognition of a NF 
protein has still not been reported. 

The thesis is aimed at the development of synthesis methods to generate a MIP  
film capable of selective recognition of a NF protein and coupled as a recognition  
layer with a label-free platform. Two clinically relevant NF-proteins: CDNF and BDNF, 
were used as target molecules for molecular imprinting to generate CDNF-MIP and 
BDNF-MIP, respectively. The developed synthesis methods employing the electro- and 
photopolymerization techniques allowed the robust integration of the NF-MIP films with 
the label-free sensor platform. 

The electrochemical surface imprinting approach was adapted for the preparation of 
CDNF-MIP directly on SAW sensor surface, CDNF-MIP/SAW. Such MIPs bound the target, 
CDNF, with KD values of 8 μg/mL and demonstrated notable IF (2.0) with the polymer film 
thickness of 4.7 nm and after the treatment in HSA solution aiming to suppress the 
intrinsic affinity of PmPD-based matrix towards CDNF. The CDNF-MIP/SAW sensing 
system could detect CDNF with LOD value of 4 ng/mL in the presence mCD48 as an 
interfering protein. In the competitive assays the system notably differentiated between 
CDNF and its homologue - MANF at pg/mL levels in the presence of IgG at sub μg/mL 
levels. 

Unfortunately, the electropolymerized CDNF-MIP demonstrated a limited regeneration 
capability. In order to improve the MIP reusability a synthesis approach based on the 
combination of SI-C/LR photopolymerization and microcontact imprinting allowing the 
formation of protein-MIP films robustly interfaced with the label-free sensor platforms 
was developed. Preliminary, the approach was applied for imprinting BSA as a model 
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protein to form BSA-MIP film interfaced with SPR as a well-established sensor technique. 
It was revealed that (i) the photoinitiator (DEDTC) could be easily tethered to a gold 
sensor surface via 3,5-DClP layer preliminary formed by electrochemical reduction of  
3,5-DClPDT; (ii) decreasing the ratio of monomer:crosslinker (DEAEM:BAA) increased 
hydrophilicity of the resulting polymer matrix; (iii) UV-irradiation power of 500 W/m2 or 
300 W/m2 applied for 0.5 or 15 hours, respectively, did not significantly affect the protein 
conformation. The model sensor system, BSA-MIP/SPR, demonstrated the improved 
regeneration capability i.e. withstanding at least 25 regeneration cycles.  

Further, by means of the SI-C/LR photopolymerization, BDNF-MIP was formed on SPE. 
Although, the resulting BDNF-MIPs against BDNF demonstrated the improved IF of 5.8 
and KD of ca. 1 ng/mL, they still could be regenerated at least once. Nevertheless,  
BDNF-MIP/SPE sensor system with the help of DPV could detect and quantify BDNF in 
the presence of HSA with LOD and LOQ values of 6 and 20 pg/mL, respectively. Moreover, 
the system was able to discriminate BDNF among analogous molecules, i.e. CDNF and 
MANF, and a molecule of a similar size, i.e. mCD48. 

In summary, synthesis of the polymer films molecularly imprinted with NF proteins, 
BDNF and CDNF, was first reported in the thesis. The presented synthesis methods were 
proved to be suitable for preparation of MIP-sensors capable of selective detection of NF 
proteins and could be a promising route towards the development of innovative  
point-of-care diagnostics tools for the early-stage diagnostics of neurological diseases or 
monitoring therapies. 
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Kokkuvõte 
Foto- ja elektropolümerisatsiooni meetodid neurotroofsete 
tegurite molekulaarseks jäljendamiseks  
Tänapäeva kliinilises diagnostikas on kasvav vajadus kiirete ja usaldusväärsete 
analüütiliste meetodite järele, mis oleksid analüüsitavate sihtmolekulide suhtes kõrge 
selektiivsusega, suure tundlikkusega ja samal ajal suhteliselt odavad reaalajas 
sihtmolekuli kontsentratsiooni muutuste jälgimiseks. Enamik sel eesmärgil kasutatavad 
biosensoreid põhinevad täna ebastabiilsetel bioloogiliselt tundlikel elementidel nagu 
DNA, antikehad või ensüümid, mis võivad siduda erinevaid sihtmolekule küll efektiivselt 
ja spetsiifiliselt, kuid samal ajal on nende eluiga lühike ja hind suhteliselt kõrge. Seega on 
ilmne vajadus ülalnimetatud bioloogiliste retseptorite asendamiseks sünteetilistega, 
milleks sobivad näiteks molekulaarselt jäljendatud polümeerid (MIP), millede 
antikehadele sarnased omadused võimaldavad siduda erinevaid sihtmolekule sama 
efektiivselt. Tänaseks on MIP süsteemides kasutatud sensormaterjalid võrreldes 
biosensoritega näidanud mitmeid positiivseid omadusi nagu keemiline ja termiline 
stabiilsus, tehnoloogia reprodutseeritavus ning odav hind. 

Suurte molekulide nagu proteiinide molekulaarseks jäljendamiseks kasutatakse nn. 
“pindmiste mälupesade“ loomist MIP kile pinnale, mis võimaldab makromolekulide 
paremat liikumist ja suuremat mälupesade arvu. Käesolev doktoritöö ongi pühendatud 
proteiinide molekulaarse jäljendamise võimaluste uurimisele vahetult sensori pinnal 
eeskätt keskendudes pindpolümerisatsiooni tehnoloogiale kontrollitud/elav-radikaalse 
fotopolümerisatsiooni ja elektropolümerisatsiooni meetoditel. 

Kliinilises diagnostikas on erinevatel proteiinidel oluline roll ja seepärast ka vajadus 
nende kiireks ja täpseks määramiseks, mille üheks võimaluseks on molekulaarse 
jäljendamise tehnoloogia kasutamine. Näiteks seostatakse neurotroofseid tegureid 
mitmete neurodegeneratiivsete haigustega sealhulgas Alzheimeri ja Parkinsoni tõvega. 
Seega Alzheimeri ja Parkinsoni tõvega seotud neurotroofsete tegurite jälgimine võiks 
anda kasulikku teavet nende haiguste diagnoosil juba varajases staadiumis. Seni on aga 
kirjanduses molekulaarse jäljendamise tehnoloogia kasutamise kohta neurotroofsete 
tegurite hindamisel väga vähe teavet. Ja siit tulenebki käesoleva doktoritöö peamine 
eesmärk uurida erinevate sünteesi meedotide kasutamise võimalusi neurotroofsete 
tegurite molekulaarseks jäljendamiseks ning sidumiseks erinevate märgisevabade 
sensorplatvormidega. Jäljendatavateks neurotroofseteks teguriteks on valitud CDNF ja 
BDNF kui kirjanduse andmetel mitmete neurodegeneratiivsete haigustega seotud 
potentsiaalsed biomarkerid. 

Neurotroofse teguri CDNF molekulaarseks jäljendamiseks akustilise laine põhimõttel 
(SAW) töötava sensori pinnale kasutati elektrokeemilist polümerisatsiooni. 
Molekulaarselt jäljendatud 4,7 nm paksuse CDNF-MIP/SAW kilele määrati polümeer-
sihtmolekul dissotsiatsiooni konstandi KD väärtuseks 8 μg/mL ja sihtmolekuli sidumise 
efektiivsust iseloomustava teguri IF väärtuseks 2,0. Mittespetsiifilise adsorptsioooni 
vähendamiseks käsitleti CDNF-MIP kilet ka HSA lahusega. CDNF-MIP/SAW sensori 
sihtmolekuli avastamispiiriks LOD määrati 4 ng/mL konkureeriva proteiini mCD48 
juuresolekul. Selektiivsuse uurimine konkureeriva sidumise meetodil konstantsel IgG 
kontsentratsioonil (500 ng/mL) näitas, et CDNF-MIP/SAW sensor on võimeline eristama 
sihtmolekuli CDNF tema homoloogsest valgust MANF. Elektropolümerisatsiooni 
meetodil sünteesitud CDNF-MIP kile puuduseks oli aga liiga väike korduvkasutatavus. 
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Selle puuduse minimiseerimiseks uuriti pindmist kontrollitud elav-radikaal 
fotopolümerisatsiooni mikrokontaktmeetodil sensori pinnal, kasutades mudelproteiinina 
BSA-d ja sensorina pinnaplasma resonantsi (SPR) põhimõtet. Fotopolümerisatsiooni 
kasutamine näitas, et fotoinitsiaator DEDTC seondub hästi sensori kullast elektroodiga 
3.5-DCIP vahekihi abil, mis kanti elektroodi pinnale 3.5-DClPDT ühendi elektrokeemilisel 
redutseerimisel. Vähendades monomeeri ja ristsildade moodustaja suhet (DEAEM:BAA) 
suurenes polümeeri maatriksi hüdrofiilsus. UV kiirguse intensiivsustel 500 W/m2 kuni  
300 W/m2 vastavalt 0,5 ja 15 tunni jooksul käsitlemine ei muutnud märkimisväärselt 
valgu struktuuri. Mudelsensor BSA-MIP/SPR, mis valmistati pindmise elav-radikaal 
fotopolümerisatsiooni metodil oli ka omadustelt väga stabiilne 25 regenereerimistsükli 
järel. 

Seejärel kasutati analoogilist tehnoloogiat neurotroofse teguri BDNF molekulaarseks 
jäljendamiseks sõeltrükitud elektrokeemilisele elektroodile (SPE). Kuigi fotopolümeriseeritud 
BDNF-MIP kile sihtmolekuli sidumisomadusi iseloomustavate parameetrite väärtused IF 
5,8 ja KD 1,12 ng/mL olid võrreldes elektropolümerisatsioonil saadud parameetritega 
paremad, säilitas BDNF-MIP kile stabiilsed sidumisomadused ainult ühe 
regeneererimistsükli järel. Siiski, fotopolümerisatsiooni teel valmistatud BDNF-MIP/SPE 
sensoril oli HSA vesilahuses väga hea avastamispiir 6 pg/mL ja määramispiir 20 pg/mL. 
BDNF-MIP/SPE oli märkimisväärselt selektiivsem sihtmolekuli BDNF suhtes 
konkureerivate molekulide CDNF, MANF ja mCD48 juuuresolekul. 

Kokkuvõttes on käesolevas doktoritöös esmakordselt sünteesitud neurotroofsete 
teguritega BDNF ja CDNF molekulaarselt jäljendatud polümeerkiled. Doktoritöös 
analüüsitud sünteesi meetodid sobisid hästi MIP sensorite valmistamiseks 
neurotroofsete tegurite selektiivseks määramiseks ning on rakendatavad potentsiaalselt 
kliinilise diagnostika vajadusteks ka laiemalt. Doktoritöö loob head eeldused 
patsiendimanuste testide (PoCT) arendamiseks neurodegeneratiivsete haiguste 
varajaseks diagnoosiks ja jälgimiseks. 
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/��	8�
���������������8���4�	-�����
�������
���	�������������
������4&�	������������������&*�̀�	���
������
�������$���	
�������������������
����&�����������
��� ���� ����
��������� $��
� ��������
�� /�����
�&��
����'�����������+
�����/&'+	!)�:1&
	�
����
����3(�")�	���
� ��������
�����������
���
��������������� �������������
�����*�'+	!)�!1&
	�
����
����3)�::�	
���������������
��

�/&8)������������5������
����8)	--�-1&
	�3,�6"��������������3���
�������
���	?�����
��6	6a���������� �������������������������
��#�&���4��
������
������� ������+������������2�3���@�������	��������
���	����������������	
��
�������������������������
�������b
������	��7�̀����������
��������
�
�����
���
����������
����������
���������������
��������������2�
�����c���
����*�����d�
��������������!)�-*e��
�-:f/	?*&*����������
���������������
�
������
��
0���������������4�����
����5�����
�����4g�����������.�.!*	�$(�8��
�����������
�����������
��
�
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0#� �,������îjkZ[\l���îjkW[\l��������7������������������������&�������������������������������������������()
�����()
�7�0#7���
0#7����/����������������2��������"��� !���2��������()
�7�0#���"�������̀�������������&������� ����3��2�������#�#)���������&�,�(���-��� - ��������������������������[X�, -����� ��� 0�������&�����������������������/�������7�����/�&��������
0#����������������������'������������������&������()
�7�0#7���
0#7����/���������������� !�����̀��"������[X]�����������������������������/����������- �������̀ ������������&���������������()
�7�0# 0��������������������7�����/�&������2���()
�7�0#���
0#/������������������������������� �,�#$%������������������� �*�����m%	&����7���������&�������a��������� 	�����������������������m%	�����/���������������������7����������������2����������&����'������&������()
�7�0#7���

nEo;p;!�����������������������������������������()
�7�0#�������������������������������%	q���������������������������b������������� 
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The 9th International Conference on Molecular Imprinting, Lund, Sweden, June  
26-30, 2016.  

Honours 
Best poster award. Conference: EUPOC 2018 – Biomimetic polymers by rational 
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Rahvusvaheline konverents “The 10th International Conference on Molecular 
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by rational design, Imprinting and Conjugation. COMO (ITALY), 20-24 MAY 2018.  


	Blank Page
	Blank Page
	Blank Page



