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Introduction

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

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

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

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



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

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

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

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

1.1 The general principle of molecularly imprinting

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

The covalent approach

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

Non-covalent imprinting

Complex Polymerization Removing

o1 Rebinding

formation
[ 4
\- »> > >
Covalent imprinting
Formating of
polymerizable Polymerization Removing o
template by chemical P ebinding
J cleavage W
\- > > - {

Figure 1.1. Schematic representation of the non-covalent and covalent molecular imprinting
procedures.
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Non-covalent approach

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

1.2 Polymerization processes for synthesis of molecularly imprinted
polymers

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

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

CHs CH;
NG TH3 N r‘(|3 60-110°C |
o \N/|\CN —> 2 NC—(|3 +N,
CH
ng i CHs

Scheme 1.1. The thermal decomposition of AIBN. Eliminating a molecule of nitrogen gas to form
two 2-cyanoprop-2-yl radicals.

Some of the new radicals bind and deactivate each other or become disproportionate
to (CH3)2CH(CN) + CH2 = C(CN)CHs. Thus, only a portion of the initially formed
isobutyronitrile residues can initiate polymerization of the monomers [42]. Thermal
initiators are quite expensive, although trace quantities of initiators have been reported
by Chiefari et al to be sufficient to initiate the polymerization [43]. The use of thermal
polymerization is fraught with difficulties because of impurity traces that can accelerate
or retard polymerization leading to non-reproducible results. However, the careful
removal of oxygen that inhibits polymerization and the use of purified fresh monomer
that has not been exposed to oxygen result in reproducible polymerization [44]. A major
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shortcoming of thermal polymerization for the synthesis of MIPs, especially protein-MIPs,
is an elevated temperature (85-160 °C) required to initiate the reaction [45] since
proteins or other biomolecule used as target/template molecules, can be easily
destroyed at increased temperature. Another disadvantage is that the known thermal
polymerization initiators are insoluble in water [42] that limits their use for protein MIPs
synthesis, where the aqueous solutions are preferable in order to keep the native
conformation of protein molecule.

1.2.2 Electropolymerization

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

1.2.3 Photopolymerization

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

The radical mechanism of polymerization is widely used for the synthesis of MIPs, mainly
due to its multipurpose. The radical mechanism does not require rigorous conditions and
applies to most monomers. However, using free radical polymerization (FRP), it is difficult
to control chain growth, which leads to high polydispersity and irregularity of the
cross-linked polymer matrix. Whereas, the controlled radical polymerization mechanism
provides a linear increase in the molecular weight of the polymer over time, resulting in
uniform growth of the polymer.

1.3.1 Free radical polymerization

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

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

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

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

Various types of initiators can be used for FRP: azobis-compounds; aromatic ketones
and alcohols, esters or t-amines; benzoin derivatives etc. The FRP mechanism is
implemented in a variety of polymerization types (photo-, thermo-, electropolymerization).
However, the main advantage of the use of photoinitiator is the possibility to define exact
start- and endpoints of the polymerization process via the duration of the irradiation
period. In addition, the rate of decomposition of the photoinitiator depends on the
intensity of the light and is practically independent of the temperature of the reaction
medium [58].
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Initiator Decomposition I, - 01
e k;
Chain Initiation I' + M —> R
. : k
Chain Propagation R, + M P S R,
Chain Transfer R + S K » R; + P
Chain Termination R’ + Rj. ﬂ, P or PP

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

1.3.2 Controlled/”Living” Radical Polymerization (C/LRP)

The C/LRP mechanism (Scheme 1.3) consists of replacing an irreversible bimolecular
chain termination by a reversible reaction with propagating radical initiator fragments or
special additives introduced into the polymer in a “catalytic” quantities [59]. Initiators for
C/LRP can be either prepared in advance or formed in situ. Generally, the structure of
the initiator should resemble the dormant macromolecular species. In C/LRP, radicals are
formed reversibly at both the initiation and propagation stages. The concentration of
radicals is essentially established by balancing rates of activation and deactivation [58].
Radicals may either be reversibly trapped in a deactivation/activation process according
to Scheme 1.3, or they can be involved in a “reversible transfer”, degenerative exchange
process (Scheme 1.4) [59].

kdeact
P, + X P-X
VAN k
ky+M ek o
X

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

kdeact
P, + P-X P, + P-X
A R kact ” ‘\‘\
kp M . kt kp M ‘\\kt

Scheme 1.4. Schematic diagrams of C/LRP by degenerative exchange process.

C/LRP and FRP follow the same radical mechanism, show the same chemical and
stereoselective effect, and can polymerize a similar range of monomers. However, in
C/LRP, the lifetime of growing chains is significantly increased due to the participation of
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alternating reversible activation. The activation/deactivation process in C/LRP reduces
the amount of dead chains by less than 10% [59]. When applying C/LRP to MIP synthesis,
Salian and co-workers [30] demonstrated the improvement in network homogeneity and
imprinting efficiency in weakly crosslinked polymer networks made via C/LRP compared
to FRP. C/LRP extended the reaction-controlled regime of the polymerization reaction
and formed more homogeneous polymer chains and networks with smaller mesh sizes.
In addition, C/LRP reduces the effect of the template on polymer chain growth, resulting
in polymers with a more consistent polydispersity index that was independent of the
template concentration in the prepolymerization solution.

Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerization

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

In an ideal RAFT process, the RAFT agent should behave as a transfer agent [61].
The product of chain transfer is also a chain transfer agent with similar activity to the
precursor transfer agent [62]. The extent to which the side reactions of retardation
and termination occur in RAFT depends in part upon the selection of transfer
agent/monomer combinations and of the reaction conditions [59]. The RAFT agent must
be selected in such a way that its chain transfer activity is appropriate to the monomer(s)
to be polymerized. RAFT polymerization has also been applied for MIPs preparation
because of its versatility and simplicity. For example, MIP nanoparticles were synthesized
via RAFT polymerization with a yield of 14%, that is a significant increase compared with
similar methods using high monomer concentration and UV initiation [31].
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Scheme 1.5. The mechanism of chain activation/deactivation in RAFT with thiocarbonylthio agents.

1.4 Synthesis strategies for protein-MIP film formation

The synthesis of thin polymer films has become a popular method for imprinting of
proteins. Various synthesis strategies of protein-imprinted polymer (protein-MIP) films
have been developed to prevent the restriction of diffusion of macromolecules in highly
crosslinked polymer matrices. One of the first strategies proposed was the use of a
slightly cross-linked hydrogel [63]. A hydrogel is a crosslinked hydrophilic polymer chain
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that swells under the influence of water but does not dissolve in it. In order to improve
diffusion in macroporous polymer matrices significantly reduce the number of cross-links,
which leads to a decrease of density of polymers and, as a result, to the loss of specific
recognition and the rebinding efficiency after several regeneration cycles. It is also
difficult to imprint large proteins, such as immunoglobulins, since with increasing
physical parameters of the template it becomes more difficult to maintain selectivity
[64]. Another approach for the synthesis of protein-MIP films was proposed by Rachkov
with colleagues. They used a short peptide sequence, which frequently occurs on the
protein surface, to create specific binding sites. As a result, the imprinted matrix is able
to recognize the whole protein by a small amino acid sequence-epitope [65,66].
The so-called “epitope imprinting” allows the synthesis of protein-MIP films from non-
aqueous solvents. However, the binding of a large protein can be difficult due to the
deficiency of 3D binding sites. Therefore, it is recommended to use epitopes with a 3D
structure, with a sequence of more than 200 amino acids [67].

1.4.1 Surface imprinting

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

1.4.2 Microcontact imprinting of proteins

One of the prospective approaches to producing protein-MIP films with surface-confined
binding sites is microcontact imprinting [74]. The microcontact imprinting technique
consists in the polymerization of monomers in a sandwich structure between a substrate
and a protein stamp. This method includes three main steps: formation of a protein
stamp, assembling a sandwich structure and polymerization, separating the protein
stamp and the formed polymer (Fig. 1.2). In most cases, physical adsorption of the
template protein on the surface is used to form a protein stamp by incubation in a protein
solution followed by drying of nitrogen gas [68,75,76]. However, physical adsorption, in
spite of its simplicity and particularly suitable for the deposition of proteins on various
surfaces, does not ensure the homogeneity of the layer and the molecules are loosely
attached to the surface [77]. Alternatively, it is possible to form a protein stamp by
covalently attaching the protein to a glass pre-modified with reactive groups [78,79].
This approach allows to obtain a very homogeneous monolayer of proteins on the
surface [80]. An important advantage of microcontact imprinting is that after the removal
of the protein stamp, there is very little or no template left in the polymer matrix, which
leads to the production of a MIP film with more homogeneous binding sites [79]. Also,
a small amount of protein is usually needed for the formation of a protein stamp in
microcontact imprinting [74]. The method of microcontact imprinting was used to
prepare MIP films with lysozyme and RNase A [75], myoglobin [79], prostate specific
antigen [81], C-reactive protein [74] on glass substrates.
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Figure 1.2. Schematic diagram of microcontact imprinting procedure for protein-MIP preparation.

1.5 MIP-sensors for protein detection

1.5.1 Interfacing a MIP film with a sensor transducer

To create chemical sensors MIP films can be integrated with the transducer surface with
various types of transduction such surface plasmon resonance (SPR), surface acoustic
wave (SAW), voltammetry, impedance spectrometry, piezoelectric microgravimetry,
fluorescence and chemiluminescence spectroscopy. When designing a MIP for a
chemosensor it is very important to ensure the perfect interaction between MIP film as
a recognition element and a sensor transducer. MIP films on planar surfaces can be
prepared by spin coating, surface-initiated polymerization or direct electrodeposition.
However, the latter method is only suitable for electrically conductive surfaces such as
gold, silver or graphite. The surface-initiated polymerization method is apparently a
suitable in situ synthesis of MIP films, and assists in the creation of reliable adhesion of
the polymer film to the sensor surface [24].

Surface-initiated polymerization

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

1.5.2 MIP-sensor for detection of clinically relevant protein

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

1.6 Neurotrophic factors as target protein

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

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

(a)

Figure 1.4. 3D structure of the CDNF (4BIT.pdb) (a) and BDNF (1B8M.pdb) (b) proteins.

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

At present, the level of NFs in serum is determined using classical methods such as
western blotting and enzyme-linked immunosorbent assay (ELISA) [105-107]. These are
expensive, multi-stage analytical methods requiring a highly qualified analyst and special
laboratory conditions. Therefore, there is a great demand for rapid, simple, and less
expensive alternatives for detection of NF proteins. Thus, different kinds of biosensors
were developed for NF detection: electrochemical sensor with anti-BDNF protein as a
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recognition element [108,109], grating-coupled SPR (GC-SPR) sensor with a propeptide
as recognition element [110]. However, according to our best knowledge, there is no
report on MIP-based sensors for detection NFs.

1.7 Label-free sensing platforms

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

1.7.1 Surface acoustic wave sensor

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

Av/v=-0p/p= bf/f (1)

SAW sensors operate in the frequency range from 25 to 500 MHz. Increasing the initial
resonant frequency can increase the sensitivity of the sensor, but it also contributes to
an increase in background noise. Therefore, SAW-based microfluidic systems operate at
low frequencies from 10 to 30 MHz. The sensitivity of the sensor also depends on the
electromechanical coupling coefficient (K2) of the piezoelectric material, therefore
materials with a higher K2 such as LiTaOs are preferable for SAW sensors [116]. The use
of new sensitive materials, changes in the design of sensors, as well as the integration of
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SAW technology with chemical platforms such as thread network or paper-based,
increases sensitivity of these methods without loss of sensitivity and portability
[118,119].

SAW sensors were applied for detection of cancer biomarker (mammaglobin [120],
carcinoembryonic antigen [121], protein PTHrP [122], for the detection of viral diseases
(hepatitis B [84], papilloma virus [123], for Immunoglobulin G [23,124] and for many
other proteins.
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Figure 1.5. Schematic drawing of SAW sensor design (a) and dependence of signal response to the
change in SAW wave pattern on molecular interaction (b).
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1.7.2 Surface plasmon resonance sensor

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

The angle at which the resonance occurs is extremely sensitive to any change in the
refractive index (RI) of the medium adjacent to the metal surface. The energy transfer
between the incident beam and excited surface plasmons results in a reduced intensity
of the reflected light, which is measured by a photodetector as the SPR signal [126].
A change in the mass on the surface of the sensor chip as a result of binding and/or
dissociation of the analyte with the ligand causes a change in the angle of incidence of
light due to a change in the refractive index on the surface of the chip (Fig 1.6 b).
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Figure 1.6. A schematic view of the SPR immunoassay technique: basic components of an
instrument for SPR biosensing(a), a typical SPR biosensing experiment, showing the optical
response versus time (b) [128].
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The resonance angle shift can provide information on the amount of bound analyte, the
affinity of the analyte for the antibody and the association (or dissociation) kinetics
between the antibody and analyte [127]. Changes in the angle of incidence are
monitored and recorded in the form of a sensogram, a graph of the response unit (RU or
RIU) versus real time, in seconds (1 RU = 0.0001 = 1 pRIU). For most proteins and
polymers, a change in 1 RU is approximately equivalent to a change in surface
concentration of 1 pg/mm?.

1.7.3 Screen-printed electrode

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

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

Protein-MIPs were successful combined with SPEs for detection of many
macromolecules such as cardiac biomarker (myoglobin) [20,131], breast cancer
biomarker (CA 15-3) [48], epidermal and vascular growth factors [95].
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1.8 Theoretical models for analysis of adsorption process on the MIP
surface

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

Q=Qeq(1-€*") (2)
Q=(Qeq2*k2*t)/(1+Qeq*k2*t) (3)

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

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

The Langmuir model is expressed as:

QzamaxC/(KD‘f'C) (4)

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

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

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

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

IF= Qeqmir)y/Qeqinip) (6)
or,
IF= Qmax{M/P}/Qmax{NlP) (7)

where Qegmip), Qmaxvip) and Qmax(nie), Qeqnip) €quilibrium response and response at
saturation of the target molecule on MIP and NIP, respectively.

1.9 Summary of the literature review and objectives of the study

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

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

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

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

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

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

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

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

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

2.1 MIP film formation by electropolymerization

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

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

2.2 MIP film formation by photopolymerization

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

2.2.1 Modification gold surface by the photoinitiator

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

2.2.2 Protein immobilization

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

2.2.3 Microcontact imprinting

Protein-MIP film on modified SPR sensor surface was prepared according to the following
procedure. The water solution of monomers was prepared by mixing a 5mM functional
monomer (DEAEM) and 20 mM crosslinking monomer (BAA). After that, 10 pL of
monomers solution was dropped onto the SPR sensor surface and then cover glass with
protein was immersed in this solution drop. Glass distributes over on the sensor surface
a drop of the polymerization solution. Then, the all sandwich-structure was irradiated
with UV light (300 W/m?, 365 nm) at room temperature during 15 h under nitrogen
atmosphere. Since during photoinitiator free radicals grafted to the sensor surface are
formed the polymerization is initiated from the surface. The polymerization process
carried out in a custom-made cell, which allows the synthesis of protein-MIP and NIP
films at the same time on a single SPR sensor. After the polymerization process, the
removal of the protein stamp and extraction of protein was carried in solution containing
0.07 M SDS and 0.2 M NaOH with heating at 80°C. After removal of the glass from the
polymer film surface, SPR sensor was washed with ethanol and then rinsed with Milli-Q
water and dried with a nitrogen flow.

2.2.4 Polymerization of acrylamides on SPE surface

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

2.3.1 Surface acoustic wave (SAW)

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

2.3.2 Surface plasmon resonance (SPR)

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

2.3.3 Screen-printed electrode (SPE)

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

3.1 MIP film by electropolymerization

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

The CDNF-MIP film was synthesized on the SAW chip by electropolymerization of
m-phenylenediamine. The oxidation potential of monomer for coulometric deposition of
polymer was selected on the basis of cyclic voltammetry curves for m-phenylenediamine,
obtained in the range of potentials from 0 to 0.9 V (Fig. 3.1 a). The potential of 0.6 V,
a slightly more positive than the Ei» potential (0.56 V) for the oxidation of
m-phenylenediamine [139] was selected for electropolymerization. This made it possible
to obtain homogeneous films with a controlled thickness by adjusting the charge passing
through the surface of the electrode. Depending on the amount of charge the process of
electropolymerization lasted from 0.3 to 7.3 seconds (Fig. 3.2 b), which significantly
reduces the effect of electrochemical processes on the conformation of the protein.
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Figure 3.1. Cyclic voltammograms at the scan rate of 50 mV/s (a) and chronocoulometry (b) of
10 mM m-PD in PBS performed on a gold electrode surface modified by 4-ATP/DTSSP/BDNF.

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

Assuming that covalent attachment of CDNF via the succinimidyl group of DTSSP
proceeds predominantly through its lysine residues that are abundant in the protein, the
size of the resulting structure with random orientations of CDNF might vary from 5.1 to
7.5 nm. Thus, polymer films confining the immobilized CDNFs till the middle of their
possible front dimensions i.e. films with thicknesses between approx. 3.4 and 4.6 nm
would be a good starting point in finding an optimal one for CONF-MIP.
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Several polymer films were synthesized in order to study the effect of the amount of
electrical charge applied during the in-situ electrodeposition on the thickness of the
resulting polymer film. It was found that the film thickness depends linearly on the
applied charge value (Fig. 3.2), that made it possible to quite accurately determine the
film thickness by controlling the amount of applied charge. The difference in the
thicknesses of MIP and NIP films can be associated with a partial loss of short polymer
chains during the procedure of removing the template from the matrix. The optimal
thickness was elucidated after calculation of the molecular imprinting effect or the
imprinting factor (IF) for every pair of CONF-MIP and NIP characterized by the same
thicknesses. The experiments revealed only marginal differences in responses between
CDNF-MIP- and NIP-modified sensor elements (Fig. 3a, Paper I) most likely due the
intrinsic affinity of PmPD-based matrix to CDNF resulting in significant non-specific
binding.
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Figure 3.2 The calibration graph representing the dependence of the polymeric thickness of MIP
and NIP films, as measured by ViS-ellipsometry, on the amount of the charge consumed during the
electropolymerization of m-PD on CDNF-modified gold electrode. The solid lines represent linear
regression fits.

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

3.2 MIP film by photopolymerization

In this thesis, a SI-C/LR photopolymerization approach for synthesis a protein-MIP film
reliably interfaced with a sensor surface was developed. Firstly, BSA as a model protein
for imprinting and SPR as a convenient sensor platform were used to proof of concept
(Fig. 1, Paper ll). In the course of work, the problems of grafting the photoinitiator to the
surface, creating a protein stamp, finding an optimal ratio of monomer and crosslinker
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in the polymerization medium and UV irradiation power and time were solved.
Subsequently, the developed method was adapted for the synthesis of BDNF-MIP films
on the SPE surface (Fig. 1, Paper llI).

3.2.1 Grafting of the photoinitiator to the gold surface

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

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

3.2.2 Optimization of the photopolymerization conditions

To obtain a highly selective MIP it is essential that the target protein preserves its
conformation during the imprinting process. Therefore, the effect of the intensity and
duration of UV irradiation on the protein 3D structure was studied by DLS-based particle
size analysis and UV-Vis spectroscopy. Analysis of the UV-Vis spectra showed that after
UV irradiation with a power of 500 W/m? for 3 and 4 hours, a shift of the absorption
bands (289.7, 288, and 281 nm) and the appearance of new peaks in the spectra of the
BSA solution are observed (Fig. 6 a, Paper 1l). Changes in the UV-Vis spectra can be
explained by conformational changes in the protein structure after UV irradiation, as a
result of which the chromophores of aromatic amino acids enter the more polar
environment. The DLS analysis of the protein molecular size supported that after 3 h of
UV exposure (500 W/m?), significant changes in the structure of the protein occurred
since the amount of BSA molecules in their native monodisperse form (hydrodynamic
diameter 7.4 nm) is substantially reduced (Fig. 6 b, Paper Il). At the same time, it was
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found that irradiation with a lower intensity (300 W/m?) does not cause such a strong
change in the conformation of the protein and its native form remains intact (Fig. 6 c-d,
Paper Il).

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

DEAEM : BAA1:2 DEAEM : BAA1:6 DEAEM : BAA1:10
CA28.3 CA12.6°

CA30.7

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

3.2.3 Synthesis of BSA-MIP

First, to implement the microcontact imprinting method, a protein stamp was prepared.
As a substrate for the formation of the protein stamp, a thin cover glass transmitting
ultraviolet radiation in the desired range (340-380 nm) was used. Modification of the
cover glass by epoxy groups was implemented with the method of silanization.
Silanization is a low-cost, effective, and widely used method for covalent modification of
silicon-containing substrates. The technique for covalent immobilization of a protein on
a glass surface through the formation of amide ether bonds between amino groups of
protein and the epoxy groups of the 3-GPS linker was developed [141]. The quality of
protein immobilization (BSA was chosen as a model protein) on an epoxy-silane coverslip
was demonstrated using epifluorescence optical microscopy and a fluorescein-BSA
isothiocyanate (FITC-BSA) to visualize protein adsorption on the glass surface. The results
of epifluorescence optical microscopy showed that the interaction of FITC-BSA with the
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glass surface causes a significant and uniform increase (Fig.2, Paper Il) in the green
fluorescence intensity over the entire glass surface, which indicates the formation of a
homogeneous layer of protein on the surface.

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

3.2.4 Synthesis of BDNF-MIP

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

3.3 Characterization of the protein-MIP films

The prepared protein-MIP films were reliably integrated with the label-free sensor
system (SPR, SPE, SAW) that allowed real-time monitoring the events of molecular
interaction between the MIP and target protein. The binding parameters of the target
molecule with the MIP film were determined by constructing the adsorption isotherms
as well as the selectivity of MIP-modified sensors to the target molecule was evaluated.
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Figure 3.4 Typical DPV curves of the BDNF-MIP modified SPE obtained by combination methods of
SI-C/LR photopolymerization and microcontact imprinting irradiated with UV light 300 W/m? at
room temperature during 15 h (a); irradiated with UV light 500 W/m? at room temperature during
2 h (b); DPV curves of the BDNF-MIP/SPE obtained by only SI-C/LR photopolymerization with
irradiated 500 W/m? at room temperature during 0.5 h (c).

3.3.1 CDNF-MIP interfaced with SAW

The CDNF protein rebinding experiment was performed using SAW sensor platform.
The multichannel design of the SAW system made it possible to distinguish the surface
of the SAW chip into 4 sections and to synthesize NIP and CDNF-MIP films on one SAW
chip. This made available to carry out experiments with NIP and CDNF-MIP films at the
same time and thus, avoid the influence of environmental changes on the differences in
the response of the CDNF-MIP/SAW and NIP/SAW on the injection of different
concentrations of CDNF in PBS. Since the NIP film is a MIP film with a completely occupied
specific binding sites by target protein, then only nonspecific protein adsorption is
possible on such a surface. Therefore, to reduce the effects of not specific adsorption the
binding profiles observed in the association phase for CONF-MIP surfaces were corrected
by subtracting the corresponding binding profiles on the NIP surfaces. After correction
of the responses of the CDNF-MIP/SAW sensor, well-defined binding profiles depending
on the analyte concentration were obtained, which gave good fit to the pseudo-first
order kinetic model with a determination coefficient (R?) in the range of 0.944-0.994.
The binding capacity of CDNF-MIP for CDNF was determined by plotting the dependence
of equilibrium response (Qeq) on the concentration of CDNF in PBS solution (Fig. 4, Paper I).
The data, fitted to a Langmuir-Freundlich model, showed a dissociation constant (Kp) of
4 pg/mL of CDNF and the response at saturation (Qmax) of 2 deg. of MIP.

The selectivity of the CDNF-MIP/SAW to CDNF was evaluated by analyzing the sensor
responses upon injections of an interfering protein. MANF was chosen as an interfering
protein that has the same molecular weight and is identified to be homologous to CDNF
with 59% amino acid identity in human proteins [10]. In order to simulate additional
complexity in scenarios for the selectivity testing, the test was carried out in the presence
of a constant concentration of mCD48. The CDNF-MIP/SAW demonstrated good
selectivity to CDNF as compared to MANF. The difference in the sensor response upon
injections of CDNF and MANF increased with increasing the concentration. In the
concentration range from 50 ng/mL and above, the responses towards CDNF were four
times higher than those towards MANF. Under these conditions the CDNF-MIP/SAW
shows a linear response to CDNF in the concentration range from 5 to 50 ng/mL, with
limit of detection (LOD) equal 4 ng/mL and limit of quantitation (LOQ) 14 ng/mL.
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The selectivity of the CONF-MIP was further examined by a competitive binding assay
performed in a label-free manner. In this assay various concentrations of CONF or MANF
were allowed to compete with the constant concentration of IgG for the binding sites in
CDNF-MIP film. The results showed that CDNF inhibited I1gG binding on CDNF-MIP better
than MANF i.e. bound with CDNF-MIP film more preferentially than MANF (Fig. 6, Paper I).
Analysis of the S-shaped dose-response curves showed that the IC50 value was lower in
case of CDNF injection than MANF, 0.6 and 0.9 pg/mL, respectively. The normalized
response decreased (about 75 %) upon injection of the mixture containing 0.01 ng/mL
CDNF, i.e. obviously, the heavier protein (1gG) was replaced with the lighter one (CDNF).
Conducting the very same competitive assay with MANF instead of CDNF, resulted in
much less inhibition of the response (about 15 %), that is, the replacement of 1gG from
the recognition sites was less efficient in this case. If both CDNF and MANF competed
with IgG in the same solution, then it was still clearly seen that the significant inhibition
of the signal was induced namely by the presence of CDNF in the sample rather than the
presence of MANF (Fig. 3.5).

I c% of CDNF
B % of MANF

a b c d

Figure 3.5. Values of Q.q obtained by CONF-MIP/SAW upon applying the samples containing a fixed
concentration of IgG (500 ng/mL) and (a) MANF (102 ng/mL), (b) MANF (102 ng/mL)+CDNF
(103 ng/mL), (c) CDNF (102 ng/mL), (d) CDNF (102 ng/mL)+MANF (103 ng/mL).

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

3.3.2 BSA-MIP interfaced with SPR

The protein rebinding experiment on BSA-MIP/SPR was conducted using various
concentrations of BSA in PBS buffer. The specificity of interactions was evaluated by
comparing the binding profiles for BSA obtained with BSA-MIP/SPR and NIP/SPR under
the same conditions. This allowed to correct a non-specific binding component in the
BSA-MIP/SPR measured response. Injections of BSA solution caused an increase in the
refractive index, due to adsorption of BSA molecules on the BSA-MIP surface, and this
process was gradually reaching the equilibrium (association phase). In order to eliminate
erroneous environmental influences, the binding profiles observed in the association
phase on the BSA-MIP surfaces were corrected by subtracting the corresponding binding
profiles on the NIP surfaces. The corrected binding profiles clearly show preferential
binding of BSA to BSA-MIP even at a BSA concentration of 2.5 nM (Fig. 7, Paper Il).
However, during the correction process, it was not possible to completely neutralize the
bulk shift effect, which was apparently associated with stronger changes in the refractive
index on the BSA-MIP surface than on the NIP surface. It was found that the dependence
of equilibrium responses on analyte concentration was well described by the equation
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of the Langmuir adsorption isotherm (R? = 0.992) (Fig. 8, Paper Il). The dissociation
constant (Kp) is related to the affinity of the BSA-MIP film towards BSA. Fitting results
showed that BSA-MIP/SPR had high binding affinity (Ko = 68.12 nM) and maximum
capacity equal 6.7 HRIU. Since the protein adsorption very often takes the form of the
Langmuir isotherm, but at the same time, the necessary conditions for applying this
adsorption model are not always met, the fitting results were confirmed by calculating
the Ko using the k-observed plot. The linear response of the BSA-MIP/SPR sensor to BSA
injections was found in the range from 2.5 nm to 25 nm. Fitting of practical data to linear
regression gives good R?= 0.970, which allowed to calculate the LOD and LOQ equal to
5.6 nM and 18.7 nM (or 370 ng/mL and 1.2 pg/mL), respectively.

The selectivity analysis of the BSA-MIP/SPR sensor was performed using competing
protein solutions with the same concentration, that included the human serum albumin
(HSA) and the Fc fragment of 1gG (Fc). As expected, the response of the BSA-MIP/SPR
sensor on injection of BSA solution was about 2 times higher than those appeared upon
injection of the interfering proteins, indicating that the BSA imprinted SPR sensor showed
good selectivity to the target protein. It should be noted that the non-imprinted
reference film (NIP) demonstrates only slight differences in binding between BSA, HSA
and Fc (Fig. 10, Paper Il).

3.3.3 BDNF-MIP interfaced with SPE

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

The BDNF-MIP/SPE was characterized in terms of its capability to rebind selectively
the target protein, BDNF, with respect to the interfering proteins of slightly different size
and isoelectric point (pl) such as CDNF, MANF, and mCD48. Selection of CDNF and MANF
as interfering analytes was stipulated by their permanent presence in a human serum
and thus, they can interfere with the sensor response along with the target protein
(BDNF). The third interfering analyte — mCD48 — has the molecular weight and pl value
similar to those of BDNF. The selectivity of the sensor was studied in the presence of HSA
at a concentration of 0.8 mg/mL, corresponding to a 50-fold dilution of its physiological
norm in diluted human serum. For the selectivity study, the concentration of the
interfering proteins was selected close to their LOQ value (0.02-0.06 ng/mL).
The experimental results confirmed that the BDNF-MIP/SPE had the higher response to
BDNF as compared to interfering proteins (Fig. 8, Paper Ill). When the protein
concentration was lower than the LOQ level the BDNF-MIP/SPE did not show a clear
preferential binding of the target protein, but at a concentration of 20 pg/mL, this
difference became more pronounced and increased with increasing protein
concentration.
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3.4 Reusability potential of the protein-MIP sensors

The reusability of MIP-based chemosensors can have a big impact on their economic
efficiency and decrease the time to market. In this work, CONF-MIP/SAW, BSA-MIP/SPR
and BDNF-MIP/SPE underwent regeneration procedure, which corresponded to that
applied for removal of the protein from the polymer matrix after polymerization (Paper
I, Il, 1l). The studies showed that the possibility of regeneration of the CDNF-MIP/SAW
was limited. After the first regeneration cycle, the intensity of the response of the sensor
significantly dropped and at the same time, the standard deviation (SD) increased
(Fig. 3.6a). This phenomenon apparently may be associated with the loss of part of the
polymer matrix during the regeneration procedure, since the polymer does not have
cross-links and, as a result, the m-PD polymer chains stick together only due to -
interactions. In turn, the protein-MIP obtained by photopolymerization of DEAEM in the
presence of the cross-linker (BAA) had improved reusability. BSA-MIP/SPR showed nearly
reproducible responses with low relative SD 3.2% even after the 25th regeneration cycle
(Fig. 3.6 b).

Thus, the presence of crosslinks in a MIP improves the mechanical stability of the
polymer and, as a result, increases the reusability potential of the sensor. However, the
protein-MIPs prepared by the similar photopolymerization approach on SPE had only
limited reusability. The response of the BDNF-MIP/SPE against BDNF significantly
decreased after the first regeneration cycle, nevertheless, the relative SDs of the
responses obtained from the freshly prepared and once regenerated sensors were
comparable, 4.5% and 3.6%, respectively (Fig. 3.6c). Apparently, this could be associated
with the design features of the SPEs that were originally intended for single-time use.
Thus, BDNF-MIP/SPE can be regenerated at least once. It is also necessary to take into
account that after the regeneration cycle the sensors have to be calibrated again due to
change in the sensor’s response versus one at the zero cycle.
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Figure 3.6. Potential reusability of CDNF-MIP, equilibrium responses, Q.q, obtained from the
CDNF-MIP/SAW upon injection of 1.25 ug/mL of CDNF in PBS (a); BSA-MIP, equilibrium responses,
Qeq obtained from the BSA-MIP/SPR sensor upon injection of 450 nM BSA in PBS buffer (b);
BDNF-MIP, normalized responses of the BDNF-MIP/SPE upon the injection of 2 ng/mL of BDNF in
PBS (c).
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Conclusions

This thesis firstly reported the preparation of polymer films molecularly imprinted with
a neurotrophic factor protein (CDNF-MIP and BDNF-MIP). The developed synthesis
methods employing the electro- and photopolymerization techniques allowed the robust
integration of the NF-MIP films with the label-free sensor platforms. The following
specific conclusions can be drawn from the study:

The electrochemical surface imprinting approach enabled a simple and rapid
preparation of CONF-MIP directly on SAW sensor surface (CDNF-MIP/SAW).
The resulting CDONF-MIP bound the target, CDNF, with Ko values of 8 ug/mL and
demonstrated notable IF (2.0) with the polymer film thickness of 4.7 nm and
after the treatment in HSA solution aiming to suppress the intrinsic affinity of
PmPD-based matrix towards CDNF.

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

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

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

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

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

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

The presented synthesis approaches were proved to be suitable for preparation
of MIP-sensors capable of selective detection of NF proteins and could be a
promising route towards the development of innovative point-of-care
diagnostics tools for the early-stage diagnostics of neurological diseases or
monitoring therapies.
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Abstract
Photo- and Electropolymerization Approaches for Molecular
Imprinting of a Neurotrophic Factor Protein

Nowadays, healthcare is facing an increasing demand for fast and reliable analytical
methods suitable for achieving appropriate selectivity with low limit of detection while
being low-cost, portable, and capable of in situ real-time monitoring. Most of the current
biosensing systems utilize labile biological recognition elements that offer high selectivity
towards a target analyte, but limit the shelf life of the device and increase cost and
analysis time. Thus, there is a growing interest in the replacement of biological receptors
with synthetic analogues such as molecularly imprinted polymers (MIPs) — materials with
antibody-like ability to bind and discriminate between molecules. The main benefits of
MIPs are related to their synthetic nature, i.e. excellent chemical and thermal stability
coupled with their reproducible and cost-effective fabrication. The surface imprinting
approach leading to the formation of polymer with imprinted sites located directly in the
surface layer of the MIP films, enabling easy access to the target macromolecules, is a
promising way for protein-MIP preparation. SI-C/LR photopolymerization as well as
electropolymerization are particularly attractive methods for the synthesis of firmly
adherent protein-MIP films directly on the surface of a sensor transducer.

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

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

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

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

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

In summary, synthesis of the polymer films molecularly imprinted with NF proteins,
BDNF and CDNF, was first reported in the thesis. The presented synthesis methods were
proved to be suitable for preparation of MIP-sensors capable of selective detection of NF
proteins and could be a promising route towards the development of innovative
point-of-care diagnostics tools for the early-stage diagnostics of neurological diseases or
monitoring therapies.
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Kokkuvote
Foto- ja elektropoliimerisatsiooni meetodid neurotroofsete
tegurite molekulaarseks jaljendamiseks

Tanapdeva kliinilises diagnostikas on kasvav vajadus kiirete ja usaldusvadarsete
analldtiliste meetodite jarele, mis oleksid anallilisitavate sihtmolekulide suhtes kérge
selektiivsusega, suure tundlikkusega ja samal ajal suhteliselt odavad reaalajas
sihtmolekuli kontsentratsiooni muutuste jalgimiseks. Enamik sel eesmargil kasutatavad
biosensoreid pShinevad tdna ebastabiilsetel bioloogiliselt tundlikel elementidel nagu
DNA, antikehad vdi ensiilimid, mis véivad siduda erinevaid sihtmolekule kill efektiivselt
ja spetsiifiliselt, kuid samal ajal on nende eluiga lihike ja hind suhteliselt kdrge. Seega on
ilmne vajadus Ulalnimetatud bioloogiliste retseptorite asendamiseks slinteetilistega,
milleks sobivad nditeks molekulaarselt jiljendatud polimeerid (MIP), millede
antikehadele sarnased omadused véimaldavad siduda erinevaid sihtmolekule sama
efektiivselt. Tanaseks on MIP siisteemides kasutatud sensormaterjalid vorreldes
biosensoritega ndidanud mitmeid positiivseid omadusi nagu keemiline ja termiline
stabiilsus, tehnoloogia reprodutseeritavus ning odav hind.

Suurte molekulide nagu proteiinide molekulaarseks jaljendamiseks kasutatakse nn.
“pindmiste malupesade” loomist MIP kile pinnale, mis vdoimaldab makromolekulide
paremat liikumist ja suuremat malupesade arvu. Kdesolev doktorit6é ongi pihendatud
proteiinide molekulaarse jaljendamise voimaluste uurimisele vahetult sensori pinnal
eeskatt keskendudes pindpolimerisatsiooni tehnoloogiale kontrollitud/elav-radikaalse
fotopoliimerisatsiooni ja elektropoliimerisatsiooni meetoditel.

Kliinilises diagnostikas on erinevatel proteiinidel oluline roll ja seepdrast ka vajadus
nende kiireks ja tapseks madramiseks, mille lheks vdimaluseks on molekulaarse
jaliendamise tehnoloogia kasutamine. Naiteks seostatakse neurotroofseid tegureid
mitmete neurodegeneratiivsete haigustega sealhulgas Alzheimeri ja Parkinsoni tovega.
Seega Alzheimeri ja Parkinsoni tGvega seotud neurotroofsete tegurite jalgimine voiks
anda kasulikku teavet nende haiguste diagnoosil juba varajases staadiumis. Seni on aga
kirjanduses molekulaarse jaljendamise tehnoloogia kasutamise kohta neurotroofsete
tegurite hindamisel vdga vdhe teavet. Ja siit tulenebki kdesoleva doktorit66 peamine
eesmadrk uurida erinevate silinteesi meedotide kasutamise vdimalusi neurotroofsete
tegurite molekulaarseks jdljendamiseks ning sidumiseks erinevate margisevabade
sensorplatvormidega. Jaljendatavateks neurotroofseteks teguriteks on valitud CDNF ja
BDNF kui kirjanduse andmetel mitmete neurodegeneratiivsete haigustega seotud
potentsiaalsed biomarkerid.

Neurotroofse teguri CONF molekulaarseks jaljendamiseks akustilise laine pohiméttel
(SAW) tootava sensori pinnale kasutati elektrokeemilist polimerisatsiooni.
Molekulaarselt jaljendatud 4,7 nm paksuse CDNF-MIP/SAW kilele madrati poliimeer-
sihtmolekul dissotsiatsiooni konstandi Kp vaartuseks 8 ug/mL ja sihtmolekuli sidumise
efektiivsust iseloomustava teguri IF vaartuseks 2,0. Mittespetsiifilise adsorptsioooni
vahendamiseks kasitleti CDNF-MIP kilet ka HSA lahusega. CDNF-MIP/SAW sensori
sihtmolekuli avastamispiiriks LOD madarati 4 ng/mL konkureeriva proteiini mCD48
juuresolekul. Selektiivsuse uurimine konkureeriva sidumise meetodil konstantsel IgG
kontsentratsioonil (500 ng/mL) naitas, et CONF-MIP/SAW sensor on vdimeline eristama
sihtmolekuli CDNF tema homoloogsest valgust MANF. Elektropoliimerisatsiooni
meetodil stinteesitud CDNF-MIP kile puuduseks oli aga liiga vaike korduvkasutatavus.
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Selle puuduse minimiseerimiseks uuriti pindmist kontrollitud elav-radikaal
fotopollimerisatsiooni mikrokontaktmeetodil sensori pinnal, kasutades mudelproteiinina
BSA-d ja sensorina pinnaplasma resonantsi (SPR) pdhimdtet. FotopolUimerisatsiooni
kasutamine naitas, et fotoinitsiaator DEDTC seondub hasti sensori kullast elektroodiga
3.5-DCIP vahekihi abil, mis kanti elektroodi pinnale 3.5-DCIPDT Ghendi elektrokeemilisel
redutseerimisel. Vahendades monomeeri ja ristsildade moodustaja suhet (DEAEM:BAA)
suurenes poliimeeri maatriksi hiidrofiilsus. UV kiirguse intensiivsustel 500 W/m? kuni
300 W/m? vastavalt 0,5 ja 15 tunni jooksul kisitlemine ei muutnud markimisvaarselt
valgu struktuuri. Mudelsensor BSA-MIP/SPR, mis valmistati pindmise elav-radikaal
fotopoliimerisatsiooni metodil oli ka omadustelt viaga stabiilne 25 regenereerimistsiikli
jarel.

Seejarel kasutati analoogilist tehnoloogiat neurotroofse teguri BDNF molekulaarseks
jaljendamiseks soeltriikitud elektrokeemilisele elektroodile (SPE). Kuigi fotopollimeriseeritud
BDNF-MIP kile sihtmolekuli sidumisomadusi iseloomustavate parameetrite vaartused IF
5,8 ja Ko 1,12 ng/mL olid vorreldes elektropoliimerisatsioonil saadud parameetritega
paremad, sdilitas BDNF-MIP kile stabiilsed sidumisomadused ainult (he
regeneererimistsikli jarel. Siiski, fotopolimerisatsiooni teel valmistatud BDNF-MIP/SPE
sensoril oli HSA vesilahuses viga hea avastamispiir 6 pg/mL ja maaramispiir 20 pg/mL.
BDNF-MIP/SPE oli markimisvaarselt selektiivsem sihtmolekuli BDNF suhtes
konkureerivate molekulide CODNF, MANF ja mCD48 juuuresolekul.

KokkuvGttes on kdesolevas doktorit6ds esmakordselt slinteesitud neurotroofsete
teguritega BDNF ja CDNF molekulaarselt jaljendatud poliimeerkiled. Doktoritd6s
analllsitud  slnteesi meetodid sobisid hdsti MIP sensorite valmistamiseks
neurotroofsete tegurite selektiivseks maaramiseks ning on rakendatavad potentsiaalselt
kliinilise diagnostika vajadusteks ka laiemalt. Doktorit6éé loob head eeldused
patsiendimanuste testide (PoCT) arendamiseks neurodegeneratiivsete haiguste
varajaseks diagnoosiks ja jalgimiseks.
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ARTICLE INFO ABSTRACT

In this study we report on a surface acoustic wave (SAW) sensor modified with a molecularly imprinted polymer
(MIP) film that selectively recognizes the cerebral dopamine neurotrophic factor (CDNF) protein, a potential
biomarker for early-stage diagnosis and/or the follow-up of neuroprotective therapies. CONF-MIP as a synthetic
recognition element was prepared by a simple electrochemical surface imprinting approach allowing its reliable
interfacing with SAW sensor. The optimal thickness of the MIP layer as well as a suitable pretreatment method
were adjusted to improve the recognition capacity and selectivity of the resulting CDNF-MIP sensor. The 4.7 nm
thick CDNF-MIP layers treated in 0.04 mg/ml HSA solution demonstrated the highest relative rebinding towards
CDNF. The selectivity of the sensor was studied by the carefully designed competitive binding experiments,
which revealed that the sensor can sense CDNF confidently in a label-free manner starting from 0.1 pg/ml. We
anticipate that the findings can be a premise for fabricating the desired cost-effective research or diagnostics

Keywords:

Molecularly imprinted polymer
Electrochemical polymerization
m-Phenylenediamine

CDNF

Surface acoustic wave sensor
Neurodegenerative diseases

tools in the field of neurodegenerative diseases.

1. Introduction

In clinical diagnostics, the research in the discovery and detection of
biomarkers of human diseases, neurological and mental disorders has
become of great demand due to the increase in the prevalence of these
diseases over the last decades and the urgent need for their early stage
diagnosis [1]. For example, neurotrophic factor (NTFs) proteins are a
family of proteins secreted from neurons and glial cells, and supporting
the survival of neurons [2]. NTFs were found to be associated with a
number of neurological diseases (NDs) such as Alzheimer's, Parkinson’s
and mental disorders and have been tested in clinical trials of several
neurodegenerative diseases [3-6].

Cerebral dopamine neurotrophic factor (CDNF), and mesencephalic
astrocyte derived neurotrophic factor (MANF) form a new family of
unconventional NTFs that have been shown to be promising candidates
for the treatment of Alzheimer's and Parkinson’s [6-9]. In animal
models of Parkinson’s disease these NTFs can support the survival of
neurons and regenerated neuronal axons opening a possibility for the
development of disease modifying treatments. CDNF is currently tested

in phase I-II clinical study on Parkinson’s disease patients in three
Scandinavian medical centres [10]. The abnormal levels of NTFs in the
blood may be associated with a number of NDs [11], mental disorders
[3] and diabetes [12]. Serum and/or cerebrospinal fluid (CSF) con-
centration of a specific NTF could therefore be a potential biomarker for
early-stage diagnosis and/or the follow-up of neuroprotective therapies.

Today, ELISA is one of the most commonly used immunological
assays, applicable in both research and diagnostics, providing a quan-
titative detection of specific proteins, including NTFs, in serum samples
[13]. In spite of its high specificity and low limit of detection (LOD)
[14], ELISA suffers from several disadvantages such as laborious,
lengthy procedure, the use expensive bioassay kits, low reliability and
reproducibility in serum samples because of the cross-reaction with
other antibodies.

To address these issues valuable alternatives to the traditional de-
tection methods e.g. based on label-free sensor platform have been
intensively studied [15]. The sensors based on the acoustic wave
transduction mechanism seem to be a prospective for diagnostics pur-
poses since they combine direct detection, simplicity in handling, real-

Abbreviations: CDNF, cerebral dopamine neurotrophic factor; CDNF-MIP, polymer film with molecular imprints of CDNF; HSA, human serum albumin; IgG,
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polymer; NIP, non-imprinted polymer; NTF, neurotrophic factor; PBS, phosphate buffer saline; SAW, surface acoustic wave sensor

* Corresponding author.
E-mail address: vitali.syritski@taltech.ee (V. Syritski).

https://doi.org/10.1016/j.snb.2020.127708

Received 8 July 2019; Received in revised form 4 December 2019; Accepted 11 January 2020

Available online 18 January 2020
0925-4005/ © 2020 Elsevier B.V. All rights reserved.



A. Kidakova, et al.

time monitoring, and good sensitivity with a more reduced cost. Thus,
Surface Acoustic Wave sensors (SAW) being fully compatible with
large-scale fabrication and multiplexing technologies may provide
substantial advantages in biosensing where electron transfer processes
are hindered [16]. However, the reported label-free biosensing systems
mostly utilize labile biological recognition elements (e.g. enzymes,
DNA, antibodies) [17,18]. Moreover, applications for label-free sensing
of NTF-proteins are very scarce [19,20].

Coupling label-free sensor platforms with synthetic recognition
elements that avoid the disadvantages associated with the use of bio-
logical receptors in order to provide a reproducible and fast analysis of
a biological sample, is of great importance. Molecular imprinting is one
of the state-of-the-art techniques to generate robust synthetic molecular
recognition materials with antibody-like ability to bind and dis-
criminate between molecules [21]. The technique can be defined as the
process of template-induced formation of specific molecular recognition
sites in a polymer matrix material. 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 asso-
ciated with reproducible, cost-effective fabrication. MIP receptors have
been shown to be a promising alternative to natural biological receptors
in biosensors providing more stable and low-cost recognition elements
[22,23].

It should be noted that robust interfacing of a MIP with a sensor
platform capable of responding upon interaction between the MIP and a
binding analyte is a key aspect in the design of a MIP-based sensor.
Recently, the use of an electrosynthesis approach for the facile in-
tegration of MIPs with label-free sensor platforms was reported
[24-27].

The application of MIP-based sensors for diagnostics has been ex-
tensively studied. Thus, the detection of cancer biomarkers - prostate
specific antigen [28], epithelial ovarian cancer antigen-125 [29], car-
cinoembryonic antigen [30], cardiovascular disease biomarkers -
myoglobin [31] and cardiac troponin T [32] by MIP-modified sensors
have been reported. In addition, MIP receptors for selective extraction
of Alzheimer's disease biomarker, -amyloid peptides, has been studied
by Sellergren’s group [33]. As concerns the imprinting of NTFs, so far
only the selective recognition of another growth factor family protein -
vascular endothelial growth factor (VEGF-A) by hybrid MIP nano-
particles as well as by MIP thin layer on SPR and screen-printed elec-
trodes (SPE) has been reported [34-36]. Very recently, our group de-
monstrated the preparation of a photopolymerized MIP film integrated
to a SPE and capable of selective recognition of brain-derived neuro-
trophic factor [37].

In this study, we report for the first time on the fabrication of MIP-
based SAW sensor for label-free detection of CDNF. In this sensor,
CDNF-MIP prepared by a surface imprinting approach, was utilized as a
synthetic recognition element firmly interfaced with SAW sensing sur-
face in the course of a simple electrochemical synthesis. As compared to
electrochemical detection, we reported previously, the use of a mass-
sensitive transducer such as SAW benefits from the absence of necessity
to employ a redox pair as an electrochemical indicator as well as for
ensuring the sufficient electrical conductivity at the electrode/solution
interface for reliable and fast sensing of CDNF.

2. Experimental
2.1. Chemical and materials

Sodium chloride (NaCl), 4-aminothiophenol (4-ATP), 2-mercap-
toethanol, m-phenylenediamine (mPD), dimethyl sulfoxide (DMSO),
human serum albumin (HSA), and sodium dodecyl sulfate (SDS) were
purchased from Sigma-Aldrich. Human recombinant Cerebral
Dopamine Neurotrophic Factor (CDNF, 18.5kDa, calculated pI 7.68),
human recombinant mesencephalic astrocyte-derived neurotrophic
factor (MANF, 18.1kDa, calculated pI 8.55), and mouse recombinant
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mCD48 (cluster of differentiation 48, 22.2kDa, pI 9.36) were provided
by Icosagen AS (Tartu, Estonia). 3,3’-dithiobis [sulfosuccinimidylpro-
pionate] (DTSSP) was purchased from Thermo Fisher Scientific Inc.
Glycerol, sulfuric acid, hydrogen peroxide, and ammonium hydroxide
were purchased from Lach-ner, S.R.O. All chemicals were of analytical
grade or higher and were used as received without any further pur-
ification. Ultrapure Milli-Q water (resistivity 18.2 MQ cm at 25 °C, EMD
Millipore) was used for the preparation of all aqueous solutions.
Phosphate buffered saline (PBS) solution (0.01 M, pH 7.4) was used to
prepare synthesis and analyte solutions.

2.2. Preparation of CDNF-MIP sensor

The technological basis for a CDNF-MIP sensor was a label-free SAW
system (SamX, NanoTemper Technologies GmbH, Miinchen, Germany).
SAW system uses a pair of Love-wave sensor chips manufactured from
ST-cut quartz substrates. Every sensor chip has four sensor elements
(sensing surface 5 x 1.2 mm per sensor element). The shear-horizontal
acoustic waves in the elements are generated by radio-frequency (RF)
signal (between 147 and 150 MHz) applied to the input interdigital
transducers (IDTs). The waves concentrated within the gold-coated
SiO, guiding layer are converted back to an RF signal upon arriving to
the output IDTs. The phase shift of RF signals measured by a Vector
Network Analyzer is proportional to the mass loading on a sensing
surface of the chip. The sensing surface of the sensor chips was modified
with CDNF-MIP as a synthetic recognition layer using an electro-
chemical surface imprinting approach. The protocol for synthesis of
CDNF-MIP was adapted from our previous work [26] (Fig. 1). Thus,
firstly the sensor surface was modified with the target protein (CDNF)
immobilized via 4-ATP/DTSSP linker system having the cleavable S—S
bond, followed by electropolymerization of mPD conducted at the
constant potential (0.6 V versus Ag/AgCl/1 M KCI) applied to the sensor
surface until defined amount of electrical charge had been passed.

Poly(m-phenylenediamine) (PmPD) film thicknesses were de-
termined by a spectroscopic ellipsometer (SE 850 DUV, Sentech
Instruments GmbH, Berlin, Germany). Ellipsometric parameters y and A
were measured from three spots for each sample in ambient air con-
fining the wavelength range between 380 and 850 nm at the angle of
incidence of 70°. The spectra were fitted (SpectraRay 3 software) with
the optical model containing a one-layer Cauchy layer on the top of the
gold and the thicknesses were determined.

To form the molecular imprints the polymer was treated in 0.1 M
ethanolic solution of 2-mercaptoethanol to cleave the S—S bond in the
linker system and, subsequently, in the aqueous solution of 3M NaCl
and DMSO. The respective reference films i.e those that do not have the
molecular imprints of CDNF in the polymer, non-imprinted polymers
(NIPs), were prepared by very similar way as CDNF-MIP, but excluding
the treatment in mercaptoethanol. Thus, the template proteins are still
covalently retained in the NIP matrix hindering the possibility to rebind
CDNF at this location.

2.3. Rebinding and selectivity studies

The sensor chips, modified with CDNF-MIP and the respective re-
ference, NIP layers (Fig. S1), were loaded into SAW system and equi-
librated with the degassed running buffer solution (PBS, pH 7.4) at a
flow rate of 25ul/min until a stable baseline was established. The
temperature of the running solutions and the chips was controlled with
Peltier element with +/-0.01 °C precision and kept constant at 22 °C.
Then the consecutive injections of the analyte solutions in order from
lower to higher concentrations were applied (from 50ng/ml to
33.75ug/ml of CDNF on PBS buffer) and the phase-shift responses
versus time (sensorgrams) were recorded. The details of kinetics ana-
lysis of the sensorgrams are given in section S1 of SI. The selectivity of
the CDNF-MIP sensor was studied with the help of a kinetic titration
series, where the solution of either CDNF or an interfering homologous
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Fig. 1. The surface imprinting strategy for synthesis of the CDNF-MIP layer on the gold sensing surface of the SAW chip using the electropolymerization approach.

protein MANF in order from a low to a high concentration (from 5 ng/
ml to 300 ng/ml) were sequentially injected onto the sensor elements.
The respective solution were prepared in PBS buffer and contained the
constant concentration of mCD48 (1.25pug/ml). The selectivity was
assessed by comparison of the residual responses at infinite dissociation
which appeared after washing the sensor surface with running PBS
buffer solution for 25 min (see section S2). In the competitive binding
assays [38,39], the various concentrations (from 10~ ° to 10 ng/ml) of
either CDNF or MANF (competitor) were allowed to compete in PBS
buffer with the constant amount of IgG (500 ng/ml) for the binding
sites in CDNF-MIP. Additionally, the samples having different ratios of
CDNF to MANF (10%10°® ng/ml or 10°:10"2 ng/ml) and IgG (500 ng/
ml) were applied to assess the ability of the sensor to discriminate be-
tween CDNF and MANF (see section S2).

3. Results and discussion
3.1. Optimization of CDNF-MIP sensor preparation

The molecular imprinting strategy used in this study employs the
bottom-up approach [26] in order to generate the macromolecular
imprints resided on at/close to the surface of the polymeric film. Thus,
for such MIP, the deposition of a polymer with an appropriate thickness
is one of the most crucial tasks in order to avoid irreversible entrapment
of a macromolecular template and infeasibility of its removal during the
subsequent washing out procedures. The effect of polymer thickness on
the performance of the resulting macromolecular-MIP has been already
demonstrated in our previous study [26]. Thereby, we began to design
CDNF-MIP paying special attention to the careful choice of an optimal
thickness of the polymer matrix. In order to choose the range of the
appropriate thicknesses for the polymer film, which confines, but does
not irreversible entrap CDNF, the length of the whole structure con-
taining the linker system and CDNF, was theoretically estimated
(Fig. 2). Assuming that covalent attachment of CDNF via the

il &

Sensors & Actuators: B. Chemical 308 (2020) 127708

DTSSP grafting ~ CDNF immobilization
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. mPD

Electropolymerization

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

The correlation between the amount of electrical charge applied
during the in-situ electrodeposition of the polymer and the thicknesses
of the resulting CDNF-MIP films is presented in Fig. 2. As it can be seen,
the thicknesses for CDNE-MIP varied linearly (R* = 0.998) across the
applied electric charge range. This makes prediction of the thickness in
the range of ca. 3nm-8 nm quite certain in a convenient way by con-
trolling the applied charge. The optimal thickness was elucidated after
calculation of the molecular imprinting effect or the imprinting factor
(IF) for every pair of CDNF-MIP and NIP characterized by the same
thicknesses:

IF = Qeqavitp)/ Qeqnip) (€]

where Qeqavrp) and Qeqavip) are phase-shift responses at the equilibrium
upon injection of a particular concentration of CDNF onto CDNF-MIP-
and NIP-modified sensor elements, respectively. Thus, among the
CDNF-MIPs having thicknesses ranging between 0.5 and 9 nm, one with
PmPD generated by 1 mC/cm? (ca. 2.3 nm) demonstrated the highest IF
(1.2) (Fig. 3a). It should be noted that there was significant non-specific
binding on NIPs resulting in marginal differences in responses between
CDNF-MIP- and NIP-modified sensor elements. This makes values of IFs
not prominent enough to justify confidently that 2.3 nm thick polymer
would be an optimal one for CDNF-MIP. In order to reduce the non-
specific binding, the CDNF-MIP and NIP films were underwent the
treatment in 0.01 M PBS solution containing 0.04 mg/ml HSA before-
hand the rebinding experiments.

Although the treatment with HSA significantly suppressed the re-
sponse amplitudes, the noticeable difference between CDNF-MIP- and
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Fig. 2. The calibration graph representing the dependence of the polymeric thickness of MIP films, as measured by VIS-ellipsometry, on the amount of the charge
consumed during the electropolymerization of m-PD on CDNF-modified gold electrode. The solid lines represent linear regression fits. The drawing on the right hand

of the figure demonstrates an approximation of the heights of the linker-CDNF structure immobilized on a planar surface.
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Fig. 3. Effect of the polymer thickness of CDNF-MIP and NIP films on the re-
sponses of the SAW sensors and the respective imprinting factors measured
upon injection of 1.25ug/mL of CDNF in PBS: a) without blocking of non-
specific adsorption b) after blocking in 0.1 M PBS buffer (pH 7.4) containing
0.04 mg/ml HSA.

NIP-modified sensor elements was achieved (Fig. 3b). This also affected
the ranking of the optimal polymer thicknesses. After the treatment in
HSA, CDNF-MIPs with thickness of 4.7 nm (2 mC/cm?) had the highest
relative rebinding of CDNF as judged by IFequal to about 2 (Fig. 3b).

The found optimal thickness correlates well with the concept of surface
imprinting approach used in this study. At such thickness the polymer
confines about the median dimension of CDNF, and, in turn, likely does
not hinder its successful extraction to leave behind a selective mole-
cular cavity. Thus, the use of electrochemical polymerization for pro-
tein-MIP is a very sophisticated method to generate precisely such ul-
trathin polymer matrices by just control the applied electrochemical
charge.

3.2. Rebinding studies

The CDNF-MIP sensors were characterized in terms of their cap-
ability to rebind CDNF by monitoring and comparing its binding ki-
netics on CDNF-MIP and NIP surfaces. Since, according to the applied
synthesis strategy, the template proteins were not removed from NIP,
we considered the NIP as the CDNF-MIP with completely occupied
specific binding sites and, analysing the obtained binding profiles, as-
sumed that during the rebinding process (i) such a NIP surface ex-
hibited only nonspecific protein adsorption and (ii) on the respective
CDNF-MIP surface the nonspecific adsorption could occur to the same
extent. Thus, in order to reference out the contribution of nonspecific
interactions in the response signals, the binding profiles on the CDNF-
MIP were corrected by subtracting the corresponding binding profiles
observed on the NIP surfaces.

After the correction, the responses of the CDNF-MIP sensor de-
monstrated well pronounced analyte concentration-dependent binding
profiles and allowed fitting them to the pseudo-first order kinetics
model (Eq. S1) (Fig. S2). This model has been previously successfully
applied for description of binding kinetics on MIPs [40]. In this study,
the model still gave a decent fit to the experimental kinetics data with a
coefficient of determination (R?) in the range of 0.944-0.994 (Table S1)
and allowed predicting the equilibrium responses (Q.,) at every in-
jected concentration of CDNF.

We examined two binding isotherm models to describe Q.q vs con-
centration data: Langmuir (L) and Langmuir-Freundlich (LF) (Fig. 4).
While L model assumes that a monolayer of adsorbate is formed on a
homogeneous surface of the adsorbent [41], LF model, being a con-
tinuous distribution model, can be applied for modelling a more com-
plex interaction between the molecule and the surface of the adsorbent
with the participation of binding sites having different levels of affinity
[42]. As expected, the LF model provided somewhat better agreement
with the binding isotherm data than the L model (coefficient of corre-
lation 0.990 and 0.975, respectively (Table S2)). As has been shown
previously, most MIPs often behave as heterogeneous systems, and thus
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Fig. 4. The adsorption isotherm of CDNF measured by CDNF-MIP sensor. The
dashed lines represent fits to the Langmuir (gray, dash) and Langmuir-
Freundlich (red, solid) adsorption models. Insert: the Scatchard plot with lim-
iting slopes estimates by means of linear regression. For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

the LF model would be more universally applicable to their character-
ization, since it takes into account heterogeneity of binding sites and is
able to model binding behavior in a wider concentration range up to
saturation [42,43]. Additionally, the Scatchard plot i.e the experi-
mental binding isotherm in the Q.,/C vs. Q. format, clearly shows the
heterogeneity of the binding sites (Fig. 4, insert). Two separate straight
line parts on the curve of the isotherm indicate that there are sites with
different affinities. The flat and steep lines describes the sites with low
and high affinity, respectively [42].

The heterogeneity of the current CDNF-MIPs can be explained by
the fact that CDNF imprints were formed by CDNFs randomly oriented
towards the sensor surface. Indeed, to form the CDNF-MIP, CDNFs were
initially immobilized on the surface through the covalent interaction of
primary amines of the lysine side chain of CDNF with the active group
of DTSSP. Since the primary amines are located over the entire surface
of CDNF, it could be immobilized with different orientations to the
surface leading to the formation of the imprinted sites with different
binding energy in the course of the subsequent imprinting process.

3.3. Selectivity studies

Several binding assays were carried out in order to assess the fea-
sibility and selectivity of detecting CDNF by CDNF-MIP sensor. In the
first test, CDNF-MIP sensor was investigated in terms of its capability to
rebind the target protein, CDNF with respect to a protein having a very
similar structure [4], same size, but a slightly different pI such as MANF
and can be thus, a suitable pair to assess the selectivity of the prepared
CDNF-MIP layer. The test was carried out in the presence of mCD48
having pI value higher than CDNF and MANF in order to cause an
additional nonspecific background and thus somewhat simulate addi-
tional complexity in scenarios for the selectivity testing.

As it can be seen, although the sensor is responsive to every applied
injection, the sharp rises appear only upon injection of the solutions
containing CDNF (Fig. 5a). During the dissociation stages the responses
do not returned back to the baseline, but are gradually shifted to higher
values indicating that a part of protein molecules remained bound to
the sensor surface. Taking into account such behavior, we analyzed the
sensor responses by calculating the residual binding values at dis-
sociation stage, Qs (see Section S2 and Table S3 in SI for details) and
compared these values between CDNF and MANF injection series in
order to assess the capability of the sensor to distinguish the respective
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Fig. 5. (a) The NIP-corrected sensorgrams of CDNF-MIP sensor measured by the
kinetic titration method upon injections of different concentrations of CDNF
(red line) or MANF (black line, empty dot) in the presence of 1.25ug/ml
mCD48 and (b) the corresponding residual responses at infinite dissociation
derived from Eq. S4 (see section S2). For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

proteins (Fig. 5b). The noticeable increase of Q. in favour of CDNF
containing mixtures can be observed already after the first concentra-
tion applied (5ng/ml) eventually reaching 4-fold difference after the
final injection (300 ng/mL). A possible explanation for this phenom-
enon could be the higher affinity of the CDNF-MIP surface towards
CDNF molecules that remain bound to CDNF-MIP at much higher extent
than MANF molecules. Under the given assay conditions, the CDNF-MIP
sensor shows a linear response to CDNF in the concentration range from
5 to 50 ng/ml, with limit of detection (LOD) and limit of quantitation
(LOQ) of 4.2ng/ml and 14 ng/ml (Fig. S3).

To further examine selectivity of the CDNF-MIP sensor, we designed
a label-free binding assay, where various concentrations of either CDNF
or MANF were allowed to compete with the constant amount of IgG for
the binding sites in CDNF-MIP. Specifically, in the assay, we looked into
the inhibition of non-specific binding of a relatively massive protein
such as IgG on the surface of the CDNF-MIP caused by the increasing
concentration of competing protein in the applied mixture.

The optimal concentration of IgG in the assay was selected by
plotting the binding isotherm of non-specific adsorption of IgG on the
surface of the CDNF-MIP. As it can be seen, adsorption of IgG is linear
versus the concentration in the range of 31.25-1000 ng/ml, but tends to
saturate afterwards (Fig. S4). Therefore, the concentration of 500 ng/ml
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Fig. 6. Competitive binding of IgG measured by CDNF-MIP sensor as a function
of the competing protein concentration (ng/ml). The binding was conducted in
PBS buffer solution containing a fixed concentration of IgG (500 ng/ml) and
increasing concentration of the competing protein, either CDNF or MANF, in
the range of 10~ ° to 102 ng/ml. The sensor responses were normalized to the
response upon injection of IgG (500 ng/ml).

IgG was selected for the following binding assays as one could provide a
noticeable effect on the competitive replacement of IgG on the CDNF-
MIP surface. The concentrations above 500 ng/ml might be redundant
and can hinder observing the effect.

Although, little is known about the nature of protein recognition
sites in MIPs, it was reasonable to expect that in the given competitive
binding assays CDNF-MIP sensor was going to be more responsive to
CDNF i.e. the mixtures containing CDNF and IgG would evoke stronger
inhibitions of IgG binding than those containing MANF and IgG. As
demonstrated by Fig. 6, indeed the normalized response, Q,, decreased
(about 75 %) upon injection of the mixture containing 0.01 ng/ml
CDNF, i.e. obviously, the heavier protein (IgG) is replaced with the
lighter one (CDNF). Conducting the very same competitive assay with
MANF instead of CDNF, resulted in much less inhibition of the response
(about 15 %), that is, the replacement of IgG from the recognition sites
is less efficient in this case. If both CDNF and MANF competed with IgG
in the same solution then it was still clearly seen that the significant
inhibition of the signal was induced namely by the presence of CDNF in
the sample rather than the presence of MANF (Fig. S5).

The competitive binding assay data are fitted by three parameter
dose response curves revealing IC50 values for CDNF and MANF assays
with a marginal difference: 0.6 versus 0.9 pg/ml, respectively (see
Section S2 and Table S4). Nevertheless, taking into account the high
similarity in the three-dimensional structures of CDNF and MANF
[44,45] and the fact that CDNF was identified to be homologous to
MANF with 59 % amino acid identity in human proteins [4], the given
assay still supports clearly that CDNF-MIP surface preferentially binds
CDNF than MANF. The limit of detection in this assay, calculated as the
analyte concentration causing a 20 % inhibition (ICy), corresponded to
0.1 pg/ml. However, even 10 pg/ml concentration of MANF is unable to
cause such significant inhibition to CDNF binding response. The found
LOD is significantly below the CDNF concentrations found in human
serum [46].

4. Conclusions

We have demonstrated the possibility of using a MIP-based syn-
thetic receptor to build a SAW sensor capable of detecting a neuro-
trophic factor protein, CDNF, in label-free manner. The electrochemical
surface imprinting approach enabled a simple and rapid preparation of
the polymeric matrix possessing the selectivity to CDNF, i.e. CDNF-MIP,
directly on the sensor surface. We found that the thickness of the
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polymer matrix is critical and should be precisely adjusted in order to
achieve the notable imprinting effect in the resulting CDNF-MIPs.
Polymers with thicknesses, confining about the median dimension of a
macromolecule, thus likely provide its successful extraction and leaving
behind a molecular cavity capable of efficient and selective rebinding.
Moreover, intrinsic affinity of PmPD-based matrix to CDNF was needed
to be suppressed in order to properly assess imprinting effect.
Nevertheless, the presence of intrinsic affinity in the resulting CDNF-
MIP would not likely necessarily disturb the sensor response, but could
be considered for designing competitive assays, where the target pro-
tein displaces interfering one from the MIP-modified sensor surface. As
demonstrated, the prepared CDNF-MIP sensor clearly differentiated
between CDNF and its homologue - MANF even in the presence of IgG
in the test solution showing a response at sub pg/ml range.

We anticipate that our results provide guidelines for synthesis of
MIPs applicable for detection of other essential NFs. These NF-selective
MIPs can work well as synthetic recognition layers with other label-free
sensing platforms such as surface plasmon resonance and quartz crystal
microbalance, where accumulated mass is measured at the surface of
their transducers. Further study is needed to investigate the sensor
capability detecting CDNF in complex matrixes as body fluids. If this
works the adaptation of our results to portable sensor platforms will
pave the way for the much-needed cost-effective research or diagnostics
tools in the field of neurodegenerative diseases. Efforts along those lines
are currently in progress to validate detection of CDNF in body fluids of
real patient samples that have been verified with CDNF and MANF
ELISAs.
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ARTICLE INFO ABSTRACT

In this study, we describe a strategy for the formation of a molecularly imprinted polymer (MIP) capable of
selective rebinding of protein-sized molecules and interfaced with a planar sensing surface. The strategy is based
on the synergistic use of the surface-initiated controlled/living radical (C/LR) photopolymerization and mi-
crocontact imprinting approach aiming at design of a protein-responsive polymer for biosensing application.
Bovine serum albumin (BSA), 2-(diethylamino)ethyl methacrylate, bis-acrylamide were used as a model protein,
a functional monomer and a cross-linker, respectively, to prepare the BSA-MIP film. The optimal parameters of
C/LR photopolymerization such as the method for photoinitiator attachment to the sensor surface, mono-
mer:cross-linker molar ratio, polymerization time, were determined. The BSA-MIP film were studied in terms of
their recognition capability and selectivity towards the target protein (BSA) through the analysis of the responses
of the BSA-MIP modified SPR sensors upon interaction with BSA and interfering proteins, human serum albumin
(HSA) and Fe-fragment of immunoglobulin G (Fc). It was found that BSA-MIP adsorbed BSA with the dissociation
constant (KD) in the nanomolar range (68 nM) and shows more than two times higher adsorption capacity as
compared to HSA and Fc, even though their molecular sizes were similar. Also, BSA-MIP could be perfectly
regenerated in the alkaline solution showing nearly reversible responses (loss of 2.4%) even after the 25th
regeneration cycle. The presented simple synthesis strategy could be potentially employed for the preparation of
protein-MIP films on a planar sensor transducer allowing to develop sensing systems for detection of clinically
relevant proteins.

Keywords:

Molecularly imprinted polymers
Microcontact imprinting
Photopolymerization

Protein imprinting

Bovine serum albumin
Controlled/living radical polymerization
SPR sensor

materials separation [3] and drug delivery [4]. MIPs have been re-
ported to be a promising alternative to biological receptors in bio-

1. Introduction

The concept of molecular imprinting has been widely recognized as
a promising strategy for synthesis of robust molecular recognition
materials with high selectivity towards the analyte [1]. Molecular im-
printing can be defined as the process of template-induced formation of
specific molecular recognition sites in a polymer matrix material. In this
process, a mixture of functional monomers is polymerized around a
chosen target molecule acting as a template. Removal of the templates
from the formed polymer leaves behind binding sites that are capable of
selectively recognizing of the template molecules or similar structures.
The main benefits of these, so-called Molecularly Imprinted Polymers
(MIPs), are related to their synthetic nature, i.e., excellent chemical and
thermal stability associated with reproducible, cost-effective fabrica-
tion. Therefore, MIPs have received much interest and are successfully
applied in different areas such as artificial antibody mimics [2],

* Corresponding author.
E-mail address: vitali.syritski@ttu.ee (V. Syritski).

https://doi.org/10.1016/j.reactfunctpolym.2018.02.004

sensors providing more stable and low-cost recognition elements [5].
Bulk imprinting is the simplest approach to macromolecular imprinting.
The advantage of this approach is that the 3D-binding sites are formed
for the whole protein. However, a significant disadvantage is the dif-
fusional limitations, as the polymer matrix surrounding the protein
from all sides and prevents protein washing from the matrix [2]. To
solve this problem Shi and coworkers proposed to precipitate the pro-
tein on the surface of mica before the polymerization [6]. Thus, the
growth of the polymer matrix is limited to the surface of protein stamp
and the resulting specific cavities are located very close to the surface of
the polymer. Nowadays, surface imprinting of proteins has become the
most common used approach [7-9]. One of the prospective approaches
to produce protein-MIP films with surface-confined binding sites is
microcontact imprinting [10,11]. An important advantage of the
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microcontact imprinting is that very little or no template molecules
remain “trapped” in the polymer matrix after completion of the poly-
merization resulting in a MIP-film with more homogeneous binding
sites [12].

In addition to the above mentioned techniques, the development of
MIPs for biosensing application requires a perfect interfacing between
the recognition element and the sensor transducer. Popular methods of
polymer film preparation on a solid surface such as spin-casting, dip-
coating, polyelectrolyte deposition and plasma deposition result in
physically adsorbed polymer films, which exhibit non-covalent inter-
actions (hydrophobic or electrostatic interactions, van der Waals forces)
with the surface. This gives a relatively weak adhesion, making these
films not steady to external factors (solvents, high temperature, me-
chanical actions) and limits the scope of their application [13]. Surface
initiated polymerization is an universal way to overcome these dis-
advantages by creating covalent bonding between the polymer film and
the surface [14]. To perform surface initiated polymerization an in-
itiator is firstly attached to the substrate surface using different tech-
niques [14,15]. This method offers the capability of the film thickness
control, uniform coating of surface, control over composition, and high
density of grafting [14]. Surface initiated polymerization can proceed
via different polymerization mechanisms depending on the initiator
end-group [16]: free-radical polymerization (FRP) [17], cationic and
anionic polymerization [18], atom-transfer radical polymerization
(ATRP) [19], ring-opening polymerization [20] and reversible addition
fragmentation chain transfer (RAFT) polymerization [21].

Photopolymerization seems to be suitable methods for in situ MIP
film synthesis providing the possibility of good control of both film
thickness and inner morphology [22]. A wide range of photoinitiators
allows realizing photopolymerization by various mechanisms, including
the controlled/living radical polymerization (C/LRP) method, which
allows the control of the composition and thickness of the MIP films.
Salian and co-workers showed the improvement in network homo-
geneity and imprinting efficiency in weakly cross-linked MIP networks
prepared by C/LRP in comparison with FRP [23]. C/LRP extended the
reaction-controlled regime of the polymerization reaction and formed
more homogeneous polymer chains and networks with smaller mesh
sizes. The RAFT polymerization is the most versatile process among C/
LRP techniques. Effective chain transfer agents for the reversible at-
tachment mechanism fragmentation are different dithioesters, dithio-
carbamates, trithiocarbamates, and xanthates [24]. RAFT process in-
itiators are called iniferters (initiator-transfer agent-terminator) [25].
The RAFT mechanism is widely used for the synthesis of MIP-particles
[26-30], MIP-fibers [31] as well as MIP films directly on the sensor
surface [32,33]. RAFT approach has been successfully applied for im-
printing of small molecules [23,29] as well as macromolecules such as
proteins [34].

The aim of the study is to develop a strategy for the preparation of a
protein-imprinted polymer film (protein-MIP) directly on the surface of
a planar sensor by the combination of the controlled/living radical
photopolymerization initiated from the surface and microcontact mo-
lecular imprinting. Bovine serum albumin (BSA), 2-(diethylamino)ethyl
methacrylate, bis-acrylamide were used as a model protein, a functional
monomer and a cross-linker, respectively to prepare the BSA-MIP films.
The optimal parameters of C/LRP, such as the method for photoinitiator
attachment to the sensor surface, monomer/cross-linker molar ratio and
polymerization time, were determined. The prepared BSA-MIP films
were studied in terms of their recognition capability and selectivity
towards the target protein (BSA) through the analysis of the responses
of the BSA-MIP modified SPR sensors upon interaction with BSA and
interfering proteins, human serum albumin (HSA) and Fc-fragment of
immunoglobulin G (Fc).
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2. Experimental
2.1. Chemicals and materials

3,5-dichlorophenyl diazonium tetrafluoroborate (3,5-DCIPDT), so-
dium diethyldithiocarbamate (NaDEDTC), acetonitrile (ACN), (3-gly-
cidyloxypropyltrimethoxysilane (3-GPS), N,N’-methylenebis(acryla-
mide) (BAA), diethylaminoethyl methacrylate (DEAEM), bovine serum
albumin (BSA, 66 kDa), human serum albumin (HSA, 66.5kDa) and
sodium dodecyl sulfate (SDS) were obtained from Sigma-Aldrich.
Tetrabutylammonium tetrafluoroborate (BusNBF4, >99.0%,) was ob-
tained from Fluka. Fc-fragment of immunoglobulin G (Fc, 50 kDa) was
obtained from Icosagen AS (Estonia). All chemicals were of analytical
grade or higher and were used as received without any further pur-
ification. para-Maleimidophenyl diazonium tetrafluoroborate (p-MPDT)
was synthesized from N-(4-aminophenyl)maleimide (TCI Europa) and
identified by nuclear magnetic resonance spectroscopy in CD3-CN (8.55
doublet, 2H; 8.12 doublet, 2H; 7.07 singlet, 2H). Ultrapure water (re-
sistivity 18.2 MQ-cm, Millipore, USA) was used for the preparation of
all aqueous solutions. Phosphate buffered saline (PBS) solution (0.01 M,
pH 7.4) was used to prepare analyte solutions.

2.2. Synthesis of BSA-MIP

The BSA-MIPs were synthesized directly on the SPR sensor surface
using the following main stages (Fig. 1): (a) covalent immobilization of
BSA on the surface of a glass slide via 3-GPS, (b) modification of the
gold surface of the sensor by the iniferter, DEDTC, and coating by the
mixture of the functional and crosslinking monomers (DEAEM and
BAA) (c) bringing the BSA-modified glass slide into contact with the
DEDTC-modified SPR sensor and initiation of polymerization by UV-
irradiation, (d) detaching the glass slide from the SPR sensor leaving
behind BSA imprints on the polymer surface.

2.2.1. Immobilization of BSA on a glass slide

A cover glass slide (22 x 22mm) was cleaned in a base piranha
solution (3:1 volume ratio of 30% NH,OH and 30% H,0,) for 30 min
with heating up to 60 °C and rinsed abundantly with ultrapure water.
The cleaned glass slide was transferred to ethanol for 10 min and then
dried with a nitrogen flow. The glass slide was immersed in 5% 3-GPS
chloroform solution for 30 min. After the reaction, the glass slide was
rinsed by chloroform to remove any unbound 3-GPS molecules and
dried with nitrogen and stored in an oven at 180 °C for 2 h. Finally, the
epoxy-silane modified glass slide was incubated in PBS buffer solution
containing 0.05 mg/ml BSA for 2h at room temperature, washed with
water and dried under nitrogen flow. Quality of protein immobilization
on the glass slide was evaluated by epifluorescent microscopy and
contact angle (CA) measurements. The epifluorescent imaging was
performed via a 20x plan fluorite objective (Plan Fluor Epi BD,
NA0.45, WD4.5mm) using a Peltier-cooled charge-coupled device
camera (DS-5Mc) attached to a research microscope (Eclipse LV100D,
Nikon Instruments, Japan) equipped with a fluorescence illumination
system (Lumen 200, Prior Scientific Inc., USA). NIS-Elements imaging
software was used to analyze the fluorescent images calculating the
mean pixel intensity in a region of interest. CA measurements were
performed at room temperature using a drop shape analyzer (DSA25,
Kriiss GmbH, Germany). A drop of water (7 ul) was semi-automatically
placed onto the polymer surface using Hamilton syringe and the contact
angles indicating the wetting ability of the materials were calculated
automatically.

2.2.2. Modification of the gold surface of the sensor by the iniferter

The gold surface of SPR sensor served as a substrate for iniferter
(DEDTC) grafting. The sensor surface was treated by an UV ozone
cleaner (PSD Pro Series, Novascan Technologies, Inc., USA) for 30 min
followed by rinsing with ultrapure water and drying with a nitrogen
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Fig. 1. Fabrication of the protein-MIP by the surface initiated living radical photopolymerization combined with the microcontact imprinting approach: (a) a target protein is covalently
immobilized on a glass substrate, (b) a gold substrate with the previously surface-grafted iniferter layer is coated by the monomers solution, (c) the substrates are brought into contact to
form a confined space for the protein and the monomers, the polymerization is initiated by UV-irradiation, (d) the glass substrate is removed resulting in molecular imprints of the target

protein on the polymer surface.

flow. Then the surface was electrochemically treated in ACN solution
containing 1 mM 3,5-DCIPDT or p-MPDT and 0.1 M BuyNBF, by cyclic
voltammetry, ramping the potential between —0.6V and +0.5V at a
rate of 50 mV/s over two cycles. After the electrochemical reduction of
the diazonium salts the sensor surface was washed with tetra-
hydrofuran (THF) to remove the physisorbed loosely bound layer [35]
and then with ultrapure water, and finally dried under a nitrogen flow.
The charge transfer blocking behavior of the deposited organic layers
was investigated by electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV). The electrochemical measurements were
conducted with an electrochemical workstation (Reference 600, Gamry
Instruments, USA) in the conventional three-electrode configuration.
The sensor surface served as a working electrode, while a platinum wire
and Ag/AgCl/KCl electrode were used as a counter and a reference
electrode, respectively. EIS and CV measurements were performed in
the 1 M KCl solution containing 4 mM redox probe K3[Fe(CN)q]/K4[Fe
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(CN)g]. For CV measurements the potential was swept between 0 and
0.5V at a scan rate of 50 mV/s. For each electrode, three potential scans
were applied. EIS measurements were performed in frequency range
between 100 kHz and 0.1 Hz with an amplitude of 10 mV. Each elec-
trode measurement was repeated 3 times. The EIS spectra were fitted to
an equivalent electrical circuit using Echem Analyst software (Gamry
Instruments, USA).

After that, the sensor with grafted 3,5-DCIP layer was immersed in
an ethanolic solution of NaDEDTC 2 mM overnight at room tempera-
ture. In the case of a sensor with grafted p-MP layer, a drop (80 ul) of
2mM NaDEDTC aqueous solution was put onto the sensor surface and
irradiated with UV light for 15 min. Finally, the sensor was thoroughly
rinsed with ethanol and ultrapure water, and dried with a nitrogen
flow. The DEDTC-modified gold surface was characterized by X-ray
photoelectron spectroscopy (XPS) (AXIS Ultra DLD, Kratos Analytical
Ltd., England) with monochromatic single anode Al Ko (1486.6 eV) X-
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ray source. Vision 2.2.10 software was used for the analysis of spectra.
The samples were washed with water, dried with N, stream and kept in
a vacuum chamber overnight to remove adsorbed components of air
from the surface prior to analysis.

2.2.3. Controlled/living radical photopolymerization

BSA-MIP film on the DEDTC-modified SPR sensor surface was pre-
pared by the C/LRP under UV-irradiation. Preliminary, the optimal
monomer:cross-linker molar ratio was determined by the contact angle
(CA) measurements of the polymer films synthesized at different
monomer:cross-linker molar ratio (1:2, 1:6, 1:10). A drop of water
(10 pl) was semi-automatically placed onto the polymer surface using
Hamilton syringe and the contact angles indicating the wetting ability
of the materials were calculated automatically. Then, the solution of
monomers was prepared by mixing 5mM functional monomer
(DEAEM) and 30 mM cross-linking monomer (BAA) aqueous solutions
and 10yl of the solution was dropped onto the DEDTC-modified SPR
sensor and covered by the cover glass with immobilized protein.
Subsequently, the all sandwich-structure was irradiated with UV light
(300 W/m?, 365nm) at room temperature during 15h under nitrogen
atmosphere. The polymerization process was carried out in a special
cell, which allows the synthesis of BSA-MIP and a reference polymer,
non-imprinted polymer (NIP), simultaneously on the SPR sensor. After
the polymerization process, the polymer embedding BSA was confined
between the glass slide and the SPR sensor. To separate the slide from
the sensor with the polymer, a solution containing 0.07 M SDS and
0.2M NaOH and heated up to 80 °C was used. During the separation
stage the removal of BSA from the polymer proceeds simultaneously,
since the protein has been covalently attached to the glass slide (stage
A), leaving behind BSA-imprints on the polymer surface. The polymer
film was characterized by infrared spectroscopic ellipsometry. An
aperture of @5 mm was used for the measurements. The spectra were
recorded with a resolution of 4cm ™" and an angle of incident of 70°.
The surface morphology of the NIP and MIP film was characterized by
high-resolution scanning electron microscope (HR-SEM Zeiss Merlin)
equipped with an In-Lens SE detector for topographic imaging.
Measurements were made at operating voltage of 3.00 kV.

The influence of the UV irradiation time on the BSA stability was
studied by the dynamic light scattering (DLS)-based particle size ana-
lysis and UV-Vis spectroscopy. The DLS measurements were made by a
particle analyzer (ZetaSizer NanoS, Malvern Instruments Ltd.,
England). The instrument uses a light source having the wavelength of
633nm and measures the scattered light at a fixed angle of 175°.
Aqueous solution of BSA (1 mg/ml, 70 ul) was placed into a plastic
microcuvette (p/n 759200, BrandTech Scientific, INC., USA). UV-Vis
absorption spectra of the aqueous solution containing 1 mg/ml BSA
were recorded in 1cm quartz cuvettes with the UV-2401PC spectro-
photometer (Shimadzu Corporation, Japan) in the wavelength range
from 270 to 310 nm.

2.3. Rebinding, reusability and selectivity study of BSA-MIP

The synthesized BSA-MIPs were characterized in terms of their af-
finity and selectivity to rebind BSA by monitoring the molecular
binding events with the SPR system (SR7500DC, Reichert Technologies
Inc., Depew, NY, USA). The BSA-MIP- and NIP-modified SPR sensor was
loaded into the system and equilibrated with a degassed PBS buffer
solution (pH7.4) at a flow rate of 25 ul/min until a constant baseline
was reached. The solutions with increasing concentration of the analyte
(from 2.5 to 1350 nM of BSA in PBS buffer) were subsequently injected
into the flow stream by an autosampler and the changes in the re-
fractive index upon binding of the analyte on the sensor surface were
recorded. The association phase lasted 12 min and was interrupted by
washing the sensor surface with PBS solution for 20 min (the dissocia-
tion phase), after that the regeneration of BSA-MIP and NIP films were
conducted using 0.2 M NaOH for 12 min. The binding profiles observed
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in the association phase on the BSA-MIP surfaces were corrected by
subtracting the respective binding profiles on the NIP surfaces. Kinetic
analysis of the corrected binding profiles was performed by fitting the
data to the pseudo-first order kinetic model to determine equilibrium
signals (Q.,) at a particular analyte concentration. The binding iso-
therms were generated using Q. values. The values of the dissociation
constant (Kp) and the maximum binding response at saturation (Quqx)
were derived from fitting the binding isotherm to Langmuir (L) and
Langmuir-Freundlich (LF) adsorption models. Additionally, the Kp
value was estimated from the analysis of the plot of ks vs applied
analyte concentration (see the Supplementary Information), where kps
is the observed association rate constant derived from the kinetic ana-
lysis of the binding profiles in the association phase. The study of the
reusability of the BSA-MIPs were performed by repeated injection of
450 nM BSA solution after each regeneration. The selectivity of the BSA
imprinted film towards the template molecules was studied by injecting
450 nM solutions of other proteins, HSA and Fc fragment of IgG (Fc).

3. Results and discussion

When synthesizing a MIP for sensing of macromolecules such as
proteins, it is essential that the synthesis strategy (i) prevents the en-
trapment of protein in the polymer matrix during polymerization pro-
cess, (ii) forms a polymer with imprinted sites located at or close to the
surface, enabling easy access to the target protein molecules and (iii)
leads to robust interfacing of the MIP with the surface of a sensor i.e.
efficient transduction of the binding event of this macromolecular
analyte by the MIP into useful analytical signals. To address the above
mentioned requirements we combined the microcontact molecular
imprinting approach, which avoids overgrowing the polymer around a
macromolecular template, and the surface initiated C/LR photo-
polymerization, which attaches covalently this polymer to a sensor
surface (see Fig. 1).

3.1. Immobilization of BSA on a glass surface

Before BSA immobilization the glass surface was modified by 3-GPS
in order to introduce the epoxy groups on the surface allowing the
covalent attachment of protein through the formation of amide and
ether bonds with the amino and hydroxyl groups of the protein, re-
spectively [36]. The success of glass modification by 3-GPS was con-
firmed by the contact angle measurements demonstrating increase of
CA value from 7.4° (glass surface with OH- groups) to 51.5° (glass
surface with epoxy groups) (Fig. S1). The immobilization of BSA onto
the epoxy-silane modified glass slide was demonstrated using the epi-
fluorescence optical microscopy and a fluorescent derivative of the BSA,
fluorescein isothiocyanate-BSA (FITC-BSA) to visualize adsorption of
the protein onto the surface of the glass. Fluorescence images of the 3-
GPS modified glass slide before and after its incubation in the FITC-BSA
solution are presented in Fig. 2. As can be seen, the interaction of the

Fluorescence intensity
82.5 arb. units

10.2 arb. units

Fig. 2. Fluorescence microscopy images of the 3-GPS modified glass before (a) and after
(b) incubation in the FITC-BSA solution.
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Fig. 3. Cyclic voltammograms recorded on the bare gold electrodes in ACN solution
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50 mV/s.

FITC-BSA with the glass surface caused substantial and uniform in-
crease (10.2 vs 82.5 arb. units) in green fluorescence intensity across
the glass surface indicating thus the formation of a homogeneous layer
of the protein on the surface.

3.2. Modification of a gold sensor surface by the iniferter

Among a great number of surface modification techniques, elec-
trochemical reduction of organic diazonium salt is a well-known tech-
nique to graft organic molecules onto metal surfaces that has con-
siderable promise due to the high stability of the covalently attached
layers and the versatility of the chemistry [37,38]. Different functional
groups can be introduced to the surface depending on the substituent on
the phenyl group of aryldiazonium salt [39]. In this study two different
substituted phenyl groups: 3,5-dichlorophenyl (3,5-DCIP) and p-mal-
eimidophenyl (p-MP) were preliminary grafted to the SPR-sensor sur-
face by electrochemical reduction of the corresponding diazonium salts,
in order to find an optimal functionalization for subsequent covalent
attachment of the iniferter (DEDTC). During the first cycle of electro-
deposition of 3,5-DCIP, there are two distinct reduction peaks around
0.4V and 0.12V (Fig. 3a). The different crystallographic orientations
present on the polycrystalline gold substrates influence the electro-
deposition of diazonium salts [40]. Thus, the reduction peaks observed
in Fig. 3a very likely correspond to deposition of 3,5-DCIP on Aulll
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Fig. 4. (a) Cyclic voltammogram at scan rate 50 mV/s and (b) Nyquist plot for the bare
gold (Au) and 3,5-DCIP and p-MP-modified gold electrodes recorded in the aqueous so-
lution containing 4 mM K;[Fe(CN)]/K4[Fe(CN)s] and 1 M KCL.

and AulO00 facets, respectively [40,41]. The second cycle shows only
charging current without 3,5-DCIPDT reduction, indicating the forma-
tion of a blocking layer, which prevents further transfer of electrons
from the electrode surface to the diazonium species in the solution [42].
The similar behavior can be seen during the electrochemical grafting of
p-MP, but the respective reduction current peaks of p-MPDT on Aulll
and Aul00 facets appear at 0.19V and —0.1V (Fig. 3b).

The charge transfer blocking behavior of the 3,5-DCIP and p-MP
layers were investigated by EIS and CV studying barrier properties of
the layers to transfer electrons from/to electroactive redox species as
[Fe(CN)e]®>~74~. Fig. 4a compares the electrochemical responses of the
bare gold and 3,5-DCIP- or p-MP-modified electrodes. While the well-
defined current peaks of the [Fe(CN)¢]>~/*~ redox system can be
clearly seen on the bare Au electrode, they are significantly suppressed
after the electrochemical grafting of the substituted phenyl groups
confirming the insulating nature of the depositing organic monolayers.
The charge transfer resistance estimated from the width of the semi-
circle in the Nyquist plot increased from 2Qcm ™2 for the bare gold
electrode to 25Q cm ™2 and 35Q cm ™2, for 3,5-DCIP- and p-MP-mod-
ified electrodes, respectively (Fig. 4b). The increase in the charge
transfer resistance is the direct consequence of the partial passivation of
the gold electrode that blocks the ability of the redox probe to access
the surface of the working electrode.

The XPS data additionally the

confirmed successful
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functionalization of the gold electrode by either 3,5-DCIP or p-MP layer
by the presence of Cl2p and Cl2s, and the N1 s related signals in the
overview spectra (Fig. 5a) located at about 200, 271, and 400.5eV,
respectively. Attachment of the iniferter to the 3,5-DCIP- and p-MP-
modified surfaces by electrophilic substitution was assessed by ana-
lyzing the respective Cl2p and the S2p core level regions. The Cl2p
signal of the 3,5 DCIP surface is strongly reduced (Fig. 5b) due to the
exchange of the Cl by the S-C from the iniferter as shown in the sketch
of Fig. 1b. Additionally, for both functional molecules the signal due to
S2p core level develops after the treatment with the iniferter (Fig. 5¢).
These observations lead to the assumption that the iniferter is grafted
onto both functionalized surfaces. However, the 3,5-DCIP functiona-
lized surface shows a more homogeneous and more intense signal in the
S2p core level range at 162 eV which is most probably due to binding of
S to C (Fig. 5c¢). Grafting the iniferter onto the p-MP layer (blue solid
line in Fig. 5¢) shows obviously two different S-related bonds, one
formed to the C of the maleimide group at about 162 eV and a second
signal at around 163.7 eV. This core level signal seems to be most likely
due to disulfide bridge formation of two iniferter molecules obviously
induced by the UV-light treatment what was not the case for the 3,5-
DCIP surface functionalization. Consequently, we used the surface
modification with 3,5-DCIP for the grafting of the iniferter to the sur-
face of the SPR-sensor to ensure a well-defined surface finishing for the
subsequent BSA-MIP film formation.

3.3. Fabrication of BSA-MIP film

The effect of intensity and time of UV irradiation on the structure of
BSA was studied in order to optimize the time of the
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photopolymerization and to minimize a possible damage of the protein
during the UV irradiation. With increased time of exposure to UV ir-
radiation of 500 W/m? starting from 2h and more, a shift of the ab-
sorption bands (289.7, 288 and 281 nm) and the appearance of new
peaks in the spectra of the BSA solution can be clearly observed
(Fig. 6a). These changes in UV-Vis spectra can be explained by al-
teration in the environment around the aromatic amino acid chromo-
phore happening in a course of conformational changes of the protein
(e.g. partial unfolding). The DLS analysis of the protein molecular size
supported that after 3h of UV exposure (500W/m?), significant
changes in the structure of the protein occurred since the amount of the
BSA molecules in their native monodisperse form (hydrodynamic dia-
meter 7.4nm) is substantially reduced (Fig. 6b). Although, power of
UV-irradiation of 500 W/m? caused the significant conformational
changes of BSA appeared already after 2h of exposure, UV treatment
with weaker intensity (300 W/m?) did not produce such detrimental
changes in BSA during up to 15h (Fig. 6¢, d). Therefore, UV irradiation
with the intensity of 300 W/m? for 15 h was further applied to perform
the photopolymerization.

The specific interaction between a MIP matrix and a target protein is
based on the non-covalent interactions such as van der Waals, ionic and
hydrogen bonding occurring in the recognition cavities of the MIP. At
the same time due to the presence of a huge amount of functional
groups in the protein molecule there is a high probability of increasing
of nonspecific interactions between protein and MIP matrix that may
lead to poor selectivity and cross-reactivity. Therefore, it is extremely
important to minimize the non-specific interactions between a MIP
matrix and a protein that can be achieved, for example, by a proper
adjustment of the hydrophilicity of the polymer matrix by optimizing
the ratio of monomers and/or monomer/cross-linker with hydrophilic
and hydrophobic groups. Moreover, the monomer/cross-linker ratio
can influence the textural properties of the polymer. Thus, the in-
sufficient numbers of cross-links leads to the formation of a polymer
matrix with a low specific area and, as a consequence to a low capacity
of MIP, while the excessive numbers of cross-links leads to the forma-
tion of very narrow pores and decrease in the number of functional
groups resulting in the hindered interaction of the protein with MIP
[43]. Due to the high content of hydrophobic ethyl groups the DEAEM
monomer can lead to the formation of a hydrophobic surface promoting
the nonspecific adsorption of protein, which adversely affect the se-
lectivity of MIP film. In this regard, it is necessary to reduce the in-
fluence of hydrophobic non-specific interaction by optimizing the ratio
of the hydrophobic monomer, DEAEM, and the hydrophilic cross-linker,
BAA. Therefore, the polymer films were synthesized at different
DEAEM/BAA ratios and the contact angles (CA) of the films were
measured in order to determine an optimal value of the ratio to produce
a polymer of sufficient hydrophilicity. As can be seen in Fig. S2, the CA
value of the polymer film decreases with decreasing monomer/cross-
linker ratio, i.e. with increasing the fraction of the more hydrophilic
BAA crosslinker. This leads to a highly hydrophilic surface formation at
the ratio of 1:10 (CA = 12.6°). However, the highly hydrophilic surface
can cause the strong repulsion of the hydrophobic parts of the protein.
This behavior would prevent partly the interaction of the protein with
the MIP film surface. Therefore, the monomer/cross-linker ratio of 1:6
was selected in this study for preparation of BSA-MIP.

The IRSE spectrum of the polymer film (see Fig. S3) showed char-
acteristic vibrational modes of amide and carboxyl groups with each
monomer containing only one of these groups (see Fig. S4). The specific
absorption band amide I for the amide group of BAA are clearly visible
at about 1675 cm ™~ ! [44] whereas the characteristic carboxyl stretching
of DEAEM is displayed at about 1730 cm™"' [45]. This observation
points to the polymer formation by BAA and DEAEM.

3.4. BSA rebinding study

The BSA-MIP and the respective NIP were synthesized directly on
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Fig. 7. Typical sensorgrams of the BSA-MIP modified SPR sensor upon injections of the
different concentration of BSA in PBS buffer. The responses were corrected by subtraction
of the respective NIP signal.

the same SPR sensor providing thus a possibility to correct properly the
non-specific binding component of measured response on the BSA-MIP
modified surface. After the correction of the responses of the BSA-MIP-
modified SPR sensor (see Section 2.3), there were well pronounced
analyte concentration-dependent binding profiles obtained (Fig. 7).
These profiles actually reflect preferential binding of BSA to BSA-MIP
rather that to NIP, since the morphology of the BSA-MIP and NIP films
were almost identical, as demonstrated by SEM micrographs (Fig. S5).
It should be noted that bulk shift effects were not completely com-
pensated after the applied correction. These effects, very likely caused
by mismatch of the refractive indices of the running buffer and the
sample solutions, were still higher on the BSA-MIP than NIP-modified
sensor areas. In order to further correct the contribution of the bulk
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shifts into the response signals we introduced the shared BS constant in
the pseudo-first order kinetics model used to analyze the corrected
binding profiles observed in the association phase on the BSA-MIP
surface (Eq. (1)) [46]. Thus, by fitting the binding profiles to the ki-
netics model given in Eq. (1), it was possible to predict the equilibrium
responses (Q.) at every injected concentration of BSA:

Q= Qo(1 — ™) + BS [€D)

where Q is the response upon BSA rebinding at time t, Qq is its value at
equilibrium, k. is the observed association rate constant, BS is a bulk
shift. The kinetics parameters obtained by the fitting of the responses at
all applied concentration are listed in the Table S1. As can be seen the
pseudo-first order kinetics model gave goodness-of-fit to the experi-
mental data with the coefficient of determination (R?) in the range of
0.648-0.964. Subsequently, the Q., values derived from Eq. (1) were
used to plot the binding isotherm. Analytical isotherm models such as
Langmuir (Eq. (2)) and Langmuir-Freundlich (Eq. (3)) are widely used
for modeling binding events on MIPs [47]. In the present study, we as
well, applied the same models in order to estimate the equilibrium
dissociation constant (Kp) of the prepared BSA-MIP:

Q = QuaxC/(Kp + C) 2)

Q = QuaxC"/(Kp + C™) 3

where Q and Qg are the responses upon BSA rebinding at con-
centration C and its saturation value, respectively. K, is the equilibrium
dissociation constant, m is the heterogeneity index, which value ranges
from O to 1 and increases as heterogeneity decreases. The results of
fitting are presented in Fig. 8 and the calculated values of Qmax, Kp, m,
and R? are summarized in Table 1. As can be seen both Langmuir and
Langmuir-Freundlich models yielded quite similar Q. and Kp values
for BSA-MIP, however, according to R?, it seems that the Langmuir-
Freundlich model had offered somewhat better agreement with the
binding isotherm data than the Langmuir model (0.998 versus 0.992,
respectively). Many studies have already shown that most MIPs had
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Fig. 8. The binding isotherms of BSA to the BSA-MIP-modified SPR sensor. The responses
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and Langmuir-Freundlich (LF) isotherm models.

Table 1
The binding parameters of the BSA-MIP obtained by fitting of the binding isotherms to
Langmuir (L) and Langmuir-Freundlich (LF) model. ks analysis is presented in Fig. S6.

LF L kops analysis
Kp (nM) 24.14 + 412 68.12 = 11.54 67.12 + 4.3
Qmax (URIU) 7.4 + 0.24 6.7 = 0.07
m .7 + 0.05 1
R? 0.998 0.992 0.988

often heterogeneous binding sites and thus, Langmuir-Freundlich model
was more universally applicable in characterizing MIPs because it took
into account heterogeneity information and was able to model binding
behavior over the wider concentration range up to saturation [48-50].
Indeed, in the given imprinting strategy, orientation of the template
molecules (BSA) before the polymerization was not controlled as BSA
was immobilized on the glass slide via covalent interaction between the
amino and/or hydroxyl groups of the protein and the epoxy groups of
the 3-GPS. These amino and/or hydroxyl groups are distributed over
the entire surface of BSA, and have the same reactivity [51]. As a result,
BSA may be immobilized with multiple orientations on the glass slide
leading to formation of the imprinted sites with different binding en-
ergy in course of the subsequent microcontact imprinting process. It
should be noted that the difference in the fits obtained by Langmuir and
Langmuir-Freundlich models was marginal and obviously the given
BSA-MIP could be well characterized by the simpler Langmuir model.
Additionally, Ky, values derived from the latter is very same to that
determined by the ko, plot analysis (Fig. S6) 68 nM and 67 nM, re-
spectively (Table 1).

Under the optimal conditions, the BSA-MIP sensor shows a pseudo-
linear response to BSA in the concentration range from 2.5 to 25nM,
with limit of detection (LOD) and limit of quantitation (LOQ) of 5.6 nM
and 18.7 nM determined, respectively, as 3 and 10 times of the standard
deviation (SD) divided by the slope of the regression line (Fig. S7) [52].

We expect that the similar analytical performance of the MIPs ap-
plying the same strategy could be achieved in detection of the other
albumin family proteins e.g. HSA and subsequently these materials
would be potentially suitable to employ in sensing systems for clinical
detection of elevated HSA level e.g. in urine where albumin con-
centration higher than 380 nM (25 mg/L) can be an early indicator of
kidney damage [53].
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Response (uRIU)

1 cycle

10 cycle 25 cycle

Number of regenerations

Fig. 9. Potential reusability of the BSA-MIP: equilibrium responses, Qeq, of the BSA-MIP
and NIP-modified SPR sensors upon injection of 450 nM BSA solution in PBS after 1, 10
and 25 regeneration cycles.

3.5. Reusability and selectivity studies

Since, the possibility to regenerate and repeatedly use a protein-MIP
based sensor would be a significant advantage over a conventional
antibody based biosensor, we examined the ability of the prepared BSA-
MIP to withstand the regeneration procedure. The treatments in solu-
tions efficiently disrupting possible multiple hydrogen and electrostatic
bonds between the protein and the MIP surface were assessed to refresh
the surface of the BSA-MIP. It was found that the BSA-MIP modified
sensor could be perfectly regenerated in NaOH showing nearly re-
versible responses (2.4% decrease in the response) even after the 25th
regeneration cycle (Fig. 9, Fig. S8). The BSA-MIP was further char-
acterized in terms of its capability to rebind selectively the target pro-
tein, BSA, with respect to its analogue, i.e. human serum albumin (HSA,
pl 5.67) as well as a protein with slightly different size and pI, such as
Fc fragment of IgG (pI 7.12). A quick assessment of the selectivity of the
BSA-MIP-sensor was conducted under non-competitive conditions by
comparison of the equilibrium responses arising upon interaction with
an interfering protein and the target protein. As can be seen in Fig. 10,
the obtained responses show that the target molecule gives about 2
times higher binding signal than those appeared upon injection of the
HSA and Fc. It is worth noting that the very same, but the non-im-
printed reference film (NIP) demonstrates only marginal differences in
binding between BSA and interfering proteins - HSA and Fc.

B BSA-MIP
I NP

104
S 8
o
=
[] 6-
[7]
[ =
2 41
7]
4

2_

0_

BSA HSA Fc
Protein

Fig. 10. The selectivity test of the BSA-MIP towards BSA, Fc and HSA conducted under
non-competitive conditions through injection of 450 nM solutions of the respective pro-
teins in PBS onto the BSA-MIP and NIP-modified SPR sensors. The equilibrium responses,
Qeq, of the BSA-MIP and NIP-modified SPR sensors were compared.
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4. Conclusions

In this study, we have described a new synthesis strategy to prepare
protein-MIP films by combined use of the microcontact imprinting and
the surface-initiated C/LR photopolymerization. The strategy took ad-
vantage of the microcontact imprinting by providing a protein molecule
to be confined into the polymer matrix avoiding, at same time, its
complete entrapment. Furthermore, the surface initiated C/LR photo-
polymerization allowing the formation of a covalently attached
polymer film with controlled thickness directly on a sensor surface
providing thus the perfect interfacing between the recognition element
and a sensor transducer such as a SPR sensor. Using this synthesis
strategy, the polymethacrylate-based thin film having molecular im-
prints of BSA (BSA-MIP) was successfully interfaced directly with the
SPR sensor. The film adsorbed BSA with Kp values in the nanomolar
range (68 nM) and with about two times higher adsorption capacity as
compared to HSA and Fc, even though their molecular size and shape
were similar to BSA. The BSA-MIP modified SPR sensor had pseudo-
linear range between 2.5nM and 25nM and LOD of 5.6 nM. The BSA-
MIP film could be perfectly regenerated in the alkaline solution
showing nearly reversible responses with a loss of only 2.4% even after
the 25th regeneration cycle. Although further research is required in
this field, we think that the presented simple synthesis strategy offers a
prospective solution for the development of MIP-based sensing systems
for detection of clinically relevant proteins associated with a number of
diseases, for example, kidney diseases and cancer.
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Abstract. Today there is growing interest in the replacement of biological receptors in biosensing systems including point-of-care
(PoC) diagnostics devices due to their high price and short shelf life. Molecularly imprinted polymers (MIPs), which are wholly
synthetic materials with antibody-like ability to bind and discriminate between molecules, demonstrate improved stability and
reduced fabrication cost as compared with biological receptors. Here we report, for the first time, a MIP-based synthetic receptor
capable of selective binding of a clinically relevant protein — the brain-derived neurotrophic factor (BDNF). The BDNF-MIP was
generated by surface-initiated controlled/living radical photopolymerization directly on a screen-printed electrode (SPE). The
resulting BDNF-MIP/SPE electrochemical sensor could detect BDNF down to 6 pg/mL in the presence of the interfering HSA
protein and was capable of discriminating BDNF among its structural analogues, i.e. neurotropic factors CDNF and MANF.
We believe that the presented approach for the preparation of a neurotrophic factor-selective sensor could be a promising route
towards the development of innovative PoC diagnostics devices for the early-stage diagnostics and/or monitoring the therapy of
neurological diseases.

Key words: molecularly imprinted polymers, controlled/living radical polymerization, protein imprinting, brain-derived neurotrophic
factor, neurotrophic factor, screen-printed electrode, sensing materials.
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CDNF Cerebral dopamine neurotrophic factor differentiation 48
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IF Imprinting factor SPE Screen-printed electrode

LOD Limit of detection WE Working electrode

LOQ Limit of quantitation
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1. INTRODUCTION

Nowadays, healthcare is facing an increasing demand
for fast and reliable analytical methods suitable for
achieving appropriate sensitivity and selectivity with low
limit of detection (LOD) while being low-cost, portable,
and capable of in situ real-time monitoring.

The occurrence and use of point-of-care (PoC) devices
have steadily increased in Europe [1] as well as globally
for facilitating rapid testing in medical diagnostics, and
thus clinical decisions [2,3]. Most of the current bio-
sensing systems including PoC devices utilize labile
biological recognition elements that offer high selectivity
towards a target analyte, but limit the shelf life of the
device and increase cost and analysis time. Growing
interest in the replacement of biological receptors with
wholly synthetic analogues such as molecularly imprinted
polymers (MIPs) has made a substantial contribution to
the expansion of the field [4,5]. Molecular imprinting is
one of the state-of-the-art techniques to generate MIPs —
materials with antibody-like ability to bind and dis-
criminate between molecules [6]. The technique can be
defined as the process of template-induced formation of
specific molecular recognition sites in a polymer matrix.
The main benefits of MIPs are related to their synthetic
nature, i.e. excellent chemical and thermal stability
coupled with their reproducible and cost-effective
fabrication. MIPs have been shown to be a promising
alternative to natural receptors in biosensors [7—10].

The sensors based on electrochemical transduction
mechanisms seem to be prospective for diagnostics
purposes since they combine real-time monitoring of
an analyte binding event, simplicity in handling, and
sufficient sensitivity at reduced cost [11,12]. Furthermore,
screen-printed electrode (SPE) sensors, being fully
compatible with large-scale fabrication and multiplexing
technologies and the ease in their integration with
microfluidic systems, represent an ideal starting point to
realize low cost and portable sensing platforms suitable
for PoC devices [13]. Therefore, robust interfacing of a
MIP film with a SPE provides a considerable option to
build a cost-effective but reliable PoC device [14,15].

In clinical diagnostics, the research aimed at the
discovery and detection of biomarkers of human diseases,
especially neurological and mental disorders, has become
of great demand due to the increase in the prevalence of
these diseases over the last decades and the need for
early stage diagnosis [16]. For example, neurotrophic
factor (NF) proteins, which are a family of proteins
secreted from neurons and neuron-supporting cells, were
found to be associated with a number of neurological
and mental diseases [17-20]. There is a large number of
publications associating brain-derived neurotrophic factor

(BDNF) levels with various conditions affecting brain
functioning, including depression and neurodegeneration
(Alzheimer’s and Parkinson’s diseases) [21-23]. There-
fore, BDNF can be considered as a potential biomarker
for the pre-symptomatic diagnostics of these diseases or
for monitoring therapies.

The application of MIP-based sensors for diagnostics
has been extensively studied. Thus, the detection of
cancer biomarkers (such as prostate specific antigen [24],
epithelial ovarian cancer antigen-125 [25], carcino-
embryonic antigen [26]), and cardiovascular disease
biomarkers (myoglobin [27,28] and cardiac troponin T
[29]) by MIP-modified sensors has been reported. In
addition, MIP receptors for selective extraction of an
Alzheimer’s disease biomarker, a-Amyloid peptides, has
been studied by Sellergren’s group [30]. Although the
selective recognition of a growth factor family protein,
vascular endothelial growth factor, by hybrid MIP nano-
particles as well as by MIP thin layer on surface
plasmon resonance (SPR) and screen-printed electrodes
(SPEs) has been reported [31-33], to the best of our
knowledge, there are no reports on the MIP designed for
the recognition of NF proteins.

When synthesizing a MIP for sensing macromolecules
such as proteins, it is essential that the synthesis strategy
prevent the entrapment of the protein in the polymer
matrix during the polymerization process and lead to
a robust interfacing of the MIP with the surface of a
sensor, i.e. to an efficient transduction of the binding
event of this macromolecular analyte by the MIP into
useful analytical signals. To address the issues, the
implementing of surface-initiated controlled/living radical
(C/LR) polymerization was shown to be a prospective
solution [34,35]. The method of surface-initiated poly-
merization allows the formation of covalent bonding
between the polymer film and the surface, which ensures
a perfect interfacing between the MIP recognition layer
and a sensor transducer. Moreover, the C/LR polymeriza-
tion offers the capability of the film thickness control,
uniform coating of surface, control over composition,
and high density of grafting [36]. To perform surface
initiated C/LR photopolymerization, an initiator, also
called iniferter (initiator—transfer agent—terminator), was
attached to a sensor surface using different techniques
by Ahmad et al. [37].

In the present work, for the first time the MIP-based
sensor for the detection of BDNF was prepared on
a SPE by C/LR photopolymerization initiated from
the surface. The main analytical characteristics of the
BDNF-MIP/SPE sensor, such as its limit of detection
(LOD) and limit of quantification (LOQ), were deter-
mined. The BDNF-MIP/SPE sensor was studied in
terms of its recognition capability and selectivity towards
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the target protein through the analysis of the responses
of the BDNF-MIP-modified SPE sensors to the interaction
of the target (BDNF) and interfering (cerebral dopamine
neurotrophic factor (CDNF), mesencephalic astrocyte-
derived neurotrophic factor (MANF), mouse recombinant
cluster of differentiation 48 (mCD48)) proteins.

2. EXPERIMENTAL

2.1. Chemicals and materials

3,5-Dichlorophenyl diazonium tetrafluoroborate (3,5-
DCIPDT), sodium diethyldithiocarbamate (Na-DEDTC),
acetonitrile (ACN), (3-glycidyloxypropyl)trimethoxysilane
(3-GPS), N,N'-methylenebis(acrylamide) (BAA), diethyl-
aminoethyl methacrylate (DEAEM), and human serum
albumin (HSA, 66.5 kDa) were obtained from Sigma-
Aldrich.  Tetrabutylammonium  tetrafluoroborate
(BuyNBF,4, 99.0%,) was obtained from Fluka. Human
recombinant BDNF (13.5 kDa, pl 9.43), human re-
combinant CDNF (18.5 kDa, pl 7.68), human recombinant
MANEF, (18.1 kDa, pl 8.55), and mCD48 antigen (cluster
of differentiation 48, 22.2 kDa, pl 9.36) were provided
by Icosagen AS (Tartu, Estonia). Ultrapure water
(resistivity 18.2 MQ-cm, Millipore, USA) was used for
the preparation of all aqueous solutions. Phosphate
buffered saline (PBS) solution (0.01 M, pH 7.4) was
used to prepare analyte solutions. The screen-printed

cl
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electrodes (SPEs) were obtained from BVT Technologies
a.s. (Praha, Czech Republic). The SPEs (catalogue
#AC1.W1.R2) include a gold working electrode (WE)
(1 mm diameter), an AgCl covered silver reference
electrode, and a gold counter electrode.

2.2. Synthesis of BDNF-MIP films

The BDNF-MIP films were synthesized directly on the
WE of the SPE using the following main stages (Fig. 1):
(a) functionalization of SPE with 3,5-DCIPD, (b) grafting
of the iniferter to 3,5-DCIPD, (c) coating of the SPE
with the solution containing a mixture of the functional
(DEAEM) and crosslinking (BAA) monomers and the
target protein (BDNF), (d) photopolymerization of the
monomers under UV-irradiation, and (e) removing BDNF
from the polymer to form BDNF-MIP on the surface of
the SPE.

The WE of the SPE was cleaned electrochemically
by placing a drop of 0.1 M H,SO, solution on it and
cycling the potential from 0.1 to 1.15 V at a scan rate of
100 mV/s for 15 cycles. The modification of the WE
with the 3,5-DCIP layer was performed electrochemically
applying an ACN solution containing 1 mM 3,5-DCIPDT
and 0.1 M BuyNBF, and cycling the potential of the WE
between the —0.1 V and 0.5 V vs Ag/AgCI/KCl electrode
at a rate of 50 mV/s. The modified surface was washed
with tetrahydrofuran (THF) and ultrapure water to

Diaﬂ:yhmhoﬁhylm‘thaayhbﬂ)m
(c) B

Faer

pplication of the polymerization
solution with BDNF

uv e

0.2 M NaOH
1 5% Acetic acid (d)

Photopolymerization

formation of BDNF-MIP film

Fig. 1. Fabrication of the BDNF-MIP/SPE sensor.



A. Kidakova et al.: Advanced sensing materials based on molecularly imprinted polymers 161

remove the physisorbed loosely bound layers of a 3,5-
DCIP [38] and dried under a nitrogen flow. The
resulting SPE sensor with a 3,5-DCIP layer grafted on
the WE was immersed in ethanolic solution of 2 mM
Na-DEDTC and vortexed (600 rpm) overnight at room
temperature in the dark. Finally, the SPE was thoroughly
rinsed with ethanol and ultrapure water and dried with a
nitrogen flow.

The charge transfer blocking behaviour of the
3,5-DCIP layer was investigated by electrochemical
impedance spectroscopy (EIS) and cyclic voltam-
metry (CV). The EIS and CV were conducted in
1 M KCI solution containing a 4 mM redox probe
K;5[Fe(CN)s)/K4[Fe(CN)s] by an electrochemical work-
station (Reference 600, Gamry Instruments, USA). The
CV was performed scanning the potential between 0 and
0.5V at a scan rate of 50 mV/s. The EIS was performed
in the frequency range between 100 kHz and 0.1 Hz at
open circuit potential with AC amplitude of 10 mV.
Every CV and EIS was repeated 3 times. The EIS
spectra were fitted to an equivalent electrical circuit
using Echem Analyst software (Gamry Instruments,
USA). The BDNF-MIP film on the DEDTC-modified
WE of the SPE was generated by C/LR photopolymeri-
zation by using UV-irradiation.

The prepolymerization solution was prepared by
mixing 12.5 pg/mL BDNF, 2.5 mM functional monomer,
DEAEM, and 15 mM cross-linking monomer, BAA, in
0.05 M PBS. The prepolymerization solution (10 pL)
was dropped onto the DEDTC-modified SPE sensor and
left for 30 min. Then the SPE was covered by a mask
with a hole 20% larger than the diameter of the WE and
irradiated under UV light (500 W/m?, 365 nm) during
30 min at room temperature. The optimum polymerization
time was determined by comparing the normalized
signals of the sensors after polymerization for 15, 30,
and 45 min. The normalized signals were determined
during incubation in 5 ng/mL BDNF solution in PBS.
After photopolymerization the mask was removed and
the SPE sensor was alternately immersed in aqueous
solution of 0.2M NaOH and 5% acetic acid and
vortexed (600 rpm) for 30 min to remove the protein
from the polymer matrix. The resulting BDNF-MIP/SPE
sensor was washed with Milli-Q water and dried under
nitrogen flow. The reference non-imprinted polymer
(NIP) film was produced in the same way except that
the prepolymerization solution was prepared without
the addition of BDNF. The surface morphology of the
BDNF-MIP and NIP films was characterized by high-
resolution scanning electron microscope (HR-SEM
Zeiss Merlin) equipped with an In-Lens SE detector for
topographic imaging. Measurements were made at an
operating voltage of 2.00 kV.

2.3. Rebinding, reusability, and selectivity studies
of the BDNF-MIP/SPE sensor

The binding affinity and selectivity of the BDNF-
MIP/SPE toward the target analyte BDNF were deter-
mined by means of differential pulse voltammetry (DPV).
Measurements were performed in the 1 M KCI solution
containing a 4 mM redox probe K;[Fe(CN)]J/K4[Fe(CN)g].
The DPV was conducted in the range 0-0.4 V with the
pulse amplitude of 0.025 V, pulse time of 0.05 s, and
step potential of 0.005 V. The DPV was performed after
30 min incubation of BDNF-MIP- and NIP-modified
SPE sensors in solutions with increasing concentrations
of the analyte (from 0.1 to 100 ng/mL of BDNF in PBS
solution). After that, the unbound protein was removed
by washing twice in PBS vortexed (600 rpm) for 5 min.
The optimal incubation time was determined by
incubating the BDNF-MIP/SPE sensor in the BDNF
solution (2 ng/mL) for various times (5, 10, 15, 20, 30,
40, 60 min). The binding affinity of the BDNF-MIP
films toward the target was measured by means of DPV.
The DPV curves were recorded after the incubation of
BDNF-MIP- and NIP-modified SPEs in solutions with
increasing concentrations of the analyte (from 0.1 to
100 ng/mL of BDNF in PBS). The response signals of
the BDNF-MIP/SPE were its normalized DPV current
peaks, B, calculated according to Eq. (1):

_ 1 0~ / c
B, = L (O]
where [, is DPV current peak measured after the
incubation of the SPE in blank PBS solution, /- is the
DPV current peak measured after the incubation the
SPE in PBS containing a particular concentration (C) of
BDNF.

The binding isotherms were generated using B,
values. The values of the dissociation constant (Ky) and
the maximum binding response at saturation (By,,,) were
derived from fitting the binding isotherm to Langmuir
adsorption models (Eq. 2):

B — BmaxC . (2)
Ky+C

The reusability of the BDNF-MIP/SPE sensor was
tested by measuring its responses after the regeneration
procedure and repeated incubation in BDNF solution
(2 ng/mL). The regeneration procedure was performed
in the same way as the procedure for the removal of the
protein from the polymer matrix employed after the
synthesis of the BDNF-MIP film. The selectivity of the
BDNF-MIP/SPE sensor was assessed by comparing the



162 Proceedings of the Estonian Academy of Sciences, 2019, 68, 2, 158-167

responses of the BDNF-MIP/SPE sensor towards BDNF
with those of the interfering proteins CDNF, MANF,
and mCD48. The selectivity test was conducted at
different concentrations of the proteins in the presence
of 0.8 mg/mL HSA.

3. RESULTS AND DISCUSSION
3.1. Preparation of BDNF-MIP films

In this study the BDNF-MIP films were prepared by the
surface-initiated C/LR polymerization technique directly
on the WE of the SPE. First, the WE of the SPE was
modified by a 3,5-dichlorophenyl (3,5-DCIP) layer using
the electrochemical reduction of the corresponding
aryldiazonium salt, 3,5-DCIPDT. This is a well-known
method and widely used to modify metal surfaces by
organic molecules providing the formation of a stable
molecular layer as a result of covalent bonding of
the aryl radical to the metal surface [39,40]. Figure 2
illustrates CV of the electrodeposition process of 3,5-
DCIP. The first cycle reveals well-defined reduction
peaks, which can be attributed to the electrochemical
reduction of 3.5-DCIPDT to its corresponding radicals.
The reduction peaks disappear during the second cycle,
which corresponds to the formation of a blocking layer
preventing further access of the diazonium species to
the electrode surface [41].

The success of the modification of the WE by 3,5
DCIP was confirmed by CV and EIS recorded in the
presence of a Fe(CN)s”"* redox pair. Figure 3a shows that
the intensity of the pair of the current peaks associated
with the redox activity of Fe(CN)s*"* and defined well
on the bare gold electrode, greatly diminished after the
grafting of the diazonium salt on the gold electrode.
This confirms the insulating nature of the deposited
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Fig. 2. Cyclic voltammograms recorded on the bare gold
electrodes in the acetonitrile solution containing 0.1 M Bu,NBF,
and 1 mM 3,5-DCIPDT; scan rate 50 mV/s.
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Fig. 3. Cyclic voltammogram at the scan rate of 50 mV/s (a)
and the Nyquist plot for the bare gold (Au) and 3,5-DCIP-
modified gold (b).

organic monolayers. The charge transfer resistance, as
estimated from the width of the semicircle in the Nyquist
plot (Fig. 3b), increased from 68 Q/cm’ (the bare gold
electrode) to 2.3 kQ/cm? (after modification by the 3.5-
DCIP layer). The increase in the charge transfer resistance
is a direct consequence of the partial passivation of
the bare gold electrode, which reduces the ability of
the redox probe to access its surface. The attachment of
the iniferter DEDTC to the 3,5-DCIP-modified surfaces
by electrophilic substitution was discussed in detail in
our previous work [35], where the successful functionali-
zation of the gold electrode by a DEDTC layer was
additionally confirmed by X-ray photoelectron spectro-
scopy data.

To synthesize a protein-selective MIP film, it is
essential to prevent the entrapment of protein in the
polymer matrix during the polymerization process.
Therefore, in order to avoid the overgrowing of the
polymer around the BDNF molecules, the thickness of
the photopolymerized polymer film was controlled by
the UV exposure time. The optimal exposure time was
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15 30 45
Polymerization time (min)

Fig. 4. Calculated /F values for the BDNF-MIP/SPE sensor
prepared at different polymerization times.

determined by calculating the imprinting factor (/F)
(Eq. 3), which characterizes the relative adsorption
capacity of MIP.

_ B,MIP

IF =202
B,NIP

(©)

where B,MIP and B,NIP are normalized signals after
protein adsorption on MIP and NIP, respectively; /F
reflects the quality of the imprinting effect, as a larger
value of /F represents the availability of more binding
sites with high affinity in the resulting polymer. As can
be seen in Fig. 4, the BDNF-MIP shows a higher /F
value after 30 min of photopolymerization. The UV
irradiation of 500 W/m? was chosen as the optimal
intensity that does not cause significant damage to the
protein structure within 30 min of exposure [35].

3.2. Analytical performance of a BDNF-MIP/SPE
sensor

The binding affinity of the BDNF-MIP/SPE toward the
target analyte BDNF was determined by means of DPV
recorded after the incubation of the sensor in the solution
with an increased concentration of the analyte. Firstly,
in order to select the optimal binding conditions,
the relationship between the sensor signal B, and the
incubation time in the range of 5-60 min was studied.
The current increased rapidly within the first 20 min of
incubation and reached the saturation value after 30 min
(Fig. 5), indicating that the adsorption equilibrium was
reached. Thus, the optimal incubation time of 30 min
was chosen for the rebinding study.

The B, values calculated from Eq. (1) were used to
plot the binding isotherms (Fig. 6). The BDNF-MIP/SPE
sensor showed a hyperbolic response as a function of
the BDNF concentrations. To describe the equilibrium
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Fig. 5. Normalized response of a BDNF-MIP/SPE sensor as
a function of the incubation time in 5 ng/mL BDNF solution.
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Fig. 6. Binding isotherms of BDNF to the BDNF-MIP- and
NIP-modified SPE sensor.

binding events happening on the sensor surface, the
Langmuir adsorption model was used in this study. The
Langmuir binding model was previously successfully
applied to fit the adsorption isotherm of MIPs by other
authors [27,29,42]. According to the model, when all
binding sites are occupied by molecules, no further
adsorption will occur on the surface and the saturation
response (Bpg) Will be obtained. The fitting results
showed that BDNF-MIP bound the target protein,
BDNF, with the dissociation constant Ky of 1.12 ng/mL
and had an about 5.8 times higher binding capacity than
NIP as judged by the respective B, values (0.92 vs
0.16 a.u.).

The BDNF-MIP/SPE sensor showed a pseudo-linear
response to the BDNF in the concentration range
from 0.01 to 0.06 ng/mL and a fixed concentration of
HSA (0.8 mg/mL), the main plasma protein (Fig. 7).
The linear regression in this concentration range gives
the coefficient of determination, R-squared, equal to
0.991 and LOD and LOQ values, determined as
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Equation y=a+b*x
SD 0.013
fj\ 044 Adj. R-Squa 0.991
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Fig. 7. Responses of the BDNF-MIP/SPE sensor at low
concentrations of BDNF in the presence of 0.8 mg/mL HSA.
The solid line represents the regression line.

3 and 10 times the standard deviation (SD) divided by
the slope of the regression line, 6 pg/mL and 20 pg/mL,
respectively.

3.3. Selectivity and reusability study

The BDNF-MIP/SPE sensor was characterized in terms
of its capability to rebind selectively the target protein,
BDNF, with respect to the interfering proteins of slightly
different size and isoelectric point (pl) such as CDNF,
MANTF, and mCD438. Selection of CDNF and MANF as
interfering analytes was stipulated by their permanent
presence in a human serum and thus, they can interfere
with the sensor response along with the target protein
(BDNF). The third interfering analyte — mCD48 — has
the molecular weight and pl value similar to those of
BDNF. The selectivity of the sensor was studied in the
presence of HSA at a concentration of 0.8 mg/mL,
corresponding to a 50-fold dilution of its physiological
norm in diluted human serum. For the selectivity study,
the concentration of the interfering proteins was selected
close to their LOQ value (0.02-0.06 ng/mL). The
response of the BDNF-MIP/SPE sensor to the BDNF
was higher than that to the interfering proteins (Fig. 8).
The difference between the responses of the sensor upon
the interaction with the BDNF and the interfering
proteins increased with the increasing concentration, and
at 0.06 ng/mL the BDNF caused about a two times higher
response as compared to the interfering proteins. At
the same time the responses to the interfering proteins
remained at approximately the same level for all tested
concentrations.

As to the possibility of regenerating and repeatedly
using a sensor, protein-MIP based sensors have been
considered to have a significant advantage over conven-

I 5ONF
0.5 gz conr
B8 cpas
0.4 it MANF

0.02 0.04 0.06
Concentration of protein (ng/mL)

Fig. 8. Selectivity test of the BDNF-MIP towards BDNF,
CDNF, CD48, and MANF conducted through incubated in
0.02-0.06 ng/mL solutions of the respective proteins in PBS in
the presence of 0.8 mg/mL HSA.

tional antibody-based biosensors. Therefore, we examined
the ability of the prepared BDNF-MIP/SPE sensor
to withstand the regeneration procedure. The treat-
ments in the acidic and alkaline solutions efficiently
disrupting possible multiple hydrogen and electro-
static bonds between the protein and the MIP surface
were assessed to regenerate the surface of the sensor.
It was found that the response of the BDNF-MIP/SPE
sensor was greatly reduced already after the first
regeneration cycle (Fig. 9), indicating a poor reusability
of the sensor. However, taking into account that a
SPE-based sensor is expected to be used as a dis-
posable sensor, its reusability is obviously not of great
importance. On the other hand, comparison of the signals
of three freshly prepared BDNF-MIP/SPEs showed that
a good reproducibility of the sensor response (standard
deviation 0.026) was achieved.

0.6
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F 0.3
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0.1
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Number of regenerations

Fig. 9. Normalized responses of the BDNF-MIP/SPE sensor
upon the injection of 2 ng/mL. BDNF solution after 1, 2 and 3
regeneration cycles.
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4. CONCLUSIONS

In the present study, we have developed for the first
time a MIP synthetic receptor capable of selective
binding of BDNF integrated with an inexpensive and
disposable SPE. Surface-initiated C/LR photopolymeri-
zation was demonstrated to be a suitable method to
prepare stable BDNF-MIP films directly on a SPE sensor.
The prepared BDNF-MIPs were capable of binding
BDNF with the dissociation constant, Ky, of 1.12 ng/mL
and had about 5.8 times higher binding capacity than
the reference film, NIP. The BDNF-MIP/SPE sensor
could detect BDNF with the LOD value of 6 pg/mL
and quantify BDNF with the LOQ value of 20 pg/mL
in the presence of HSA as a highly abundant serum
protein. Moreover, it was able to discriminate BDNF
among analogous molecules, i.e. CDNF and MANF,
and a molecule of a similar size, i.e. mCD48. Although
further research is required, the presented approach to
the preparation of a cost-effective MIP-SPE sensor
capable of selective detection of a NF-family protein
could be a promising route towards the development of
innovative PoC diagnostics devices for the early-stage
diagnostics of neurological diseases or for monitoring
therapies.
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Sensormaterjalid molekulaarselt jiljendatud poliimeeridest patsiendimanusteks testideks
Anna Kidakova, Jekaterina Reut, Roman Boroznjak, Andres Opik ja Vitali Syritski

Kliinilises diagnostikas on pidevalt kasvav vajadus kiirete, suure tundlikkuse ja selektiivsusega usaldusvairsete
analiiisimeetodite jarele, mis samal ajal on odavad, portatiivsed ning mugavad analiiiiside labiviimiseks vahetult
stindmuskohal (point-of-care (PoC)). PoC-testidele esitatavaid ndudeid voivad edukalt tdita sensorid, mis pdhinevad
stinteetilistel retseptoritel molekulaarselt jdljendatud polimeeride (MIP) baasil ja mis erinevalt looduslikest ret-
septoritest on odavamad ning stabiilsemad. Antud t66s on esmakordselt vélja tootatud kliiniliselt olulise valgu
neurotrofiini BDNF suhtes selektiivne MIP-retseptor ja ithendatud odava elektrokeemilise sensorplatvormiga SPE
(screen-printed electrode). BDNF-MIP-kiled valmistati SPE pinnal “elava” radikaal-fotopoliimerisatsiooni meetodil.
Valmistatud BDNF-MIP/SPE elektrokeemiline sensor oli vdimeline tuvastama BDNF-i konkureeriva HSA-valgu
foonil avastamispiiriga 6 pg/mL ja eristama BDNF-molekuli selle struktuursetest analoogidest CDNF ning MANF.
Viljapakutud meetod neurotrofiini BDNF suhtes selektiivse sensori valmistamiseks osutub perspektiivseks lahen-
duseks uute patsiendimanuste testide (PoC-testid) viljatootamisel neuroloogiliste haiguste diagnostikaks ja/vdi ravi
edukuse jalgimiseks.
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