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INTRODUCTION 

Recognition of one molecule by another is a phenomenon that plays a crucial 
role in many biological processes of living systems. The principles of molecular 
recognition, as one of the fundamental mechanisms found in nature, inspire 
modern molecular engineering science to design synthetic receptors capable of 
binding various analytes with affinity and selectivity comparable to their 
biological counterparts, at the same time being much more mechanically and 
thermally stable. Today’s various classes of synthetic receptors designed utilize 
organic macrocycles (cyclodextrins, crown ethers), metal coordination 
complexes, aptamers and dendrimers [1]. One of the state-of-the-art techniques 
to generate synthetic receptors is “molecular imprinting”, which can be defined 
as the process of template-induced formation of specific molecular recognition 
sites in a polymer matrix material [2]. The most common form of imprinting 
consists in polymerization of a mixture of functional monomers in the presence 
of a target molecule that acts as a template. During polymerization, the template 
induces binding sites in the reticulated polymer that are capable of selectively 
recognizing the target molecules or similar structures after removal of the 
templates from the polymer (Fig. 1.1). The main benefits of these polymers, so-
called Molecularly Imprinted Polymers (MIPs), are related to their synthetic 
nature, i.e., excellent chemical and thermal stability associated with reproducible, 
cost-effective fabrication. Therefore, MIPs are considered as very prospective 
materials for application in various fields such as chemical analysis and detection 
[3], separation and purification [4], drug delivery [5], and catalysis [6]. 

MIP-based receptors have been shown to be promising alternatives to natural 
biological receptors (e.g. Enzymes, DNA, antibodies) in biosensing applications, 
providing more stable and low-cost recognition elements [7, 8]. However, there 
remain many unsolved issues in the development of MIP-based biosensors, which 
can be categorized into the following three aspects: imprinting of high molecular 
weight templates such as proteins, transformation of the binding event into a 
measurable signal and miniaturization of the resulting MIP structures aiming at 
high throughput applications.  

The main obstacles in molecular imprinting of proteins are caused by 
restricted mobility of the large molecular structures within the highly cross-linked 
polymer networks, resulting in limited rebinding efficiency as well as the need to 
perform MIP synthesis and the following rebinding study in aqueous media 
where water molecules can significantly reduce the binding strength of the non-
covalent template—monomer interactions. Nevertheless, a number of promising 
synthetic approaches were developed in order to overcome the above limitations 
in macromolecular imprinting [9]. It is believed that the use of a more relaxed 
polymeric network having a significant part of the imprinted binding sites on its 
surface is more feasible for protein recognition since the mass transfer and the 
binding kinetics in such surface imprinted polymers are essentially faster. Thus, 
success was attributed to realizing surface imprinted polymers exhibiting highly 
selective recognition for a variety of template proteins such as albumin, 
hemoglobin and cytochrome C [10], lyzozime [11], avidin [12, 13].  
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Immunoglobulin G (IgG) is a macromolecule of high molecular mass and the 
most plentiful class of antibodies present in human serum protecting humans 
against bacterial and viral infections. Analysis of the presence of specific IgG 
molecules in the body fluids can be extremely useful in diagnosing infections or 
certain illnesses [14]. Therefore, the realization of a MIP capable of highly 
selective capture of IgG is of great importance in immunological research and 
clinical diagnostics. However, to date only a few attempts have been made to 
imprint IgG [15-18]. 

Robust interfacing of a MIP uniform thin film with a sensor platform capable 
of responding to relevant sensitivity levels upon interaction between the MIP film 
and a binding analyte is a key aspect in the design of a MIP-based biosensor. 
Electrochemical polymerization seems to be a suitable method for an in-situ 
synthesis of the MIP film providing a good control for both its thicknesses (down 
to the nanometer range) and inner morphology (porosity, optical properties) and 
the ability of the reaction to be carried out at room temperature [19, 20]. 
Moreover, the electrochemical approach could be feasible to prepare MIPs in a 
microarray format with a capability of multiplexed readout that would offer an 
opportunity to explore a sample/samples in a high throughput manner [21]. 

In addition, label-free detection of proteins is a preferable method since their 
chemical labeling can influence the interfacial activity of the resulting protein–
dye complexes, and consequently the accuracy of measurement results [22]. 
Thus, the use of label-free sensing platforms for integration with MIPs can 
provide relevant information on the binding events on the MIP surfaces and has 
to be considered in the first place in developing protein-MIP-based biosensors. 
Label-free detection can be implemented with the help of various transduction 
mechanisms, including, but not limited to, optical, electrochemical or 
piezoelectric, where the biochemical interaction between an analyte and a 
recognition element of the sensor is recorded as a change in, e.g., refractive index 
(Surface Plasmon Resonance, SPR), electrochemical impedance 
(electrochemical sensors) or resonant frequency (Quartz Crystal Microbalance, 
QCM), respectively.  

It is worth mentioning that in most of the reported work using protein-MIPs 
for sensing applications QCM, SPR or electrochemical sensor platforms 
predominate over other ones. Meanwhile, Surface Acoustic Waves (SAW) may 
provide advances in the fabrication of MIP-based sensors over those platforms. 
SAW offers about an order of magnitude higher mass resolution than QCMs 
while keeping low sensor cost. In addition, it is fully compatible with large-scale 
fabrication and multiplexing technologies [23, 24]. As compared to the SPR, 
SAW technology is not limited to detecting only mass loading onto the surface, 
but it is also useful in following structural insights of sensing layers through the 
use of the dissipation factor of the acoustic wave propagating along the sensor 
surface. 

The research described in the current thesis seeks to develop a synthesis 
method that generates a polymer film with macromolecular imprints capable of 
selectively rebinding IgG (the IgG-MIP). The method was expected to be 
compatible with various label-free detection techniques, providing facile and 
robust integration of the resulting IgG-MIP films with the sensing surface of 
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transducers. QCM and SAW piezoelectric transducers were selected as tools 
allowing the study of the IgG-MIPs and understanding of the factors improving 
their performance. Eventually, the optimized IgG-capturing materials interfaced 
with the SAW technology allowed observation of the real-time binding events of 
the target protein at relevant sensitivity levels, making the realized concept 
potentially suitable for cost-effective fabrication of protein specific biosensors 
for the analysis of biological samples in a multiplexed manner. 
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1. THEORY AND LITERATURE REVIEW 

1.1. Introduction to molecular imprinting technology 

1.1.1. Principle of molecular imprinting 

In general, the term "molecular imprinting" refers to the technique that allows 
the preparation of robust polymeric materials capable of selectively recognizing 
a targeted molecule by its shape, size and functional groups. Such type of 
molecular recognition is based on the availability of specific binding sites 
occurring as template-shaped cavities in a highly reticulated polymeric network 
[25]. The general principle of the molecular imprinting process is summarized in 
Fig. 1.1. 

The process starts with the dissolution of a target molecule acting as a 
template, functional monomers, a polymerization initiator and a cross-linking 
agent in a suitable solvent. The selection of the functional monomer, cross-
linking degree and the format of resulting MIP is based on the type of the chosen 
template. The functional monomers interact with the template molecules 
generating a stable, self-assembled or pre-organized pre-polymerization complex 
subsequently followed by its polymerization. The pre-polymerization complex 
could be evaluated with the help of spectroscopic techniques such as NMR, UV-
vis and several different computational simulation methods. As a result of 
polymerization with a commonly high cross-linking degree, the functional groups 
of a synthesized polymer become fixed in a well defined position and have 
complementary dependence with the available groups on the template as well as 
a strong affinity for the latter. Subsequent removal of the incorporated molecules 
by washing with solvent(s) leaves specific cavities that are complementary in 
shape and size to the template, thus allowing its reversible rebinding to the MIP 
structure [26]. 

Essentially, strategies for molecular imprinting can be grouped on the basis of 
the type of the monomer-template interaction into a covalent and a non-covalent 
imprinting approach. 

Covalent imprinting 

Molecular imprinting in the modern sense of the term was established by 
Wulff and Sarhan in the early 1970s. Studies of Wulff’s group showed that 
molecular templates could be incorporated within the organic polymer matrix and 

 

Figure 1.1. Scheme of Molecular Imprinting. 
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leave their imprinted binding sites after subsequent washing steps [27]. At that 
moment, Wulff prepared an organic MIP capable of discriminating between the 
enantiomers of glyceric acid and used an approach for the formation of a pre-
polymerization complex, which was based on reversible covalent bonding. Later 
on, this covalent monomer–template or covalent polymer–template attachment 
strategy was referred to as the covalent imprinting. The advantage of such 
approach comes from defined stoichiometry between the functional monomer 
and the template. Nonetheless, this strategy is rarely used nowadays since the 
choice of reversible covalent interactions and the number of potential templates 
are essentially limited. Furthermore, the need for the harsh acid hydrolysis 
procedure to cleave the covalent bonds between the template and the functional 
monomer narrows down potentialities of such method substantially.  

Non-covalent imprinting 

The second major achievement in the area of organic polymer imprinting was 
made in 1981 by Mosbach and Arshady who reported on the synthesis of an 
organic MIP using the non-covalent interactions approach [28]. In contrast to 
covalent imprinting, the non-covalent approach involves the formation of ionic, 
hydrophobic, π−π, Van der Waals forces or hydrogen bonds between the template 
and the monomer. In this approach, functional monomers are self-organized 
around the template assembling a pre-polymerization complex and interact 
during the cross-linked co-polymerization procedure. This simple methodology 
encouraged attention to the MIP development field, causing incredible growth in 
the articles related to the topic during the decade of the 1990s. 

Semi-covalent imprinting 

In addition to the concepts above, Whitcombe’s group has made an attempt to 
combine the benefits of these two main approaches by presenting the intermediate 
approach that was based on covalent interactions in polymerization and non-
covalent in the rebinding stage [29]. The limitations of the non-covalent approach 
in molecular recognition mostly come from the necessity of using hydrophobic 
environments to stabilize the interactions between monomers and the template, 
since polar environments such as aqueous media can easily disrupt them. The 
other major restriction of this approach is that MIP with high molecular 
recognition properties can be achieved if multiple distinct points of interaction 
between the monomer and the template molecules are available. Otherwise, using 
molecules with a single interacting group far less specific binding sites are 
obtained. 

Nonetheless, nowadays non-covalent imprinting is still the most commonly 
used approach for MIP synthesis. This is because the non-covalent approach is 
far easier than the covalent analogue and has more potential for further 
development of molecular imprinting due to the practically unlimited selection 
of compounds, including bioanalytes, which can also non-covalently interact with 
functional monomers. The nature of monomers and the availability of functional 
groups determine the mechanism of polymerization and interaction with template 
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molecules, thus having direct influence on the quality and performance of the 
MIP polymeric product.  

The main benefits of MIPs are related to their synthetic nature, i.e., excellent 
chemical and thermal stability associated with reproducible, cost-effective 
fabrication. All of these make MIP a versatile material that is able to recognize a 
wide range of analytes including small molecules (e.g., drugs, pesticides, 
peptides, hormones, sugars and etc.), large organic molecules, and bioanalytes 
(e.g., immunoglobulins, erythrocytes, viruses or cells). Recent advances in the 
field of molecular imprinting have shown a great promise of using MIPs in such 
applications as preparation of artificial antibodies [30], chemical- and biosensors 
[31, 32], materials separation [33, 34] and drug delivery [35]. MIPs can also be 
applied as tailor-made receptors even if biological analogues are unavailable. In 
contrast to selective and affinity properties of antibodies, several authors declare 
MIPs as synthetic antibodies and suggest that these artificial receptors will 
potentially replace the natural ones in numerous areas. The main driving forces 
for the substitution of antibodies with MIPs in sensors may result from their 
preparation simplicity, low cost and the high stability of these polymers. 

However, to obtain optimum parameters for use in practical applications, MIP 
polymers should reach a number of desirable binding properties, including ‘KD’ 
values similar to those of natural receptors, high affinity and selectivity towards 
a target molecule as well as appropriate physical properties in combination with 
readily available methods of synthesis. 

1.2. MIP formats 

The area where MIPs are supposed to be applied specifies the format in which 
they are prepared. Certain applications require specific morphologies and 
properties, such as micron size beads for more efficient packing into 
chromatographic columns [11], core-shell MIP particles suspended in solution 
for binding assays [36], or membranes and films for coating of sensor devices 
[37, 38]. Advantages and limitations together with a brief description of each 
direction are discussed in the following. 

MIP nanoparticles  

MIP nanoparticles are synthesized in the form of small beads of precisely 
controlled shape and diameter ranging from a nanometer to a micrometer-size. 
As opposed to bulk monoliths, MIP nanoparticles have significantly higher 
surface area-to-volume ratios, allowing an improved removal of the templates 
along with easily accessible binding sites and faster binding kinetics. This 
particular feature makes it possible to achieve highly reproducible results on a 
large scale for applications, such as drug delivery systems, capillary 
electrophoresis and chromatography columns. Moreover, MIP nanoparticles have 
been used as enzyme and antibody substitutes [39]. The most widely used 
strategies for producing MIP nanoparticles are precipitation polymerization, 
emulsion polymerization and core–shell emulsion polymerization [40]. 
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Besides the classical MIP nanoparticles format, a variety of nanosized MIPs, 
such as MIP-nanogels, MIP-nanocapsules, MIP-nanowires, MIP-nanotubes have 
been developed and promised to have a great future potential [41]. Furthermore, 
it might be possible to combine nanosized-MIP fabrication methodologies with 
sophisticated materials, such as polymer nanocomposites containing carbon 
materials or a stimuli-responsive (sensitive to changes in pH, temperature, 
incident light, ionic strength) polymers, which will result in the fabrication of a 
new class of MIPs able to respond to external stimuli during the modulation of 
their affinity for the target molecules and hence provide an adjustable capacity of 
the target releasing and binding processes [42-44]. 

Thin MIP layers 

Another very promising direction is the preparation of thin MIP-layers 
directly on the surface of various substrates. Generally, polymeric layers could 
be designed in the form of polymer films and brushes, block-copolymer films, 
layer-by-layer films, hybrid (polymer and particles) films, and membranes [45]. 
In terms of chemical sensing, MIP-layers could be integrated with appropriate 
transducers in order to transform the binding events into an analytical signal. 
Integration of MIP-layers with the sensor could be achieved by a variety of 
methods, such as in-situ photo- [46] or electropolymerization [38] as well as 
drop-casting, spray- or spin coating of a pre-polymerization mixture onto the 
surface [47].  

Nowadays, MIP thin films and membranes are widely used as convenient 
platforms for fundamental studies and practical applications due to the inherent 
number of advantages, including appropriate macroscopic shape, variable 
conditions for synthesis (adjustable polymerization rate, temperature, pH, light 
flux for photoinitiation), and simplicity of preparation. Moreover, the film 
platform perfectly fits for sensor applications and can be characterized by a wide 
range of analytical methods [48] (Fig. 1.2). 

Figure 1.2. A schematic representation of a MIP-based sensor where a MIP film 
is assembled on the sensing surface of a transducer and provides selectivity to 
the whole sensor system.  
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1.3. MIPs for biosensing applications 

Chemical and biosensors have attracted considerable attention in the area of 
analytical chemistry due to the increasing demand for fast and reliable devices 
with low detection limits and appropriate selectivity in such fields as clinical 
analysis, environmental monitoring and other areas. A biosensor combines a 
physicochemical detector with a recognition element (e.g., DNA, enzyme, 
antibody) that binds or recognizes the target analyte [49]. However, despite 
significant progress in biological recognition elements based biosensors, there are 
several limitations associated with them. While the poor chemical and physical 
stability together with the labile nature of biomolecules restrict further 
development of robust and reusable natural recognition elements, as MIP is a 
completely synthetic material with the possibility of smart response to the target 
molecules presents a valid alternative to the biological receptors [50]. The main 
advantages of MIPs over natural receptors are material robustness, resistance to 
extreme temperatures and pressures, an improved inertness to harsh chemical 
conditions, as well as low cost production, ease of preparation procedures, long 
shelf-life, and reproducibility [7]. 

Though MIPs can be applied as tailor-made receptors to an almost unlimited 
number of targets, even those whose biological receptors are unavailable, the 
production of high-effective MIPs against such large structures as proteins, cells 
and viruses is still quite a novel and fast-evolving area that should overcome a 
number of limitations.  

1.3.1. Protein-MIPs  

In the last few decades, interest in the field of macromolecular imprinting has 
considerably increased due to the wide possibilities of using such MIPs to design 
a new class of robust diagnostic tools [51]. 

However, the main drawback related to imprinting of such structures is their 
large size and complex shape that restrict their mobility within the highly cross-
linked polymeric matrix; hence, the poor efficiency in rebinding [52]. Moreover, 
imprinting of large biomacromolecules involves using of their native medium 
conditions to eliminate template conformational changes during MIP formation 
procedures and ensure proper washing out from highly reticulated polymeric 
networks. While the classical MIP technology relies on the use of organic 
solvents, water-soluble proteins as specific templates demand development of 
new, highly-controlled preparation methods compatible with the use of aqueous 
medium to preserve their native conformation. Moreover, according to the 
thermodynamic considerations relevant for MIPs, Nicholls assumed that it would 
be difficult to develop high-effective imprints for such large molecules as 
proteins [53]. Therefore, high affinity and selectivity under physiological 
conditions are the main desirable properties of protein-MIPs. 

Essentially, the template recognition principle in protein-MIPs can be divided 
into the recognition of polypeptide or a fragment sequence and the recognition of 
a protein shape. Considerable success was achieved by realizing surface 
imprinted polymers exhibiting highly selective recognition for a variety of 
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template proteins such as albumin, hemoglobin and cytochrome C [10], lyzozime 
[11], avidin [12, 13]. However, to date, only a few attempts have been made to 
imprint more complex macromolecules such as antibodies [15-18]. With regard 
to the above, the preparation of MIPs for selective recognition of proteins is an 
emerging field of molecular imprinting involving macromolecular templates. 

1.3.2. Surface molecular imprinting  

One of the perspective solutions to the problem of protein imprinting involves 
the fabrication of tailor-made materials with more relaxed polymeric networks 
having high surface-to-volume ratio. The technique of surface molecular 
imprinting allows the formation of polymers with the selective binding sites 
located at or close to their surface. Such sites are more accessible, hence the mass 
transfer and the binding kinetics are faster. Significant results in this area were 
achieved by protein imprinting of polymer nanowires [54], nanoparticles [55] and 
thin films [56, 57]. Currently, the field of macromolecular, in particular protein-
MIPs preparation, has been highly influenced by the surface imprinting 
technique, covering up to 60% of all published papers describing the considered 
approach [58]. 

Imprinted sites exclusively located on the surface of MIPs could be formed 
and the binding site density and homogeneity could be better controlled in a 
variety of ways, including microcontact printing with protein modified stamps 
[59], and taking advantage of the immobilized templates on sacrificial materials 
[10, 13].  

1.3.3. Immobilization of proteins on a surface 

The surface molecular imprinting methods involve the immobilization of 
protein templates on a solid support that acts either as a sacrificial or a transfer 
material [60]. Since protein imprinting is rendered more difficult by the 
thermodynamic motion of proteins in the solution, the quality of the imprints is 
expected to be improved by using immobilized templates [12].  

Elaboration on the appropriate strategies for protein immobilization on the 
surface is a key point for the successful development of a surface imprinted MIP 
format. Consequently, the immobilization procedure should comply with the 
conditions that provide:  

 insignificant effect on the protein structure 
 subsequent polymerization around the immobilized molecules 
 easy subsequent release of the immobilized molecules from the 

polymer matrix. 
As an example, the choice of an immobilization method for such widespread 

biorecognition elements as antibodies greatly affects their activity, conformation 
and geometrical orientation on a solid support. Antibody immobilization methods 
can be conditionally divided into the following categories: antibody direct 
adsorption; antibody covalent immobilization and modification; utilization of 
antigen epitopes or antibody binding proteins, and other alternative methods. 
While simple adsorption of an antibody to a gold surface results in non-desirable 
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effects, such as random orientation, high level of antibody denaturation and loss 
of binding properties, immobilization of an antibody to the specific epitope of an 
antigen provides its proper orientation and potentially could be applied for further 
preparation of the antibody molecular imprints. Another approach that is more 
stable and thus highly compatible with the surface molecular imprinting 
technique is covalent cross-linking of an antibody on a chemically-activated 
surface [61, 62]. Amino groups on the antibody can be readily coupled with 
aldehyde, epoxy, imidoester, carboxylic or dithiocarboxylic reactive groups, 
thereby providing a possibility for application of various surface 
functionalization methods. 

1.3.4. Electrosynthesis approach for protein-MIPs 

Electropolymerization is mainly used for the deposition of polymer films on 
conducting substrates, thus allowing a robust interfacing of a uniform polymer 
film with a sensor platform and has attracted considerable interest in the industry 
of chemical- and biosensors [63]. 

Electrochemical polymerization seems to be a suitable method for an in-situ 
synthesis of the MIP film since it provides good control for both its thicknesses 
(down to the nanometer range) and inner morphology as well as the possibility to 
carry out the reaction at room temperature [19, 64]. Moreover, the 
electrochemical approach could be feasible to prepare MIPs in a microarray 
format with the capability of multiplexed readout that would offer an opportunity 
to explore a sample/samples in a high throughput manner [21]. Nowadays, 
polymers synthesized by the electrochemical method are successfully applied for 
the preparation of MIP-based sensors [20]. Promising results on the application 
of electropolymerization with protein imprinting were shown for a number of 
different polymers like p(o-phenylenediamine) [65], poly (3, 4-
ethylenedioxythiophene) [13, 66], polypyrrole [67, 68] and other polymers.  

In this work, the electrosynthesized polydopamine and poly(m-
phenylenediamine) were used to prepare protein-MIP films on the surface of 
QCM and SAW sensors. 

Polydopamine 

Dopamine (DA) is an organic chemical that contains catechol and amine 
functional groups. This catecholic compound synthesized in the brain and 
kidneys plays an important role in human body as a hormone and 
neurotransmitter. In nature, DA is synthesized in plants and most multicellular 
animals, e.g., DA similar structures are found in adhesive proteins secreted by 
mussels. This particular feature has lead to an approach for the surface 
modification base on DA polymerization resulting in the formation of adherent 
polymeric films on the surface of a wide range of inorganic and organic substrates 
[69]. 

The most widely used method to achieve such adherent coatings is a 
spontaneous self-polymerization of DA under weak alkaline conditions, where 
catechol groups are oxidized to the quinine form. A more elegant way is 
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electrochemical polymerization where resulting film thickness is precisely 
controlled by accurate dosage of the applied charge [70]. It should be noted that 
this method has the limitation for a maximum thickness of up to several tens of 
nanometers due to the PDA layer insulating nature. The mechanism of DA 
polymerization presents the sum of complex redox processes with a series of 
intermediates that have been synthesized during the reaction period. The 
chemical structure of DA and a simplified structural unit of PDA are presented in 
Fig. 1.3. 

PDA is succesfully applied to prepare MIP thin films due to several attractive 
properties, such as availability of multiple functional groups (amino-, hydroxy-, 
π-π bonds), adherent nature of coatings, high hydrophilicity and high 
biocompatibility, compatibility with aqueous solutions, the possibility to obtain 
ultrathin films by the precisely controlled process [71].  

Poly (m-phenylenediamine) 

m-Phenylenediamine (m-PD), an organic compound classified as aromatic 
diamine, has attracted considerable attention in recent years due to its good water 
solubility, multifunctionality as well as possibility of fast and simple 
polymerization by multiple methods. Essentially, aromatic diamines may be 
considered as derivatives of the parent aniline. In particular, phenylenediamine 
has an additional amino group in its ortho-, para- and meta-positions. 
Notwithstanding the structural similarity of these three isomers, the 
polymerization process of each leads to different properties of the resulting 
products [72]. 

Among other isomers, polymer films from m-PD demonstrate remarkably 
high solvent resistance in organic and aqueous solutions. This particular feature 
is especially important in terms of MIP quality, indicating that the polymeric 
matrix could easily withstand both preparation and regeneration procedures. 
Although only limited information is available about the polymerization 
mechanism and the structure of PmPD, it is suggested that PmPD chains have 
benzenoid containing structure with secondary amine groups (Fig. 1.4) [73]. 

The most common methods for m-PD polymerization are chemical-, enzyme 
catalysed-, photocatalyzed-, and electrochemical oxidation. As compared to other 
methods, electropolymerization of m-PD has a number of attractive features, 

 

Figure 1.3. Chemical structure of DA (a) and a simplified structural unit of PDA 
(b). 
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including direct synthesis on the surface, precise monitoring of experimental 
parameters and significant decrease in synthesis time along with controlled 
thickness. Accurate selection of the synthesis conditions results in the formation 
of homogeneous and dense non-conducting films. 

The areas of PmPD application range from coatings for corrosion protection 
[74] to the preparation of nanostructures for biosensing purposes [75-77]. 
However, to the best of our knowledge, the utilization of PmPD as a matrix for 
MIP has not been reported until now. 

1.4. Immunoglobulin G as a template protein 

Immunoglobulins or antibodies are the type of proteins synthesized in animals 
as a response to the presence of a foreign item (antigens) to protect the animal 
from the development of infection [78]. Analysis of the presence of specific 
antibodies or their quantification can provide important data for diagnosis and 
management of a whole range of infectious, allergic and autoimmune diseases. 
This fact makes immunoglobulins one of the most widespread biorecognition 
elements used in biosensing. 

The major antibody found in human serum is Immunoglobulin G (IgG). IgG 
is a large heterotetrameric molecule composed of two heavy and two light 
polypeptide chains. Geometrically, this macromolecule presents a flexible Y-
shaped structure with the total molecular weight of approximately 150 kDa (Fig. 
1.5). Each chain has a variable region, which supplies a function of antigen-
binding, and a constant region that determines the antibody isotype. The isotype 
of the heavy chains arranges the functional properties of the antibody. The light 
chains are bound to the heavy chains by multiple non-covalent as well as disulfide 
bonds. The variable regions of both chains are joined together with corresponding 
constant regions, thus generating two identical antigen-binding sites also known 
as Fab fragments. These allow antibody molecules to cross-link antigens with the 
aim of strong and stable binding. The crystallizable fragment region or Fc 
fragment in the function of immune system activation is composed of the 
carboxy-terminal domains of the heavy chains. The places where Fab fragments 
are joined with Fc fragments form the flexible Hinge regions. While the overall 
organization of the domains is identical in all isotypes, the Fc fragment and hinge 
regions may vary in the antibodies of different isotypes, thus determining their 
functional properties [79]. 

Despite the numerous successful reports on imprinting of different proteins, 
the imprinting of IgG is quite a novel and problematic area. Only several attempts 
have been made to imprint IgG, including the work of Sellergren’s group [16] 

 

Figure 1.4. Chemical structure of m-PD (a) and a simplified structural unit of 
PmPD (b). 
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and Dickert’s group concept of artificial antibody replicas [80]. The main 
difficulties were attributed to the complex Y-shape structure and large amount of 
chemically identical groups. 

The facts presented appeal to the elaboration of fast, simple and relevant 
technique for IgG imprinting. Thus, in this work IgG was used as a target protein 
for the imprinting strategy.  

1.5. Label-free biosensor platforms 

Label-free detection techniques allow the monitoring of biomolecular 
interactions with non-labeled analytes [81]. Generally, this method is more 
preferred since labeling can influence the interfacial activity of the resulting 
protein–dye complexes, and consequently the accuracy of measured results [22]. 
The use of label-free sensing platforms for integration with MIPs can provide 
relevant information on the binding events occurring on MIP surfaces and has to 
be considered in the first place in the development of protein-MIP-based 
biosensors. Label-free detection can be implemented with the help of various 
transduction mechanisms, including, but not limited to, optical, electrochemical 
or piezoelectric, where the biochemical interaction between an analyte and a 
recognition element of the sensor is recorded as a change, e.g., in refractive index 
(SPR sensors), impedance (electrochemical sensors) or resonance frequency 
(QCM sensors), respectively.  

SPR is the most widely used optical system to study molecular interactions. It 
has an extreme sensitivity for refractive index changes near a metal film on a 
glass substrate (sensor surface), therefore it can monitor interactions between a 
receptor and a target analyte [82]. Since SPR is very efficient in detecting the 
interactions at very short distances from the sensor surface, the only way to 

 

Figure 1.5. Schematic structure of IgG basic units. 
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combine this type of instrument with MIPs is to modify the sensor with an ultra 
thin MIP film. Such thin films would be preferential for recognizing large 
molecules like proteins, since their mobility is highly hindered in highly cross-
linked polymeric networks. 

As molecular recognition is a mass exchange process, mass-sensitive acoustic 
wave devices, in particular the quartz crystal microbalance (QCM) and the 
surface acoustic wave sensor (SAW), are especially suitable in-situ techniques to 
study both the preparation and selectivity of MIPs. Acoustic wave devices are 
based on the use of piezoelectric materials to generate acoustic (mechanical) 
waves in order to sense various phenomena from the device's environment, which 
can be registered as changes in the wave properties. They can be classified based 
on the mode of the wave propagation as a surface acoustic wave (SAW) or a bulk 
acoustic wave device (BAW). 

In surface acoustic wave (SAW) sensors, the acoustic wave travels on the 
surface of the substrate. In BAW sensors, the acoustic wave travels through the 
interior of the piezoelectric substrate. Examples of most frequently used BAWs 
are thickness shear mode (TSM) resonators or shear-horizontal acoustic plate 
mode (SH-APM) sensors. 

1.5.1. Quartz Crystal Microbalance sensor 

Quartz Crystal Microbalance (QCM) is a BAW sensor, also known as a 
thickness shear mode resonator, where the acoustic waves propagate in the 
complete piezoelectric substrate. This piezoelectric device is capable of 
extremely sensitive mass measurements (ng·cm-2) in both air and liquid. QCM 
uses thickness shear mode vibration with the vibration of the complete substrate 
by the application of an alternating high frequency electric field using electrode 
metallic layers, which are usually deposited onto both sides of the disc (Fig. 1.6).  

The consequent mass change causes a change in the resonant frequency of the 
oscillator. The mass sensitivity arises from a dependence of the oscillation 
frequency on the total mass of the crystal, its electrodes, and any materials present 
on the electrode surface. The increased mass associated with the binding 
processes results in a decrease of the oscillating frequency. An increase in the 
fundamental frequency of the crystal and, thus, the QCM sensitivity, is limited 
by the thickness of the piezoelectric substrate. More sensitive QCMs involve 
using of extremely thin and consequently fragile substrate; thus, quartz crystals 
with fundamental frequencies typically between 5 and 10 MHz are commonly 
used in manufacturing of commercial devices [83]. In this work, quartz crystals 
with a fundamental frequency of 5 MHz were used. Common equipment allows 
device resolution down to 1 Hz on such type of QCMs. For films that are 
sufficiently rigid and/or thin (termed acoustically thin), a simplified conversion 
of the resonant frequency change into mass change described by the Sauerbray 
equation is defined as: 
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Δf = -(f0

2Δm)/Nρ =-Сf Δm      (1) 
 

where ∆f – resonant frequency change (Hz), f0 – fundamental frequency of the 
crystal (Hz), Δm – mass change (g·cm-2), N – frequency constant for quartz (167 
kHz·cm), ρ – density of quartz (2.65 g·cm-3), Cf – sensitivity factor (for 5 MHz 
quartz crystal, 56.6 Hz·μg-1·cm2). The equation is derived by considering the 
coupled mass as though it were an extension of the thickness of the underlying 
quartz and therefore, the mass to frequency correlation is largely independent of 
electrode geometry. As a result, mass can be determined without calibration, 
making the set-up desirable from a cost and time investment standpoint [84]. 

Due to its high mass sensitivity, QCM has been known as a valuable tool for 
real-time in-situ monitoring of receptor-analyte interactions [85]. The particular 
advantages of QCM are: rapid and stable measurements, possibility of integration 
with various layers and combination with different surface-analytical 
instruments. As an example, the electrochemical QCM (EQCM) can be used to 
investigate electropolymerization processes or redox behaviour of electroactive 
polymers [84, 86] while QCM combined with flow injection analysis (QCM-FIA) 
can be applied as a biosensor [87]. In view of this, QCM is widely applied for 

 

Figure 1.6. Schematic of the QCM operation principle. A) A typical view of a 
bare (left) and a film-loaded (right) QCM sensor. The film is shown intentionally 
thicker for clarity reasons. B) Schematic side view of the QCM sensor. 
Alternating electric field imposed on the electrodes causes oscillation of the 
quartz, where top and bottom surface move in opposite directions. C) Frequency 
change is a typical response of a QCM sensor upon mass load on its electrode. 
The mass load is directly proportional to the resonant frequency decrease.  
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biosensing purposes, including such areas as protein adsorption [88], antibody-
antigen binding [89], various biomolecules immobilization and investigation of 
their properties [90, 91]. 

In this work, the combination of QCM with electrochemistry (EQCM) was 
used to follow electroactive monomers redox behaviour as well as to control 
precisely synthesized layer thickness during polymerization. Moreover, QCM 
sensor was integrated with the method of Flow Injection Analysis (FIA) for on-
line monitoring of the IgG binding events on the IgG-MIP.  

1.5.2. Surface Acoustic Wave sensor 

Surface acoustic wave (SAW) sensors are a class of sensing platforms that 
rely on the modulation of surface acoustic waves to sense a physical phenomenon. 
SAW sensors can be classified by the propagation mode of the acoustic wave into 
Rayleigh-SAW sensors and shear-horizontal SAW (SH-SAW) sensors. 

Rayleigh SAW sensors have a vertical shear component that increases 
sensitivity to the device's external environment, however, it undergoes severe 
damping when displaced in a liquid medium, thus narrowing the use of Rayleigh 
SAW devices to gas and vacuum environments [23].  

SH-SAW sensors use acoustic waves with shear horizontal component that 
have a displacement, which is perpendicular to the wave propagation direction 
and parallel to the substrate surface.  

Although SH-SAW sensors already have comparatively low attenuation 
values when operated in liquids, another type of SH-SAW sensors benefits from 
the so-called Love wave effect. In these sensors, acoustic energy is concentrated 
exclusively within the guiding layer of a foreign material deposited on top of the 
substrate and the acoustic losses into the bulk of the substrate and into the liquid 
above the sensor surface are minimized. Therefore, these so-called Love-wave 
SAW sensors were found to be even more suitable for operation in contact with 
liquid [92]. Currently, Love-wave SAW sensors are the most sensitive acoustic 
sensors [23]. The Love-wave SAW sensor (hereafter simply referred to as SAW 
sensor) was used in this work. 

As compared to the traditional QCMs, in Love-wave SAW sensors, the 
surface acoustic waves propagate only in a guiding layer at the surface of the 
substrate, thus excluding the influence of the substrate thickness on the behaviour 

 

Figure 1.7. A schematic drawing of a Love-wave SAW sensor. 
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of the sensor. Being an advanced device with higher operating frequencies, SAW 
sensors surpass QCMs in sensitivity to mass changes, density, viscosity and 
electrical conductivity as well as offer significant advantages regarding the 
damping in liquids [93].  

A typical Love-wave SAW sensor consists of three basic components: a 
piezoelectric substrate, interdigital transducers (IDTs) and an area of acoustic 
wave propagation (Fig. 1.7). The substrate-deforming mechanical waves 
generated in the input IDT by applying the oscillating electrical field are 
travelling across the area of propagation and thus their velocity and/or amplitude 
are altered by a contact with any medium associated with the surface. By reaching 
the output IDT, the wave is converted back into an electrical signal. Input and 
output electrical signals are then translated to the resulting frequency and 
amplitude changes. Using both the phase shift and the amplitude shift of the 
surface acoustic wave allows discrimination of changes in the corresponding 
mass and mechanical properties from viscoelastic effects [24]. 

Although SPR and QCM remain to be widely used sensor platforms for the 
on-line label-free detection of binding events in the aqueous media, Love-wave 
SAW may provide advances in the fabrication of MIP-based sensors over those 
platforms. Love-wave SAW offers about an order of magnitude higher mass 
resolution than QCMs while keeping low sensor cost. In addition, it is fully 
compatible with large-scale fabrication and multiplexing technologies [23, 24]. 
As compared to SPR, SAW technology is not limited to detecting only mass 
loading onto the surface, but also useful in the following structural insights of 
sensing layers through the use of the dissipation factor of the acoustic wave 
propagating along the sensor surface. 

1.6. Characterization of MIP recognition properties  

A systematic approach allowing assessment of the quality of the synthesized 
MIPs is crucial to describe the resulting MIPs as well as to understand the factors 
improving their performance. The following sections summarize the criteria and 
the evaluation methods associated.  

1.6.1. Binding kinetics 

Kinetic analysis is based on the investigation of receptor (MIP) and ligand 
(analyte molecules) interaction, in which complexes are formed by reversible 
association and dissociation of molecules. Thus, kinetic measurements provide a 
way to determine both kinetic (e.g., rate constant) and equilibrium (e.g., KD) 
constants of the binding process between MIP and analyte molecules [94].  

Monitoring the MIP-analyte binding interactions and analyzing them as a 
function of time vs. response signal provide data for subsequent fitting to a 
mathematical model assumed to describe the interactions (Fig. 1.8). The analyte 
injection period or so called association phase consists of both association and 
dissociation processes between MIP and analyte molecules, while the 
dissociation phase is related only to the dissociation of analyte from the MIP 
surface. By fitting the association phase to an appropriate kinetic model, the rate 
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constant of the process (k), and the response upon analyte rebinding at 
equilibrium (Qeq) can be obtained. Qeq values can be subsequently used in plotting 
the adsorption isotherm (Section 1.6.2).  

The kinetic evaluation of the MIP rebinding behavior is especially important 
for using MIPs in time-dependent applications such as MIP-based sensors [95]. 
In addition, the equlibrium dissociation constant or KD, which can be determined 
from kinetic measurements, is commonly used to describe the affinity between a 
ligand and a receptor, i.e., how tightly analyte molecules bind to a particular MIP. 
A small KD means that the MIP has a high affinity for analyte molecules. KD is 
measured in the dimensions of concentration, and equals the concentration of 
ligand at which half of the receptor binding sites are occupied. In this work, KD 
was used to assess the affinity of the prepared IgG-MIP films to the template 
protein.  

Binding kinetics models 

The first- and second-order rate models have been widely used to describe the 
adsorption data obtained under non-equilibrium conditions [96, 97]. The pseudo-
first and second order rate equations (2) and (3) in the integrated form are 
expressed as follows: 

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

2k2t]/[1+Qeqk2t]       (3) 
 

where Q is the response upon analyte rebinding at time t, Qeq is its value at 
equilibrium, k1 is a pseudo-first rate constant, k2 is a pseudo-second order rate 
constant. A detailed analysis of these rate equations was performed by S. Azizian 
[98]. 

According to the first-order kinetics model, the analyte binds only to a single 
active site on the MIP surface and the interactions of analyte and MIP are of 
physical nature; the rate of occupation of adsorption sites is proportional to the 

 

Figure 1.8. The principle of binding kinetics analysis. 
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number of unoccupied sites [99]. The pseudo-second order model recognizes that 
the rate-limiting step is chemisorption, involving sharing or exchange of electrons 
between MIP and analyte and the rate of occupation of adsorption sites is 
proportional to the square of the number of unoccupied sites [100]. Both models 
have been successfully applied to describe the adsorption kinetics on the MIP 
surfaces [101-103]. 

1.6.2. Adsorption isotherms 

The relation between the volume concentration of an analyte and its 
concentration on the surface of MIP when binding is performed at a constant 
temperature can be represented by an adsorption isotherm. A mathematical 
analysis of the adsorption isotherm with different adsorption models, e.g. 
Langmuir, Langmuir-Freundlich, provides insight into the nature of the binding 
process. 

Adsorption models 

The Langmuir isotherm derived by I. Langmuir in 1918 is the most widely 
used semi-empirical isotherm model with a kinetic basis that is able to fit various 
adsorption data. The main assumptions used in this model are: equivalence of 
adsorption sites (accommodation of one molecule per one site), homogeneity of 
the surface and non-interacting with each other analyte molecules, absence of 
phase transitions as well as formation of a single monolayer without adsorption 
to other analyte molecules. However, all these assumptions are rarely observed 
in practice, which leads to the necessity of the model appropriate modifications 
[104]. The Langmuir isotherm is defined as:  

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

where C is the concentration of the analyte in the solution, KD is the equilibrium 
dissociation constant and Q and Qmax are the fractions of bound analyte and its 
saturation value, respectively.  

Preparation of MIP introduces different variations of adsorption sites 
(imprinted cavities) [105]. Such models as Bi-Langmuir (the sum of two 
Langmuir isotherms) can take into account a situation when two types of 
adsorption sites are presented on the surface [99] (Table 1.1). Since MIPs are 
usually described as materials with a higher degree of heterogeneity, Freundlich 
and combined Langmuir-Freundlich models have been applied to take into 
account such issues as surface roughness, heterogeneity, and analyte-analyte 
interactions [106, 107]. Langmuir-Freundlich isotherm is defined as:  

 
Q = QmaxCm/(Cm+KD)       (5)  
 

where C is the concentration of the analyte in the solution, KD is the equilibrium 
dissociation constant and Q and Qmax are the fraction of the bound analyte and its 
saturation value, and m is the surface heterogenity index. 
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Imprinting factor 

Imprinting factor (IF) indicates the capacity of a MIP towards an analyte 
molecule, but normalized to that of NIP. Thus, when a MIP and the respective 
NIP surfaces are completely saturated and found at equilibrium conditions, IF can 
be calculated according to the following equation: 

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

where Qmax(MIP) is the maximum adsorption capacity of MIP and Qmax(NIP) is 
the maximum adsorption capacity of NIP. Sometimes, when the complete 
saturation is rather difficult to achieve, it is acceptable to calculate IF at the 
equilibrium achieved at a particular concentration: 

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

where Qeq(MIP) is the response value upon analyte binding at equilibrium onto 
MIP and Qeq(NIP) is the response value upon analyte binding at equilibrium onto 
NIP. 

Table 1.1 Langmuir and Freundlich isotherms and their several variations used 
to describe the behaviour of MIP materials 

Isotherm model Equation 
Langmuir isotherm Q = (QmaxC)/(C+KD) 
Freundlich isotherm Q = αCm 

Langmuir-Freundlich 
isotherm  

Q = (QmaxCm)/(Cm+KD)  

Bi-Langmuir isotherm Q = Q1+ Q2, where 
 Q1= (Qmax1C)/(C+KD1); 
Q2= (Qmax2C)/(C+KD2) 

Binding selectivity 

Binding selectivity is the ability of a MIP material to discriminate between the 
template molecule and other analyte molecules with different or similar chemical 
structures (i.e., structural analogs). Selectivity factor S, which is the ratio of IF of 
an interfering substance to that toward the template molecule, can be used to 
assess the cross-reactivity of MIP: 
 

S = IF(interf)/IF(template)        (8) 
 
where IF(template) is the imprinting factor of a MIP for the template and IF(interf) is 
the imprinting factor of MIP for interfering analyte. IF(interf) values for interfering 
analytes can be calculated according to Eq. (6), where the values of Qeq upon 
interfering analytes adsorption onto MIP and NIP are determined from the 
kinetics data using the appropriate binding kinetic model (Eqs. (2)-(3)).  
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1.7. Summary of the literature review and objectives of the study 

 Molecular imprinting technique, which can be defined as the process of 
template-induced formation of specific molecular recognition sites in a polymer 
matrix, has become one of the state-of-the-art techniques to generate MIP-based 
synthetic receptors. The main benefits of MIPs are related to their synthetic 
nature, i.e., excellent chemical and thermal stability associated with reproducible, 
cost-effective fabrication. Thus, MIP-based receptors have been shown to be 
promising alternatives to natural biological receptors (e.g., enzymes, DNA, 
antibodies) in biosensing applications, providing more stable and low-cost 
recognition elements. However, there remain many unsolved issues in the 
development of MIP-based biosensors, including the limitations in 
macromolecular imprinting and robust interfacing of MIP with a sensor 
transducer.  

The preparation of a polymer film with macromolecular imprints capable of 
selective rebinding of macromolecules, e.g. proteins (protein-MIP film) by 
combining the surface imprinting method and the electropolymerization 
technique seems to be a prospective solution to address the above-mentioned 
issues. 

The use of label-free sensing platforms for integration with MIPs can provide 
relevant information on binding events on MIP surfaces and has to be considered 
in the first place in developing protein-MIP-based biosensors. Among the label-
free sensor technique acoustic wave devices, such as QCM and SAW, are cost-
effective sensor platforms capable of monitoring molecular binding events in thin 
films in real-time and label-free manner, and thus are especially suitable for the 
study of preparation and selectivity of MIPs. 

Since IgG is widely used for diagnostic purposes, the realization of a MIP 
material capable of highly selective capture of IgG, but interfaced with a label-
free platform, allows us to follow in real time the respective molecular binding 
events and thus, is of great importance in immunological research and clinical 
diagnostics. 

The overall objective of this thesis was to explore molecular surface 
imprinting of the synthetic polymer prepared by a controlled 
electropolymerization, but integrated with a label-free sensor platform for real-
time detection of macromolecules such as proteins (IgG) to create a selective, 
robust and multiplexed MIP-based biosensor. 

The aims of this doctoral thesis were as follows: 
 To develop a reliable strategy for immobilization of IgG molecules on a 

sensing surface of QCM and SAW;  
 To develop an electrosynthesis method allowing direct fabrication of the 

IgG-MIP films on the sensing surface of QCM and SAW; 
 To validate the recognition capability and selectivity of the prepared IgG-

MIPs through the analysis of the responses of the IgG-MIP modified QCM 
and SAW sensors upon interaction with target and interfering proteins; 

 To understand the factors improving the performance of the IgG-MIPs in 
terms of their recognition capability towards IgG. 
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2. EXPERIMENTAL PART 

2.1. A macromolecular imprinting approach for the protein-MIP film 
fabrication 

In this thesis, a method for the preparation of surface imprinted protein-MIP 
films directly on a sensor surface was developed. The method includes the 
sequence of (a) the macromolecular template immobilization, (b) electrochemical 
deposition of a nanometer thin polymer film, and (c) template removal procedures 
resulting in the complementary binding sites confined in the surface of the 
polymer film (Fig. 2.1). Every stage of the sequence is described in detail in 
Sections 2.2 -2.4.  

2.2. Protein immobilization on a gold electrode surface 

An attempt was made to immobilize macromolecules by two principal 
strategies. In the first strategy, a specially synthesized peptide modified with 
cysteine (Cys-peptide) was immobilized on the para-maleimidophenyl grafted 
surfaces by cross-linking between the maleimide groups and the sulfhydryl group 
of the Cys residues. Accordingly, the Cys-peptide was supposed to work as an 
antigen able to bind specifically an antibody served as a macromolecular 
template. The other strategy relied on the immobilization of the macromolecular 
template on a surface via a DTSSP cleavable linker, allowing an easy detaching 
of the template afterwards. Each immobilization strategy is described in detail in 
Sections 2.2.1–2.2.2.  

 

Figure 2.1. A macromolecular imprinting approach for the protein-MIP film 
fabrication: (a) immobilization of a protein via a linker system to a gold surface; 
(b) electrodepostion of a polymer film; (c) washing out the protein. 
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2.2.1. Surface functionalization via the p-MP/Cys-peptide linker system 

p-MP functional groups were electrochemically grafted on gold and silicon 
surfaces from solutions of the p-maleimidophenyl diazonium tetrafluoroborate. 
A specially synthesized peptide modified with cysteine (Cys-peptide) was then 
immobilized on the p-MP grafted substrates by cross-linking between the 
maleimide groups and the sulfhydryl group of the cysteine residues. Accordingly, 
the Cys-peptide worked as an antigen that was able to bind specifically the target 
antibody (anti-GST antibody), while it was non-sensitive to a negative contrast 
antibody (i.e., anti-Flag b) (Fig. 2.2). 

2.2.2. Surface functionalization via 4-aminotiophenol/DTSSP linker 
system 

The gold electrode surface was modified with amino-groups by the formation 
of a self-assembled monolayer of 4-ATP. Then, the homobifunctional crosslinker 
with a cleavable disulfide bond and a suitable spacer unit (i.e. DTSSP) was 
attached to the amino-modified surface. The template protein (IgG) was 
immobilized by the formation of a covalent amide bond between the succinimide 
group of DTSSP and the amino-group of lysine residues of IgG (Fig. 2.3).  

2.3. Polymer matrix formation by electropolymerization 

Polymer matrix was formed by the electrochemical polymerization of m-PD 
or DA around the immobilized IgG. The in-istu polymerization of m-PD and DA 
was carried out in specially designed electrochemical cells. The electrochemical 
cells accommodated three electrodes, i.e., the gold electrode of QCM or the 
sensing surface of SAW chip as a working electrode, a spiral shaped platinum 
wire or a rectangular shaped platinum plate as a counter electrode, and a 

 

Figure 2.2. A strategy for protein immobilization via the p-MP/Cys-peptide linker 
system: (a) p-MP layer formation on a gold electrode; (b) attachment of Cys-
peptide; (c) protein immobilization. 
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Ag/AgCl/ KClSat. as a reference electrode, all connected to an electrochemical 
workstation (Reference 600TM, Gamry Instruments, Inc., USA). 

2.3.1. Electrodeposition of PDA films 

DA electrochemical polymerization on the IgG-modified electrode was 
monitored by the Electrochemical Quartz Crystal Microbalance (EQCM). EQCM 
measurements were performed using the QCM100 system (Stanford Research 
Systems, Inc., Sunnyvale, CA, USA) connected to an electrochemical 
workstation (Reference 600TM, Gamry Instruments, Inc., USA) and PM 6680B 
counter (Fluke Corporation), as described in [38]. Electropolymerization was 
carried out on the IgG-modified QCM sensors by cycling the potential between 
−0.45 and +0.55 V at a scan rate of 50 mV·s-1 in PBS buffer solution containing 
5 mM of DA until the resonant frequency dropped to a designated value.  

Thickness of the deposited PDA film was believed to be uniform and 
estimated by dividing the corresponding mass provided by the Sauerbrey 
equation (Section 1.5.1, Eq. (1)) and the polymer’s density. After polymer film 
electrochemical deposition, the electrode was rinsed with distilled water and 
dried in a nitrogen stream. When not in use, the IgG-PDA modified QCM sensors 
were stored under nitrogen atmosphere in the refrigerator. 

2.3.2. Electrodeposition of PmPD films 

The protein-modified SAW chip was placed into the 5-mL electrochemical 
cell designed to expose the modified sensing surface to the synthesis solution. m-
PD electropolymerization on the IgG-modified surface was carried out in the PBS 
buffer solution containing 10 mM of m-PD by imposing the constant potential of 
0.9 V to the working electrode. 

 

Figure 2.3. A strategy for protein immobilization via 4-aminotiophenol/DTSSP 
linker system: (a) 4-ATP self-assembled monolayer formation on a gold 
electrode; (b) attachment of a DTSSP cleavable linker; (c) protein covalent 
immobilization. 
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To yield the polymeric structures of a defined thickness, their growth was 
controlled by the charge passed through the working electrode. Thicknesses were 
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 to the wavelength range 
between 380 and 850 nm at the angle of incidence of 70º. The spectra were fitted 
(SpectraRay 3 software) with the optical model containing a one-layer Cauchy 
layer on top of gold and the thicknesses were determined. 

2.4. IgG removal from polymeric matrix 

IgG was removed from polymeric matrix of the electrodeposited PDA film in 
order to form the IgG-MIP films. For this purpose, the IgG-PDA modified 
electrode was immersed in 0.1 M solution of 2-mercaptoethanol in ethanol, and 
heated in a water bath up to 100 °C. The reaction was maintained under stirring 
for 15 minutes. After rinsing with ethanol and distilled water, the electrode was 
immersed into 3M NaCl aqueous solution containing 0.1% SDS and the same 
parameters of heating were applied. The washing out procedure of protein was 
maintained under stirring for 15 minutes, repeated twice. Finally, the resulting 
IgG-MIP sensor was washed thoroughly with distilled water and subjected to 
protein rebinding studies. In addition to the procedure implemented with PDA 
matrix, the SAW sensor with a synthesized PmPD film was additionally 
immersed into DMSO for 30 minutes in order to disrupt multiple hydrogen bonds. 

To compare the IgG-MIPs in terms of their affinity to IgG molecule, a non-
imprinted polymer (NIP) structure was also created. The NIP was formed under 
the same conditions as the IgG-MIP, excluding the protein removal stage. In this 
case, polymer film still contains the target protein, but has no cavities on its 
surface. 

2.5. Characterization of the IgG-MIP film  

2.5.1. Rebinding study by QCM 

IgG rebinding on the prepared IgG-MIP films modified QCM sensors was 
studied by Quartz Crystal Microbalance-Flow Injection Analysis (QCM-FIA) 
combined technique, allowing real-time monitoring of molecular interactions on 
the surface of the QCM sensor. The analysis was carried out in a QCM-FIA 
system comprising two programmable precision syringe pumps (Cavro® XLP 
6000, Tecan Nordic AB, Mölndal, Sweden), a motorized six-way port injection 
valve (C22-3186EH, VICI® Valco Instruments Company Inc., USA) controlled 
by a microelectric actuator and a small volume (150 μl) axial flow cell attached 
to the QCM sensor holder (Stanford Research Systems, Inc.) (Fig 2.4). All 
elements of the system were connected to a PC and controlled by software written 
in Labview. A constant flow of degassed PBS buffer solution (pH=7.4) flew over 
the sensor at a flow rate of 12 µl·min-1 until a constant baseline of QCM sensor 
resonance frequency was reached. Subsequently, various concentrations of 
analyte samples (IgG solution in PBS buffer) were injected into the flow stream 
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via an injection loop (250 μL), allowing interaction with the IgG-MIP or NIP 
modified sensor for 2500 s. 

2.5.2. Rebinding study by SAW 

Real-time rebinding of IgG on the prepared IgG-MIP-modified SAW chips 
was performed using a SAW biosensor system (SamX®, NanoTemper 
Technologies GmbH, München, Germany) capable of handling two SAW chips 
having four separate sensor elements each (Fig. 2.5). The main components of 
the fluidic system were: autosampler, syringe pump, bottle holder with fluidic 
interconnects, internal valves, and two fluidic cells with the volume of 2.3 µl per 
sensor element. The internal valves of the system provided an option to deliver 
analyte solutions to the modified sensor elements either individually or in serial 
fashion.  

The sensor elements were preconditioned at constant flow (25 µl·min-1) of the 
degassed PBS buffer solution (pH=7.4) until a constant baseline was reached. 
Subsequently, various concentrations (from 0.4 nM to 53 nM) of analytes 
prepared from the same buffer were injected into the flow stream via an 
autosampler using a 430 μL injection loop and allowed interaction with the IgG-
MIP or NIP modified SAW chip. 

 

Figure 2.4. Schematic diagram of the FIA-QCM system consisting of two 
programmable precision syringe pumps, a motorized six-way port injection 
valve for switching between the solutions and an axial flow cell attached to the 
QCM holder. 
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The SAW sensor system is capable of both phase and amplitude signal 
measurement, reflecting changes in mass and in viscoelastic properties of a 
material at the sensor surface, respectively. In this work, phase-shift response was 
analyzed to evaluate rebinding properties of the IgG-MIPs.  

Data were analyzed using Origin 9.1 (Northampton, MA). Raw data were 
exported, cut and analyzed by individual fits using two kinetic models for 
sorption from a liquid solution represented by the first- and second-order 
equations, as will be described in the Results and Discussion section. Affinity 
constants and KD values were determined from the plot of the equilibrium signal 
(Qeq) versus analyte concentration using the Langmuir-Freundlich equation for 
the data fitting. The film-modified chips were regenerated by their immersion in 
the 3M NaCl aqueous solution for 2 hours with stirring and heating up to 100 °C. 

 

Figure 2.5. (A) A layout of the IgG-MIP/NIP films on the SAW chips and the 
SAW biosensor system. (B) The flow paths over the SAW chips in the sensor 
system. 
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3. RESULTS AND DISCUSSION 

3.1. Immobilization of IgG on a gold surface 

3.1.1. Immobilization through the p-MP/Cys-peptide linker system 

The first elaborated strategy for antibody immobilizatation involved 
electrochemical grafting of the p-MP layer with subsequent attachment of Cys-
peptide. The electrochemical deposition of maleimidobenzene on the Au surface 
led to an ultra thin layer with a thickness of about two monolayers after five 
potential scans. p-MP is a very favourable reactive group in the cross-linking 
process and reacts specifically with sulfhydryl (–HS) groups in aqueous solution 
at a pH value between 6.5 and 7.5 to form a stable and non-reversible thioether 
linkage. HS-groups could be introduced into a chosen target peptide (antigen) by 
chemical modification at its N-terminus with cysteine, so that the obtained Cys-
peptide could be covalently immobilized on a maleimide-modified surface by 
cross-linking (Article I, Section 2).  

Since the Cys-peptide works as a specific epitope to the target anti-GST 
antibody, the above-mentioned Cys-peptide modified surface was investigated 
for its biosensing capabilities with respect to the selective antibody-antigen 
interaction. The perfomance evaluation with the QCM-FIA technique 
demonstrated the preferential binding of a specific anti-GST IgG on the Cys-
peptide modified surface rather than a non-specific (anti-flag b), respectively, 
thus indicating the potential analytical efficiency of such Cys-peptide-modified 
surfaces for the development of biochemical sensors feasible for label-free 
detection in antigen-antibody immunoassays. However, further application of 
that immobilization approach for the development of an antibody-MIP sensor 
encountered several issues associated with antibody conformational changes 
during immunoreaction with epitope, which, as compared to a non-coupled 
template, may give a different shape and arrangement of functional groups in the 
prepared imprints. Moreover, as shown in Fig. 3.1, insulating nature of the chosen 
p-MP monolayer showed that it is impossible to form an appropriate polymer 
matrix by the electropolymerization method.  

3.1.2. Immobilization via 4-aminotiophenol/DTSSP 

To address the drawbacks of the first method, an alternative strategy with an 
antibody covalent immobilization principle was proposed. This strategy is based 
on 4-aminothiophenol (4-ATP), a small aromatic thiol derivative that is able to 
form stable self-assembled monolayers with available amino-groups on gold 
surface. The terminal function of the amino-group has been employed for the 
covalent attachment of different substances including DNA [108]; peptide [109] 
and IgG [110]. Then, a homobifunctional crosslinker with a cleavable disulfide 
bond and a suitable spacer unit (i.e. DTSSP) was covalently attached to the 
amino-modified surface. DTSSP or 3,3'-Dithiobis(sulfosuccinimidylpropionate) 
is a water-soluble crosslinker that contains amine-reactive sulfo-NHS ester ends 
around an 8-atom spacer arm, with disulfide bond in the center that can be readily 
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cleaved with such reducing agents as Mercaptoethanol. Finally, the target protein 
- human IgG was immobilized on the surface by the formation of a covalent 
amide bond between the succinimide group of DTSSP and the amino-group of 
lysine residues of IgG (Article II). According to the structure of IgG taken from 
Protein Data Bank (PDB), the highest amount of steric accessible lysine groups 
is concentrated in the Fc fragment, thus suggesting partially oriented coupling 
with the DTSSP linker. 

Fig. 3.1 compares the insulating properties of p-MP vs. 4-ATP. It can be seen 
that the bare Au electrode shows a reversible peak for the redox couple, indicating 
that the electron transfer reaction is diffusion-controlled. The reversibility of the 
reaction at Au/4-ATP is almost the same as that at the bare electrode, indicating 
that the 4-ATP monolayer exhibits rather poor blocking ability. This could be 
explained by the chemical properties of the 4-ATP monolayer as well as existence 
of pinholes and defects allowing application of further electropolymerization of 
the selected monomer even after final attachment of IgG. In the case of the Au/p-
MP surface, no well-defined current peaks were observed on the voltammogram, 
thus composing a significant barrier to the charge-transfer reaction involving the 
redox couple due to the surface blocking and the insulating layer formation (Fig. 
3.1e).  

Thus, the IgG covalent immobilization via the DTSSP cleavable crosslinker 
was chosen for further formation of the IgG-MIPs discusssed in Section 3.2. 

3.2. Fabrication of the IgG-MIP films 

The IgG-MIP was generated by the highly controlled electrodeposition of a 
polymer film onto a gold electrode preliminarily modified with the IgG via the 
DTSSP crosslinker. It is expected that the multiple non-covalent interactions 
(hydrogen bond, van der Waals forces, electrostatic and hydrophobic 
interactions) between chosen polymer matrices and the IgG molecule ensure the 
formation of complementary cavities in the prepared IgG-MIP films. Subsequent 

 

Figure 3.1. Cyclic voltammograms of a gold electrode: bare gold (a); 4-ATP 
coated (b); Au/4-ATP/DTSSP coated (c); Au/4-ATP/DTSSP/IgG coated (d); p-
MP coated (e) in 1M KCl aqueous solution containing 4 mM 
K3[Fe(CN)6]/K4[Fe(CN)6], scan rate 50 mV·s-1. 
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cleavage of this linker and removal of the protein resulted in the formation of 
complementary binding sites on the surface of the polymer film.  

For the surface imprinting strategy used in this study, the deposition of a 
polymer film with an appropriate thickness is one of the most important tasks in 
order to eliminate the complete entrapment of IgG molecules in the polymeric 
matrix and produce the IgG-MIP film with specific binding sites located on the 
surface. To evaluate the appropriate thickness of the electrodeposited polymer 
layer, the length of the immobilized structure- 4-ATP/DTSSP/IgG - was 
theoretically estimated using geometric analysis by RasMol software (Article II, 
Fig. 1). The theoretically estimated height of the whole immobilized structure can 
vary from approx. 10.5 to 20 nm. As a result, the thickness of the electrodeposited 
polymer film can be chosen proceeding from an assumption of this structure 
dimensions. Thus, in this particular work, to evaluate the varying extent of 
polymer coverage on the IgG-modified surface, the polymer films with 
thicknesses ranging from approx. 4 to 27 nm were applied. 

3.2.1. Formation of the polymer matrix by electropolymerization 

Electrosynthesized polymers, PDA and PmPD, were chosen for polymeric 
matrix formation to obtain the IgG-MIP films on QCM and SAW sensor surfaces, 
respectively (Article II and III).  

Due to the insulating nature of PDA and PmPD layers, their electrochemical 
growth has the limitation for maximum thickness achievable. In order to obtain 
appropriate PDA film thickness, two electropolymerization techniques, 
chronoamperometry and cyclic voltammetry, were studied. It was observed that 
PDA film growth is non-linear, characterized by a higher thickness increase at 
the beginning of the process and its gradual slowing-down until a constant 
thickness value is reached, indicating self-limiting polymerization. As can be 
seen from Fig. 3.2 (a and b), chronoamperometry at 0.9 V resulted in the maximal 
polymer thickness of 8 nm, which does not comply with the estimation 
theoretically made for the optimal polymer thickness. Cyclic voltammetry with 
the potential range from -0.45 to + 0.55 V allowed us to obtain the PDA thickness 
of ca 22 nm. Thus, cyclic voltammetry was applied for PDA film 
electrodeposition in order to prepare the IgG-MIP on QCM sensor surface.  
The PmPD film was formed on the IgG modified SAW sensor surface by 
chronoamperometry at 0.9 V. This polymerization method allowed us to 
synthesize PmPD films in a wide thickness range up to one hundred nm, 
providing extremely fast synthesis as compared to an analogous procedure with 
PDA. To prepare the IgG-MIP, the PmPD films with thicknesses in the range of 
6 nm and 27 nm were synthesized on the IgG-modified SAW chips.  

The clear advantage of using PmPD for the IgG-MIP film synthesis is the 
faster electropolymerization of m-PD over that of DA. Consequently, a lower 
exposure of surface-immobilized IgG to the synthesis solution and to the applied 
potential significantly reduces the possibility of conformational changes of IgG. 
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3.2.2. Removal of IgG from the polymeric matrix 

IgG was removed from the polymeric matrix of the electrodeposited PDA and 
PmPD films to form the IgG-MIP films. The washing out procedure was 
elaborated taking into account the types of possible interactions between the 
polymer and the IgG. The procedure of IgG removal from the polymer matrix 
included mercaptoethanolic treatment at approximately 100 ºC to disrupt the 
disulfide bond of the DTSSP linker as well as treatment with 3M NaCl solution 
and DMSO for non-covalent bonds disruption. Protein denaturation has also high 
probability of occurrence at such washing conditions.  

In order to evaluate the influence of the washing out procedure on the stability 
of polymeric films, the cyclic voltammograms of the polymer coated gold 
electrode in the presence of K3[Fe(CN)6]/K4[Fe(CN)6] redox probe before and 
after treatment were recorded and compared with cyclic voltammograms of a bare 
gold electrode. Fig. 3.3 demonstrates that a pair of K3[Fe(CN)6]/K4[Fe(CN)6] 
redox peaks completely disappears on the cyclic voltammograms of PmPD and 
PDA covered gold surfaces, confirming the insulating character of the deposited 
films. Moreover, there is no significant difference between voltammogram 

 

Figure 3.2. The time dependence of the polymer thickness deposited on the IgG-
modified gold electrode of the QCM sensor during: (a) electropolymerization by 
chronoamperometry at 0.9 V in the PBS buffer solution containing 5 mM of DA; 
(b) electropolymerization by potential cycling between −0.45 and +0.55 V at a 
scan rate of 50 mV·s-1 in PBS buffer solution containing 5 mM of DA; (c) 
electropolymerization by chronoamperometry at 0.9 V in the PBS buffer solution 
containing 10 mM of m-pD. 
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recordings before and after the washing out procedure, suggesting that both 
polymer films were stable in the conditions applied for IgG removal.  

3.3. Characterization of the IgG-MIP films 

The IgG-MIP films were characterized in terms of their affinity and selectivity 
towards IgG by monitoring the binding events with the QCM and SAW systems. 
To ascertain that the interaction between the IgG and the IgG-MIP surface was 
specific, a control experiment was performed with the NIP-modified sensor for 
each tested polymer film. The influence of the electrodeposited polymer 
thickness on the recognition properties of the IgG-MIP was also explored. 

3.3.1. Rebinding study by QCM 

IgG rebinding on the prepared the IgG-MIP films was studied by the QCM-
FIA combined system (Article II). A series of the IgG-MIPs having different 
thicknesses of PDA were fabricated directly on the sensing surface of the QCM. 
Fig. 3.4 shows the sensorgrams and additive calibration curves for the thickness-
optimized (18 nm) IgG-MIP and the respective NIP upon consecutive injections 
of the solutions with increasing concentration of IgG in PBS buffer. 

A frequency drop associated with the IgG binding is observed for the IgG-
MIP modified QCM sensor already after the injection of 2 nM IgG concentration, 
while the NIP modified sensor shows the non-significant frequency change (Fig. 
3.4a). With the increasing concentration of IgG, the frequency drop becomes 
more pronounced for both the IgG-MIP and NIP films but at the same time, a 
noticeable difference between the frequency responses of the IgG-MIP and NIP 
modified sensors is still observed. However, there is also evidence that a 
significant non-specific adsorption appeared as a considerable frequency 
decrease recorded by the NIP modified QCM sensor at IgG concentrations 
exceeding 53 nM. Nevertheless, the binding capacity of the IgG-MIP is always 
higher than that of the respective NIP, which is most likely caused by the presence 
of the complementary cavities on the surface of the IgG-MIP films due to the 
imprinting phenomenon (Fig. 3.4b). Among the IgG-MIPs prepared, those with 

 

Figure 3.3. Effect of the washing out procedure on PDA (a) and PmPD (b) thin 
film stability. 
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PDA film thicknesses of ca 18 nm demonstrated the most pronounced imprinting 
effect (IF 1.66) as well as the submicromolar range binding affinity (KD

 296 nM) 
that was approximately one order of magnitude higher than that for the respective 
NIP (Article II, Table 1). It is believed that at such PDA film thickness, the 
immobilized IgG molecules were appropriately confined in the polymer and the 
more specific binding sites were formed at the polymer surface after the 
subsequent IgG removal procedure.  

3.3.2. Rebinding study by SAW  

The IgG-MIPs with different PmPD film thicknesses were tested for IgG 
rebinding capabilities by the SAW sensor platform (Article III). The thickness of 
synthesized films was additionally verified by spectroscopic ellipsometry 
measurements and the calibration plot for accurate dosage of applied charge was 
generated (Article III, Fig. 2). 

The binding kinetic analysis with the pseudo second-order rate model allowed 
to determine equilibrium binding response and thus, to calculate and compare the 
imprinting factors for the IgG-MIP of different polymer thicknesses. It was found 
that the IgG-MIP films with the thickness of 11 nm had higher specific 
recognition ability towards IgG than the other IgG-MIP counterparts studied. The 
analysis of the isotherm data by fitting them to the Langmuir–Freundlich 
adsorption model suggested a certain degree of heterogeneity of the binding sites 
in the IgG-MIP films (Fig. 3.5). Although the binding capacity of the IgG-MIP 
was about three times higher than that of NIP, their dissociation constants were 
somewhat comparable. It is more likely to be attributed to the disproportionately 
low contribution of the high affinity binding sites to the increased binding 
capacity of the IgG-MIP (Article III, Fig. 3).  

 

Figure 3.4. (a) Resonant frequency responses of the IgG-MIP and NIP modified 
QCMs. The data were obtained from the thickness-optimized films (18 nm) and 
upon successive injections of the different concentrations of IgG in 10 mM PBS 
buffer; (b) the respective cumulative binding isotherms fitted with the 
Langmuir–Freundlich (LF) isotherm model.  
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3.3.3. Comparison of QCM and SAW devices 

Although a SAW and a QCM share a similar principle of operation, its benefits 
over QCM were clearly revealed in this thesis. Both QCM and SAW allowed 
observing the real-time binding events of the target protein on the IgG-MIP 
modified surfaces, however owing to the low-volume flow cell (2.3 μL), the SAW 
system made it possible to analyze the binding events once the kinetic responses 
were acquired. The analysis predicted the values of Qeq for every concentration 
applied, allowing, in turn, to generate more precisely the binding isotherm for 
every variation of the IgG-MIP film studied in the thesis. The presence of the 
multiple sensor elements in one experiment delivers some extra benefits. The 
SAW sensing platform used in this study could manage two SAW chips having 
four sensor elements whereas each one was employed. This property enabled us 
to characterize in parallel various IgG-MIP and in particular, respective NIP 
films, thus, reducing experimental time and errors derived from differences in the 
properties of the chips and reproducibility of the films. 

3.3.4. Selectivity of the IgG-MIP 

Selectivity of IgG imprinted films towards the template was studied by 
injecting 8 µg·mL-1 solutions of other serum proteins: HSA and IgA that may 
cause serious interference when analyzing real samples. The IgG-MIP 
demonstrated the preferential binding to the original template molecule (IgG) 
over the IgA and HSA with the S values of 0.3 and 0.09, respectively. The data 
suggest that both of the interfering proteins have lower binding affinity to the 
IgG-MIP than IgG, even though the molecular size and shape of IgG and IgA are 
similar. Thus, the IgG-MIP can recognize the target protein, confirming the 
presence of IgG imprints in the polymer matrix that can be discriminated on the 
basis of molecular shape and size as well as functional group arrangement 
(Article III, Fig. 6). 

 

Figure 3.5. (a) Typical phase-shift responses of the IgG-MIP and NIP modified 
SAW chips upon consecutive injection of IgG in PBS. The binding isotherms (b) 
obtained using Qeq determined from fitting of the kinetic data (a) fitted with 
pseudo-second rate model. The solid lines represent fits of the data to the 
Langmuir–Freundlich (LF) isotherm model. 
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4. CONCLUSIONS 

In this thesis, a novel method was developed that allows generation of a synthetic 
polymer film with macromolecular imprints (MIP) capable of selective rebinding 
of macromolecular substances such as proteins. Immunoglobulin G (IgG) was 
chosen as a model macromolecular template to form the respective IgG molecular 
cavities in the polymer matrix after its removal. The main advantage of the 
method is that it provides facile and robust integration of the films with various 
label-free detection techniques (QCM, SAW), thus making it possible to 
understand the underlying processes in biomacromolecular recognition by MIPs 
and offering a premise for fabrication of MIP-based biosensors. 
The main results of the present study are as follows: 

1. IgG immobilization on the gold surface via the DTSSP cleavable linker 
was found not to restrict electron transfer processes on the surface, 
allowing subsequent electrogeneration of the polymer matrix. 

2. The advantage of the electrosynthesis approach was demonstrated. The 
approach allowed the highly controllable growth of the PDA and PmPD 
matrices at the nanoscale (4-27 nm) through the electrical charge dosage 
that was confirmed with the ellipsometry measurements. 

3. The PmPD and PDA films appeared to be reliable at all stages of the IgG-
MIP film formation, however, the PmPD was found to be more 
preferable sinсe it had substantially shorter time of the synthesis, thus 
being less harmful to IgG native conformation. 

4. The capability of the IgG-MIP to recognize the target protein specifically 
was found to be in strong dependence on the polymer matrix thickness. 
The optimal thickness of the polymer matrix for the IgG-MIP was 
determined to be 18 nm and 11 nm for for PDA and PmPD-based films, 
respectively. It is believed that at these thickness values of the polymer 
matrix, IgG molecules are appropriately confined in the polymer, 
avoiding their irreversible entrapment and the more selective binding 
sites were formed at the polymer surface after the subsequent IgG 
removal procedure. 

5. The thickness-optimized IgG-MIPs demonstrated the imprinting factors 
in the range of 1.7 – 4.0, as well as bound IgG, template protein, with 
dissociation constants, KD, in the submicromolar range (17 nM), proving 
the feasibility of the developed method for the IgG imprinting. 

6. The IgG-MIP demonstrated higher selectivity of the original template 
molecule (IgG) over interfering proteins, IgA and HSA. Their selectivity 
factors were found to be about 3.4 and 10 times lower than those for IgG, 
respectively. 

7. The IgG-MIP preserved its capability to recognize selectively the 
template after up to four regeneration cycles. 

8. Langmuir–Freundlich adsorption model proved more suitable to describe 
the binding isotherm of IgG toward the IgG-MIP. This indicated the 
presence of a certain degree of heterogeneity of the binding sites in the 
IgG-MIP films. 
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The integration of the IgG-MIPs with SAW and QCM detection techniques 
allowed observing the real-time binding events of the target protein, whereas 
SAW offered an enormous benefit over QCM in terms of its multiplexing 
capability, considerably reducing experimental time and errors. 
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ABSTRACT 

Chemical and biosensors have attracted considerable attention in the area of 
analytical chemistry to meet an increasing demand for fast and reliable devices 
having low detection limits and appropriate selectivity to resolve the analytes of 
interest in clinical analysis, environmental monitoring and in other areas. 

However, despite the significant progress in modern biosensors, there is a 
significant limitation mostly associated with a labile nature of biological 
recognition elements, i.e., their poor chemical and physical stability restricts 
further development of robust and reusable natural recognition elements. 
Therefore, it is required to develop alternative synthetic receptors to overcome 
that disadvantage. 

One of the state-of-the-art techniques allowing generation of synthetic 
receptors is “molecular imprinting”, which can be defined as the process of 
template-induced formation of specific molecular recognition sites in a polymer 
matrix material. In general, the molecular imprinting consists in the 
polymerization of a mixture of functional monomers in the presence of a target 
molecule that acts as a template. During polymerization, the template induces 
binding sites in the reticulated polymer that are capable of selective recognition 
of the target molecules or similar structures after removal of the templates from 
the polymer. The main benefits of these polymers, so-called Molecularly 
Imprinted Polymers (MIPs), are related to their synthetic nature, i.e., excellent 
chemical and thermal stability associated with reproducible, cost-effective 
fabrication. Therefore, MIPs are considered very prospective materials for 
application in various fields, such as chemical analysis and detection, separation 
and purification, drug delivery. 

The overall objective of this thesis was to explore molecular surface 
imprinting of the synthetic polymer prepared by a controlled polymerization 
technique, but integrated with a sensor transducer for label-free detection of 
macromolecules such as proteins, to create highly selective, robust and 
multiplexed MIP-based biosensors. Acoustic wave devices such as QCM and 
SAW were chosen as cost-effective sensor platforms capable of monitoring 
molecular binding events in a real-time and label-free manner. 

To attach the tailored protein recognition function to the QCM and SAW, a 
method interfacing the protein-MIP films with the sensor chips was developed. 
The method includes the sequence of (i) the macromolecular template 
immobilization, (ii) electropolymerization and (iii) template removal procedures 
applied directly to the sensing surfaces of the chips. 

An attempt was made to immobilize macromolecules by two principal 
strategies. In the first strategy, a specially synthesized peptide modified with 
cysteine (Cys-peptide) was immobilized on the para-maleimidophenyl grafted 
surfaces by cross-linking between the maleimide groups and the sulfhydryl group 
of the Cys residues. Accordingly, the Cys-peptide was supposed to work as an 
antigen able to bind specifically an antibody served as a macromolecular 
template. The other strategy relied on the immobilization of the macromolecular 
template on a surface via a DTSSP cleavable linker, allowing an easy detaching 
of the template afterwards. 
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Although the first strategy seemed to be potentially suitable for the oriented 
fixation of an antibody, the origin conductivity of the modified surface was 
substantially degraded, making the subsequent electropolymerization procedure 
severely limited. Vice versa, the second template immobilization strategy did not 
restrict electron transfer processes on the surface, allowing the subsequent 
controlled electropolymerization of the monomer to yield the ultrathin polymeric 
matrix. Thus, the DTSSP linker system was selected and used hereinafter as a 
base for the immobilization of the macromolecular template on the surface of a 
transducer. 

Immunoglobulin G (IgG) is a macromolecule and the most plentiful class of 
antibodies present in human serum, and it protects an organism against bacterial 
and viral infections. Analysis of the presence of specific IgG molecules in the 
body fluids can be useful in diagnosing infections or certain illnesses. For that 
reason, IgG was chosen as a model macromolecular template to form the 
respective IgG molecular cavities in the polymer matrix after its removal. 

A highly controlled method for the polymerization process is indispensable to 
ensure that immobilized IgG is confined to the surface of the growing polymer 
matrix rather than completely entrapped. Therefore, the electrochemical approach 
was utilized to generate the ultrathin (4-27 nm) polymeric films of either PDA or 
PmPD with the required precision. Subsequently, the films were subjected to the 
template removal procedure to yield the IgG-MIPs. During that procedure, the 
DTSSP linker system holding covalently the template was disrupted by reducing 
the linker sulfide-sulfide bond and additional solutions breaking down the 
hydrogen, electrostatic and hydrophobic bonds were applied to facilitate the 
template removal process. 

It was revealed that the IgG-MIPs generated in the course of the stages 
mentioned are capable of recognizing strong dependence of IgG on the polymer 
film thickness that could be easily optimized by the amount of the electrical 
charge consumed during the electrodeposition. The thickness-optimized IgG-
MIPs demonstrated the imprinting factors towards IgG in the range of 1.7–4 and 
dissociation constants in the submicromolar range (17 nM) as well as 3.4 and 10 
times higher selectivity for IgG over the interfering proteins, IgA and HSA, 
respectively. It was found that the IgG-MIP preserved its capability to recognize 
selectively the template after up to four regeneration cycles. 

The presented method of the facile integration of the protein-MIP sensing 
layer with the SAW technology allowed observing the real-time binding events 
of the target protein at the relevant sensitivity levels and could be potentially 
suitable for cost-effective fabrication of a biosensor for the analysis of biological 
samples in a multiplexed manner. 
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KOKKUVÕTE 

Keemilised sensorid, sealhulgas biosensorid, on omandanud analüütilises 
keemias kindla koha tänu pidevalt kasvavale nõudlusele kiirete, suure 
tundlikkuse ja selektiivsusega usaldusväärsete analüüsimeetodite järele. Selliste 
meetodite järele on suur nõudlus kiiresti arenevas kliinilises analüüsis, keskkonna 
seisundi jälgimisel ning paljudes teistes valdkondades. 

Vaatamata edusammudele moodsate biosensorite väljatöötamisel, on täna 
siiski veel probleemiks looduslike bioloogiliste retseptorite füüsikaliste ja 
keemiliste omaduste ebastabiilsus. Üheks selle probleemi võimalikuks lahen-
duseks on bioloogiliste retseptorite asemel omadustelt oluliselt stabiilsemate 
sünteetiliste retseptorite väljatöötamine. 

Sünteetiliste retseptorite loomise võimaluseks on „molekulaarse jäljenda-
mise“ tehnoloogia kasutamine. Molekulaarse jäljendamise tehnoloogia 
võimaldab polümeeri maatriksis tekitada spetsiifiliste sihtmolekulide „jäljendid“. 
Sellised „jäljendid“ valmistatakse polümerisatsiooni teel sihtmolekuli ja 
funktsionaalse monomeeri juuresolekul ning sellele järgneva sihtmolekuli 
eemaldamisega polümeeri maatriksist. Protsessi tulemusena tekivad polümeeri 
maatriksis tühjad mälupesad, mis järgnevalt kohtudes uuesti sihtmolekulidega on 
võimelised neid efektiivselt siduma. 

Molekulaarselt jäljendatud polümeere (MIP) iseloomustab erinevalt 
looduslikest retseptoritest nende hea keemiline ja termiline stabiilsus, omaduste 
reprodutseeritavus ja valmistamistehnoloogia odavus. Tänu sellistele omadustele 
loetakse molekulaarselt jäljendatud polümeere väga perspektiivseteks 
materjalideks analüütilises keemias, keskkonna puhastamisel ja näiteks ravimite 
suunatud viimiseks ravitavasse keskkonda ja seal nende efektiivseks juhtimiseks. 

Doktoritöö eesmärgiks oli molekulaarse jäljendamise tehnoloogia arendamine 
pindmiste mälupesadega materjalide loomise teel ja nende ühildamine 
märgisevabade määramise meetoditega suurte biomolekulide nagu proteiinide 
sidumiseks. 

Jäljendatud polümeeri ja sihtmolekuli sidumisel tekkiva füüsikalise muutuse 
kirjeldamiseks kasutati piesoelektrilise kvartskristalli resonantssageduse muutuse 
(QCM) ja pinna akustilise laine muutuse (SAW) põhimõttel töötavaid 
muundureid, mis võimaldavad nn. märgisevabalt registreerida sihtmolekulide 
sidumisel tekkivaid signaale. Saadud signaale töödeldi sihtmolekuli sidumise 
efektiivsuse iseloomustamiseks, arvestades sidumisprotsessi kui adsorptsiooni-
protsessi kineetikat ja iseloomu. 

Proteiini suhtes jäljendatud polümeerid valmistati vahetult signaali muunduri 
pinnal elektropolümerisatsiooni abil, millele eelnes sihtmolekuli immobiliseeri-
mine ja järgnes sihtmolekuli eemaldamine polümeeri maatriksist. 

Proteiini sidumiseks muunduri aluspinnaga kasutati kahte strateegiat. Esimese 
strateegia kohaselt immobiliseeriti Cys-peptiid para-malemiinofenüüliga kaetud 
muunduri pinnale nii, et Cys-peptiid käituks kui antigeen sihtmolekuli suhtes. 

Teise strateegia kohaselt kasutati muunduri aluspinna ja sihtmolekuli 
sidumiseks DTSSP silda, mis seob edukalt sihtmolekuli, kuid võimaldab samal 
ajal ka silda katkestada, et tekitada proteiini kui sihtmolekuli jäljendit polümeer-
maatriksis. 
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Esimese strateegia positiivseks omaduseks oli antikeha sobilik orientatsioon 
muunduri pinnal, kuid samal ajal pinna elektrijuhtivus vähenes ja 
elektropolümerisatsioon oli raskendatud. 

Seevastu teine immobilisatsiooni strateegia DTSSP silla abil ei kahandanud 
elektrijuhtivust, elektropolümerisatsiooni protsess oli juhitav ja see võimaldas ka 
edukalt kontrollida polümeermaatriksi paksust. 

Immunoglobuliin G (IgG) on üks enim esindatud antikehi inimese seerumis 
ja põhiline immuunsuse garant viirushaiguste vastu. Immunoglobuliini kiire ja 
täpne määramine inimese organismis on äärmiselt tähtis erinevate haiguste 
varasel diagnoosimisel. Seepärast on ka käeosoleva väitekirja peamiseks 
eesmärgiks kiire, efektiivse ja odava tehnoloogia väljatöötamine IgG 
määramiseks, kasutades molekulaarse jäljendamise tehnoloogiat. 

Immunoglobuliini edukaks jäljendamiseks on vajalik polümerisatsiooni 
protsessi efektiivne kontrollimine, mis on hästi teostatav elektropolü-
merisatsiooni abil. Monomeeridena kasutati polüdopamiini (PDA) ja polüfenü-
leendiamiini (PmPD), sillana IgG ja polümeeri maatriksi vahel DTSSP-d, mis 
elektropolümerisatsioonil koos sihtmolekuliga moodustasid polümeeri 
üliõhukese (4-27 nm) kile, millest oli kerge väljapesemisega eraldada 
sihtmolekuli IgG. Elektropolümerisatsioon võimaldas ka efektiivselt kontrollida 
polümeerkile paksust, millel on oluline roll efektiivsel sihtmolekuli uuesti 
sidumisel. 

Optimaalse paksusega IgG suhtes jäljendatud polümeeris olid IgG spetsiifilise 
sidumise efektiivsust väljendavad IF (Imprinting factor) väärtused vahemikus 
1,7–4,0 ja IgG dissotsiatsiooni konstandi KD väärtus 17 nM ning selektiivsus 
konkureerivate proteiinide IgA ja HSA suhtes vastavalt 3,4 ja 10 korda kõrgem. 
Molekulaarselt jäljendatud IgG reprodutseeritavus ja määramise efektiivsus säilis 
vähemalt nelja regenereerimise tsükli järel. 

Kokkuvõttes võib käesoleva väitekirja tulemusena järeldada, et 
immunoglobuliini molekulaarne jäljendamine mitmekanalilise SAW muunduri 
pinnal loob eeldused efektiivse ja odava biosensori valmistamiseks, mis 
võimaldab reaalajas määrata piisava täpsusega erinevaid bioloogilisi 
sihtmolekule. 
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