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Abstract

Chemical and biosensors serve as analytical tools that use a recognition element as the primary
sensing component coupled with a transducer to obtain analytical measurements in a convenient
and user-friendly format. Synthetic molecularly imprinted polymer receptors, or MIPs, have
emerged as cost-effective and stable alternatives to biological or chemical receptors. The research
group of the Laboratory of Biofunctional Materials at TalTech has developed numerous MIP-based
electrochemical sensors for the specific and selective detection of clinically relevant proteins, such
as viral protein of SARS-CoV-2 and neurotrophic factor as BDNF. However, while most MIP
technology studies focus on detecting large protein molecules, there is limited research on using
short peptide sequences, which offer advantages such as lower cost, simpler structure, and greater
availability compared to proteins. Therefore, the development and optimization of peptide MIP-
based sensors are essential to enhance the versatility of MIP technology for detecting various
targets, including proteins, and peptides.

The goal of this thesis was to study the molecular imprinting of the ACE2 peptide fragment - peptide
QAKTFLDKFNHEAEDLFYQ (AM194) - to develop a peptide-selective MIP-based electrochemical
sensor. This peptide, containing a sequence of 19 amino acids, was used as a model target template
to prepare AM194-selective MIP (AM194 sensor). The length of AM194 was expected to be an
appropriate model for synthesizing AM194-MIP film by the electrochemical surface imprinting
approach. Although this imprinting approach has been used exclusively for proteins, this thesis
tested its applicability for imprinting peptides of relevant lengths, highlighting the novelty of this
research. It is also important to note that this study is the first to report on the molecular imprinting
of the peptide sequence AM194. Initially, the appropriate functional monomer, dopamine, was
selected using molecular docking modeling method. After subsequent optimization of the
electrodeposition conditions, it was found that the electrodeposition of 5 mM dopamine in PBS
solution by galvanostatic method at a current of 500 uA for 5.6 seconds corresponding to charge
density of 5 mC/cm? allowed to obtain AM194-MIP with enhanced affinity to AM194. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) electroanalytical techniques were used
to characterize all stages of AM194-MIP formation. The responses of the prepared AM194 sensor
to the target oligopeptide at the concentration range of 1 to 100 pg/mL were determined by DPV
measurements in the presence of redox probe solution. AM194 sensor demonstrated the capability
to detect AM194 with a linear concentration range of 50-500 pg/mL, limit of detection of 24 fg/ml
and a limit of quantitation 72 fg/ml in PBS. Additionally, it exhibited significantly higher selectivity
towards AM194 compared to other peptide analogues. The obtained results lay the groundwork
for future research aimed at improving peptide MIP-based sensors, which will significantly
contribute to the development of cost-effective and rapid analytical tools for clinical diagnostics
and environmental monitoring.

The topic is related to multiple disciplines, including electrochemistry, sensor technology, peptide
detection, and molecular imprinting technology. The study was carried out in the Laboratory of
Biofunctional Materials at the Department of Materials and Environmental Technology at TalTech.



Annotatsioon

Keemilised ja biosensorid on analitilised seadmed, mis kasutavad peamise sensorkomponendina
muunduriga Ghendatud tundlikku elementi, et saada mugavas ja kasutajasdbralikus vormingus
analidtilisi moodtmisi. Stinteetilised molekulaarselt jaljendatud polliimeeri retseptorid ehk MIP-id on
kujunenud kulutdhusate ja stabiilsete alternatiividena bioloogilistele voi keemilistele retseptoritele.
Biofunktsionaalsete materjalide laboratooriumi uurimisriihm on valja té6tanud rida MIP-pdhiseid
elektrokeemilisi sensoreid kliiniliselt oluliste valkude nagu SARS-CoV-2 viirusvalku ja neurotroofse
valku nagu BDNF, selektiivseks tuvastamiseks. Kuigi enamik MIP-tehnoloogia uuringuid keskendub
suurte valgumolekulide tuvastamisele, on liihikeste peptiidjarjestuste kasutamise kohta tehtud
vahe uuringuid. Siiski pakuvad need valkudega vdrreldes eeliseid, nagu madalam hind, lihtsam
struktuur ja suurem kattesaadavus. Seetdttu on peptiid-MIP-pdhiste sensorite arendamine ja
optimeerimine hadavajalik, et suurendada MIP-tehnoloogia mitmekiilgsust erinevate analiiitide,
sealhulgas valkude ja peptiidide tuvastamiseks.

Magistritoo eesmargiks oli uurida ACE2 enstiimi peptiidse fragmendi - QAKTFLDKFNHEAEDLFYQ
(AM194) - molekulaarset jaljendamist peptiid-selektiivse MIP-pbhise elektrokeemilise sensori
(AM194 sensor) valjatootamiseks. Peptiidi AM194, mis koosneb 19 aminohapete jarjestusest,
kasutati mudelpeptiidina, AM194-selektiivse MIP (AM194-MIP) kile valmistamiseks. AM194 pikkus
Uletab veidi optimaalset peptiidi pikkust, mida tavaliselt kasutatakse molekulaarseks
jaliendamiseks, kuid vastab epitoopide tidpilisele pikkusele, mis on nende tuvastamiseks
valgupinna kaudu holpsasti kattesaadav. AM194-MIP valmistamiseks kasutati elektrokeemilisel
polimerisatsioonil pdhinevat siinteesimeetodit. Kuigi seda meetodit on kasutatud ainult valkude
molekulaarseks jaljendamiseks, demonstreeris see uurimistod selle rakendatavust ka sobiva
pikkusega peptiidide jaljendamiseks, réhutades t66 uudsust. Samuti on oluline markida, et antud
t66s on esmakordselt kirjeldatud AM194 peptiidse jarjestuse molekulaarset jaljendamist. Algselt
valiti sobiv funktsionaalne monomeer, dopamiin, kasutades arvutimodelleerimist molekulaarse
dokkimise abil. Seejarel viidi labi elektropoliimerisatsiooni tingimuste optimeerimist ja leiti, et
galvanostaatiline sadestamine voolu tugevusel 500 pA 5.6 s jooksul, mis vastab laengutihedusele 5
mC/cm?, 5 mM dopamiini PBS lahusest vdimaldas saada AM194 suhtes suurema afiinsusega
AM194-MIP kihid. AM194-MIP moodustamise kd&ikide etappide iseloomustamiseks kasutati
tslklilise voltamperomeetria (CV) ja differentsiaalse impulss voltamperomeetria (DPV)
elektroanalldtilisi meetodeid. Valmistatud AM194 sensori vdimekust AM194 selektiivseks
tuvastamiseks uuriti DPV moGtmistega redokspaari lahuse juurseolekul ja AM194
kontsentratsioonivahemikus 1 kuni 100 pg/mL. AM194 sensor oli vdimeline tuvastama AM194
avastamispiiriga 24 fg/mL ja kvantifitseerimise piiriga 72 fg/mL PBS lahuses. Lisaks, naitas see
oluliselt suuremat selektiivsust AM194 suhtes vorreldes teiste peptiidi analoogidega. Saadud
tulemused loovad aluse peptiid-MIP-pOhiste sensorite arendamisele vdimaldades tulevikus
pakkuda oluliselt odavamaid ja kiireid analidtilisi lahedusi kliiniliseks diagnostikaks ja
keskkonnaseireks.

Magistritoo teema on seotud mitme teadusharuga, sealhulgas elektrokeemia, sensortehnoloogia,
peptiidide tuvastamise ja molekulaarse jidljendamise tehnoloogiaga. Uurimist66 on teostatud
Tallinna Tehnikallikooli Materjali- ja keskkonnatehnoloogia instituudi Biofunktsionaalsete
Materjalide laboratooriumis.
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Introduction

Sensors of different types, such as chemical and biosensors, are increasingly used in various areas,
including medicine, environmental or food quality monitoring™2. The main sensitive material, or
recognition element, of a biosensor is based on bioreceptors, which are selective, but at the same
time very unstable and expensive. In recent years, molecularly imprinted polymers (MIPs) have
been widely studied as an alternative for unstable bioreceptors. MIPs are synthetic materials
designed to recognize target molecules with high affinity and specificity®>*. MIPs are formed by
embedding and subsequent removal of the three-dimensional structure of a target molecule into a
polymer matrix. The resulting MIPs have molecular binding sites that complement by the size,
shape, and arrangement of functional groups to the target molecule. Integration of MIP materials
in to sensing platform allows to create MIP-based sensors, which have been extensively studied
due to their potential for application across various domains, including viruses and water pollutants
detection®®.

Peptides, which are chains of amino acids linked by peptide bond that contain from a couple to 50
amino acids’®, play a key role in biological processes, acting as signaling molecules, drug targets,
fluorescent diagnostic probes and biomarkers of various diseases®°. Their unique biochemical
properties make them valuable tools in biomedical research and clinical diagnostics. The property
of peptides to specifically bind to certain proteins, viruses or enzymes is of great interest for
studying their mechanisms of binding to specific macromolecules and regulation of enzymes.

Therefore, finding a facile method to generate peptide-selective MIPs has gained significant
attention in the field of molecular imprinting. Targeting MIP-based sensors directly to detect
peptides of needed sequences of amino acids, demonstrating their potential for use as biosensors,
drug delivery, or disease monitoring*¥*2, It should be noted that according to the previous reports,
peptides ranging from 7 to 12 amino acids in length have been recognized as the optimal size for to
achieve successful imprinting®.

The development of selective and sensitive sensors for peptide detection would advance the use
of chemical or biosensors in various fields including medicine. Electrochemical, thermal, or optical
sensors can be used as a basis transducer principle, depending on the areas and purposes being
studied. The electrochemical sensor will be used in this thesis because of its advantages: it is simple,
cheap and has high sensitivity*.

This master thesis aims to study the molecular imprinting of the ACE2 peptide fragment - peptide
QAKTFLDKFNHEAEDLFYQ (AM194) - to develop a peptide-selective MIP-based electrochemical
sensor. This peptide, containing a sequence of 19 amino acids, can be used as a model target
template to prepare AM194-selective MIP (AM194-MIP). The length of AM194 slightly exceeded
the optimal peptide length usually employed for imprinting but corresponds to the typical length
of epitopes readily accessible for their recognition via protein surface. Thus, AM194 is expected to
be an appropriate model for synthesizing AM194-MIP film by the electrochemical surface
imprinting approach®. Although this imprinting approach has been used exclusively for proteins,
this thesis tested its applicability for imprinting peptides of relevant lengths, highlighting the
relevance and novelty of this research. It is also important to note that this study is the first to
report on the molecular imprinting of the peptide sequence AM194.
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To achieve the goals of the thesis, firstly, it is necessary to select the appropriate functional
monomer and optimize its electrochemical polymerization and following AM194-MIP formation in
order to maximize the binding affinity between the AM194-MIP and AM194. Then, to study the
capability of the electrochemical sensor consisting of AM194-MIP layer integrated with the
electrode (AM194 sensor) to selectively rebind AM194 by measuring the electrochemical responses
in the relevant solutions containing AM194. Furthermore, the ability of the sensor to discriminate
between AM194 and similar peptides. The success of these studies would make a substantial
contribution to the development of sensitive and selective MIP-based sensors capable of detecting
peptides of varying sizes and chemical properties.
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1. Literature Review

1.1 Chemical and Biological sensors
1.1.1 Chemical sensor

Chemical sensors are important analytical tools in many areas, including monitoring industrial

15717 The development of portable, sensitive,

production processes, public security, and medicine
low-power consumption and cost-effective sensors is very demanded. A chemical sensor converts
chemical data, such as composition, concentration, or the presence of a certain element, into an
analytically useful signal®. Typically, it is composed of two components: a transducer and a
recognition element or receptor (Figure 1). The sensory material, as a recognition element, is crucial
for the receptor part due to its capacity to transform the interaction between the studied analyte
and the sensory material into a physical parameters?®, The recognition element of a chemical sensor
is responsible for interacting with the target analyte, leading to a consequential change in material
properties, such as mass, concentration, or electrical conductivity. The transducer, on the other
hand, converts the physical attribute into an appropriate electrical signal and regulates the signal's
intensity. Ensuring seamless coordination between these components is imperative for optimal

sensor performance across various applications.

1.1.2 Biosensors

Chemical sensors that use a biological receptor as a recognition element are called biosensors. The
biological recognition elements are usually enzymes, antibodies or nucleic acids'®. Biosensors can
measure and identify biological components such as proteins, nucleic acids, viruses or cells?%21,
They play an important role in various fields including medicine, food science and environmental
monitoring??. Biosensors is composed of two components, same as chemical sensors, however as
recognition element some biological material is used, which utilizes a biochemical mechanism?*2°.
The biological interaction between the bioreceptor and analyte is converted through the transducer
into a quantifiable signal that is then translated into an observer-understandable signal. Same as
chemical sensors, biosensor have amplifier, that increases the power of a signal, then transformed
signal is measured by a detecting device before being sent to the processor, which projects the
desired outcome in the form of graphs or numbers on the screen?. Depending on the signal
transduction mechanism there are different types of chemical and biosensors, such as
electrochemical?’, optical?®, piezoelectric?® and thermal sensors. In this thesis an electrochemical
sensor will be utilized.

Q O ETIZytnes ' electrical
O n}ule;ular electrochemical
= imprints ' .
Input lectins : optical Amplifier Qutput

—_— receptors E thermal

O O antibodies  acustic

®) nucleic acids | piezoelectric
Sample Recognition Interface Transducer User interface
element

Figure 1. Schematic working design of chemical and biosensor (adapted from 31).
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1.1.3 Electrochemical sensor

Electrochemical sensors are special devices that convert the effect of the electrochemical
interaction analyte-electrode into a useful analytical signal®®. Such effects can be electrically
stimulated or lead to a spontaneous interaction in the zero-current condition. In this kind of
chemical sensors, an electrode acts as a transducer32. Electrochemical sensors have many

advantages, such as high sensitivity, fast response, simplicity, ease of miniaturization and low cost!*.

Electrochemical sensors are integral components of an electrochemical cell, which can feature
either three electrodes or two electrodes®. In a standard three-electrode electrochemical cell
(Figure 2), there is a working electrode (WE) composed of a chemically stable solid, conductive
material such as platinum, gold, or carbon; a reference electrode (RE) typically constructed from
silver metal coated with a layer of silver chloride (Ag/AgCl); and a counter electrode (CE) made of
platinum wire. In an electrochemical sensor, the working electrode is modified with biological or
synthetic recognition layer that possesses the capability to establish a stable complex with the
target molecule present in the analyte solution.

Working electrode

“ j ! Nunter electrode

Reference electrode

Voltammetry cell

Figure 2. Three-electrode electrochemical cell?*.

These electrochemical sensors can also be used for Point-of-Care Testing (PoCT), for low-cost use

t3°. PoCT devices offer an alternative to large

and fast test results in a patient-friendly environmen
medical laboratories, where obtaining a sample, conducting time-consuming and costly
experiments, and waiting for results often delay necessary treatments. Examples of electrochemical
transducers suitable to fabricate sensor devices in PoCT format include Screen Printed Electrodes
(SPEs) and Thin-Film Electrodes (TFEs). SPEs offer high sensitivity and miniaturized low-cost
transducers, with a key advantage being the reduced sample volume required for in situ analysis

)%6. This volume can be as low as a few microliters, and SPEs can conveniently integrate

(Figure 3a
into portable potentiostats. However, SPEs are single-use only due to the possibility of destructive
reactions with organic solvents with its unstable WE surface. On the other hand, TFEs utilize thin-
film technology, using vacuum filtration methods or growing metal layer on an electrode material,
which serve as an electrochemical transducer and composed of metal layer that ranges in thickness

from nanometers to micrometers (Figure 3b), but organic materials, despite having well-defined
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porous structures and redox activity, may exhibit poor conductivity, affecting the overall
efficiency®.

hMetrohm
DropSens

110D

Figure 3. (a) Screen-Printed Electrodes3® and (b) Thin-Film Electrodes3®.

Two primary categories of electrochemical sensors include amperometric and potentiometric
sensors?®, Potentiometric sensors involve the measurement of potential difference between the
reference electrode and the working electrode without inducing polarization of the electrochemical
cell, thereby allowing only minimal current flow*. In contrast, amperometric sensors utilize a
potential applied between a reference and a working electrode to facilitate the oxidation or
reduction of an electroactive species, with the resulting current being measured*!. This electric
current is influenced by the electrochemically active analyte particles undergoing oxidation or
reduction at the surface of the working electrode, with the sensor signal demonstrating a linear
relationship with the analyte concentration. Electrochemical techniques are particularly well-suited
for directly quantifying redox analytes in solution and for determining redox enzymes or their
analogues by monitoring the formation of electroactive products*’. Moreover, electrochemical
sensing methods can be effectively employed for non-electroactive targets through indirect
detection approaches, wherein changes in the electrochemical signal of an external electroactive
compound or redox probe are recorded upon interaction with a molecular recognition layer present
on the electrode surface®.

1.2 Molecularly imprinted polymers

Nevertheless, despite the considerable advancements in biosensor development, a significant
limitation persists, primarily stemming from the labile nature, environmental instability of
biological receptors, as well as their costly and time-consuming production processes****. Thus, It
is important to find a suitable technology to produce robust and cost-effective synthetic receptors
while ensuring the highest sensitivity and specificity?®.

Synthetic receptors based on molecularly imprinted polymers (MIPs) have been developed and
studied over the past decades as a promising alternative to unstable bioreceptors in sensors. These
polymers are engineered to mimic the molecular structure of a target molecule that was used as a
template during the MIP synthesis®. Generally, a MIP synthesis procedure includes the following
steps: covalent or non-covalent complex formation between a functional monomer and a template
molecule; polymerization; template removal from the polymer, leaving binding cavities that a
complementary to the template molecule in size, shape, and arrangement of functional groups
(Figure 4). The resulting MIP has high affinity and specificity for the target analyte, granting MIP-
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based receptors the ability to recognize and bind to the analyte in the studied environments. MIPs
as recognition elements can be integrated with various sensor platforms aiming in detection and
analysis of a wide range of analytes ranging from the small molecules such as amino acids, single
molecules, antibiotics, pesticides to a macromolecules such as proteins, virus and cell*#~%,

MIP-based sensors are pivotal in numerous research domains, spanning medicine and
environmental protection. For example, in medicine, MIP sensors are very promising analytical tool
for diagnostics of various diseases such as SARS-CoV-2°, Alzheimer’s disease®® or other
neurodegenerative diseases®. In environmental monitoring, MIPs are useful instruments for
evaluating the state of the environment and making it easier to quickly identify pollutants®®.

Functional

monomer §|

Template

‘ Template
removal

K selective

. binding

Y
\" Oq;. site
. :

Figure 4. A general scheme of MIP synthesis>2,
1.2.1 MIP-based electrochemical sensor

The favorable attributes of electrochemical sensors based on MIPs include ease of use, rapid
response, high sensitivity, cost-effectiveness, and suitability for customization to meet diverse
clinical monitoring, food technology or environment monitoring needs>3.

In the general context of MIP-based electrochemical sensors, the transduction mechanism depends
on the inherent properties of the analyte. Direct transduction occurs when the redox processes of
the target analyte itself and its redox-active products are monitored. Indirect transduction is used
when the target analyte is non-electroactive, and the change in the signal of an external redox
probe is monitored. While direct oxidation-reduction of an analyte on the MIP-modified sensor has
been reported in some studies®, the indirect method is more commonly utilized for non-
electroactive analytes. In this approach, the electrochemical readout relies on the "gate effect"”,
which occurs due to the occupancy of imprinted cavities within the MIP by analyte molecules. The
presence of analyte molecules obstructs the diffusion of small redox probes, thereby impeding

14



charge transfer at the electrode/solution interface and resulting in a reduction in redox current®.
The reversible redox pair Ks[Fe(CN)e]/Ka[Fe(CN)¢] is frequently employed as a redox marker to
monitor the indirect response of MIP-based electrochemical sensors®.

During the measurement process, the intensity of the current resulting from the redox reaction of
K3[Fe(CN)e]/K4[Fe(CN)s] at the MIP-based sensor surface is monitored. In the absence of analyte
molecules bound within the imprinted cavities of the MIP, the redox probe ions can freely move at
the electrode/solution interface, resulting in the highest current peak intensity, as indicated by the
blue line in Figure 5. However, if the film has bound its target molecule following incubation of the
sensor in a sample solution, the charge transfer is efficiently hindered, leading to a decrease in
current, as depicted by the red line in Figure 5. This decrease in current is correlated with the
concentration of the analyte in the solution.

\J

e
ncovS1-Ml

> -~

o [Fe(CN)s]*"  ® [Fe(CN)e]*™ sy
L \:\\2\\ } potentiostat
‘\,\ >
ncovS1-MIP-
modified Au-TFME v

Figure 5. The operating principle of a MIP-based electrochemical sensor exemplified for a sensor detecting SARS-CoV-2
spike protein (ncovS1)%8.

1.3 Peptides, synthesis and applications

Peptides, consisting of amino acid residues, exert significant influence on numerous physiological
processes within the human body®. Amino acids are organic compounds characterized by the
presence of an amino group (-NH,) and a carboxyl group (-COOH). Peptide bonds arise through the
linkage of two successive amino acids between their C1 and N2 atoms, leading to the creation of
extensive chains comprising amino acid residues, along with water molecules as a side product.
Long peptide sequences, consisting of 20 different amino®, can form extensive chains linked by
peptide bonds. Peptides with chains of consecutive amino acids ranging from a couple to 20 are
called oligopeptides, with a longer sequence length they are called polypeptides, that can be
formed into proteins, starting from the primary structure, up to the quaternary. The mechanism of

15



peptide bond formation resulting from the interaction between two amino acids is depicted in

Figure 6.
Amino acid (1) Amino acid (2) M
H H Peptide bond H &n’
7z '4 H
" H /Q“’ " H /‘a’ \ N ' ol
e | ¢ 1 ::} . ,_I' m m
"R® " m e 2R v .
: H
. Water
N-terminus C-terminus 2 z
Dipeptide

Figure 6. Peptide bond formation via dehydration reaction scheme (adapted from %8).

There are several methods for synthesis of peptides of different sizes and different amino acid
sequences. One of the most widely used synthesis methods is solid-phase peptide synthesis
(SPPS)*°. The SPPS method is based on the rapid assembly of peptide chains through sequential
reactions of amino acid derivatives on a macroscopically insoluble granular resin solid support. This
solid support consists of small polymer resin beads, functionalized with reactive amine or hydroxy!
groups binding to the formed peptide chain. The peptide remains covalently bound to the solid
support throughout the synthesis, where side products are removed by washing and filtration
processes. This approach avoids the relatively time-consuming isolation of the peptide product
from solution after each reaction step, which would be required using traditional solution
synthesis®.

The deep interest in the study of peptides stems from their unique biological properties and the
potential medical applications of these peptides. For example, a huge number of peptides are used
in medicine as drugs. These peptide drugs are called therapeutic peptides®®!. Research into the use
of therapeutic peptides began with the study of natural human hormones such as insulin, oxytocin
and vasopressin®. Considering the length of known peptide hormones, then most of them have a
length from 7 to 13 amino acids in sequence®. In recent years, therapeutic peptides have become
one of the major pharmaceutical industry products and more than 60 peptide drugs based on
therapeutic abilities have been released® including: hormonal peptides®?, antimicrobial peptides®,
anticancer peptides®, neuropeptides®® and immunomodulatory peptides®”. They can modulate
physiological processes, inhibit or activate enzyme activity, and interfere with protein-protein
interactions that are involved in disease progression®. In our everyday life, peptides of different
sizes are widely used in such fields as cosmetology, medicine, ecology, food industry and infectious
safety®. Peptides can be used as disease biomarkers’’%, recognition elements of biosensors’ as
well as to produce vaccines’.

1.3.1 Peptides as disease biomarkers in medical diagnostics

A biomarker, is a measurable indicator that can be used to assess an organism's physiological state,
disease processes, or response to therapy’4. Biomarkers can be molecular, cellular or tissue and can
be measured in various biological materials, such as blood, urine, saliva or tissues’. Peptide
biomarkers often have higher specificity for certain biological processes or pathological conditions
and can be more sensitive to changes in the body, making them useful for early diagnosis or
monitoring of diseases’®. Examples of peptide biomarkers include cancer peptides that are used as
biomarkers for early detection of cancer’® and other peptide biomarkers, playing an crucial role in
the detection of Alzheimer’s disease”’. In other research, one group of scientist studied the main

16



antimicrobial peptides, which identified in the epidermal mucus of the fish species, and these
peptides have potential as biomarkers for antimicrobial activity in fish mucus’®.

1.3.2 Peptides as imaging or diagnostic probes

Peptides labeled with imaging moieties can serve as diagnostic probes in targeted molecular
imaging, facilitating early disease detection, monitoring of therapeutic responses, and evaluation
of drug efficiency”®. Molecular imaging is a field of medical imaging that focuses on visualizing
molecules of medical interest in patients in vivo. For this method, peptides conjugated with imaging
moiety with a short half-life (for instance *°F or ®™TC) through covalent bonds. The imaging moiety
can be an organic dye or a radioactive nuclide. Then these moieties are visualized in the patient’s
body through various tomography methods (PET, SPECT, MRI and etc.)®. The tomography results-
images show how certain areas have higher color activity than others, which indicates the presence
of peptides in these points, intended for molecular imaging.

Peptide molecules that have previously been labeled with a fluorescent dye, or fluorescent peptide,
are able to emit light at a specific wavelength. Click chemistry can be used to conjugate fluorescent
dyes to peptides®l. The alkyne in the peptide and the azide in the dye react with one another in the
click chemical reaction when Cu is present as a catalyst. This method is selective, fast, efficient and
the reaction takes place in ordinary water, making it a basic and simple method for producing
fluorescent peptides®?. The detection of fluorescent peptides in modern biomedicine offers
promising avenues for accurate and sensitive analysis methods, facilitating visualization and
monitoring of biological processes at cellular and molecular levels®. Their unique optical properties
enable highly sensitive and specific detection, making them valuable tools for studying protein-
peptide interactions and diverse biological and medical applications, including visualizing biological
structures, detecting biomolecules, and labeling cells and proteins®*. In the field of diagnostics, the
use of these peptides offers the possibility of early detection of various diseases such as cancer and

infections’V%>.

1.3.3 ACE2 peptide fragment

This thesis focuses on the molecular imprinting of an oligopeptide QAKTFLDKFNHEAEDLFYQ®®
(AM194), as a model peptide to prepare a MIP-based electrochemical sensor for selective peptide
detection. AM194 represents a peptide fragment of the angiotensin-converting enzyme 2 (ACE2),
that is a critical element in regulating the renin-angiotensin-aldosterone system?®’. This membrane
glycoprotein has a significant role in maintaining homeostasis in the human body®. ACE2 is a Zn-
containing metalloenzyme that consists of 805 amino acids with a molecular weight of 120 kDa
(Figure 7). ACE2 is expressed in most tissues, such as on the cell membranes of arteries and veins,
as well as on muscle cells in most organs. In addition, this enzyme was also found in the cells of the
cerebral cortex, the presence of which indicates possible neurological diseases in the absence of
ACE2 protein®.
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Figure 7. Structure of the ACE2 protein®,

The laboratory of Institute of Chemistry at Tartu University synthesized and studied a peptide
fragment of the ACE2 protein - AM1942¢ (Figure 8b). AM194 is a peptide sequence containing 19
amino acids of the al domain of the N-terminal part of ACE2 molecule, which has a molecular
weight of 2.3 kDa. This oligopeptide is an important part of the binding of the enzyme ACE2 and S1
protein of SARS-CoV-2 virus® and was used to determine the minimal amino acid sequence in the
ACE2 enzyme that interacts with the SARS-CoV-2 virus. The length of AM194 was determined as
the “minimal sequence” needed for ACE2 recognition by the receptor binding domain (RBD) on the
S1 protein of SARS-CoV-2%,

2.9 nm

A
v

(b)

Figure 8. (a) Peptide sequence (green), containing amino acids 19-45 of the al domain of the N-terminal part of ACE2
molecule (red) and (b) ball-and-sticks model of AM194 peptide and its approximate length. These models were visualized
with JMol-16.1.53 Software.

1.3.4 Classical methods for peptide detection

Various methods have been used to identify and quantify peptides in biological samples. One
commonly used technique is enzyme-linked immunosorbent assay (ELISA), which relies on the
specific binding of antibodies to peptides of interest. In the ELISA procedure, a target
macromolecule, or antigen, is immobilized on a solid surface and a specific antibody attached to a
reporter enzyme complexes with it thereafter. Detection is accomplished by incubating the
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appropriate substrate with the reporter enzyme and measuring its activity to generate a
quantifiable result®. ELISA offers high sensitivity and specificity, making it suitable for detecting
peptides in complex biological samples®®. Another method is mass spectrometry (MS), which
involves ionizing peptides and measuring their mass-to-charge ratios. MS provides accurate
identification and quantification of peptides, especially in proteomic studies®. Additionally,
chromatographic techniques such as high-performance liquid chromatography combined with MS
or gas chromatography can separate peptides based on their physicochemical properties, allowing
for their detection and quantification®°®. Overall, the choice of method for peptide detection
depends on factors such as sample type, peptide concentration, and required sensitivity and
specificity. Primarily because peptides are present in low concentrations in biological samples, their
detection can be complicated, in the presence of other molecules in the sample that can create
background noise or cross-react with the peptides. Another problem is the sequence variability,
similar chemical composition, and structures which can cause difficulties in developing universal
detection methods. However, ongoing research and innovation in peptide detection methods is
gradually overcoming these difficulties, expanding the possibilities of using peptides in research,
biotechnology or medicine.

1.4 Molecular imprinting of peptides

In recent years, many applications of the MIP technique have been explored to create peptide-
selective polymers-peptide MIPs. Especially, MIP nanoparticles have been extensively studied for
detection of peptide with different sequences as well as proteins®. These “plastic antibodies” have
a huge potential to contribute towards biomedical applications aiming at biosensors, drug delivery
and etc''2%, However, peptide size and amino acid sequence are important factors to consider
while synthesizing a peptide MIP-based electrochemical sensor, since they can have an impact on
the interaction process with polymer matrix and functional groups. Depending on the nature of the
target analyte molecular imprinting of peptides can be approached in two directions: epitope-
imprinting, for MIP intended to detect protein, and peptide-imprinting, for MIP detecting peptides.
These methods will be considered more closely in the following sections.

1.4.1 Epitope imprinting

Epitope-imprinting are a fascinating area of research within the field of MIPs aiming to address
challenges and limitations of protein imprinting, such as complexity of protein structure, template
removal difficulties, limited stability, reusability and template availability®®. Epitopes represent
small functional segments of an antigenic protein, which are recognized by the immune system.
Typically comprising 9-15 amino acid residues, epitopes are localized on the protein's surface. The
challenges associated with MIP imprinting macromolecules from their intricate structure, flexibility,
and high production expenses. In epitope imprinting, these antigenic epitopes serve as templates
for creating cavities within a polymer matrix, offering a more convenient and cost-effective
alternative MIPs. By using a smaller compound as the template, the structural and cost issues
previously associated with larger molecules can be circumvented, while still retaining selective
recognition and affinity for the larger target. By imprinting epitopes onto polymers, researchers can
develop synthetic receptors that emulate the binding specificity observed in natural
antibodies!®1? Epitope-MIP based sensors present several advantages over conventional
antibody-based sensors, including enhanced stability and affordability, rendering them appealing
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for diverse applications in diagnostics, biomarker detection, and disease monitoring®. Examples of
epitope-imprinting include researches in which nanoparticles were synthesized based on the p321%
protein epitope. One key challenge in developing epitope-MIPs is ensuring that the imprinted
epitopes retain their structural integrity and binding affinity within the polymer matrix. The choice
of functional monomers, and the imprinting process all play crucial roles in determining the

101

performance of epitope-MIPs in detecting target proteins'®*. Moreover, it was found that the size

of the epitope should not exceed 16 amino acids in sequence, as it may start to undergo

intramolecular interactions and negatively influence their interactions with polymers of the MIP%%,

1.4.2 Peptide MIP-based sensor

Peptide-selective MIPs were also developed with the aim of recognizing a specific peptide as a
target analyte. For instance, a MIP designed for the hormone oxytocin was synthesized using bulk
polymerization, with a tetrapeptide representing the C-terminal section of oxytocin as the
template!®, similarly it is also possible to synthesize selective MIPs towards peptides such as EGFR

104 and carnosine!®. It should be noted that to achieve successful imprinting of the peptide,

peptide
it is important to select the optimal peptide sequence length. The peptide should neither be too
short, which may lead to similar sequences, nor too long, because longer sequences will fold and
constantly change their position in imprints, and this could cause imprinting issues. Peptides
ranging from 7 to 12 amino acids in length have been recognized as the optimal size for synthesizing
highly selective MIPs®3. However, a study involving the synthesis of MIPs based on the toxic peptide
melittin (MEL), which spans 26 amino acids in length, indicates the potential for utilizing peptides

of varying lengths in MIP synthesis®®17,

There are several reports on the peptide-MIP based electrochemical sensors'®®1%, In the first study,
tripeptide was used as a functional group that was immobilized onto gold WE surface through an
Au-S bond. This immobilization allowed the tripeptide to interact with vancomycin in solution and
form analyte-peptide complexes. Subsequently, a controlled electrodeposition of functional
monomer was carried out to imprint the vancomycin-tripeptide complexes, creating hybrid
peptide-MIP cavities containing multiple binding sites for vancomycin on the electrode surface®,
In the second study, peptides from the receptor-binding domain on the SARS-CoV-2 spike protein,
with 10 amino acids in sequence, were used as an analyte and imprinted onto the working surface
of indium tin oxide (ITO) electrode with the addition of Ti,C to increase the electrochemical
response’®,

1.5 Electrochemical methods for analysis
1.5.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a powerful and versatile electrochemical technique used to study the
electron transfer processes occurring at an electrode surface!®. It involves applying a potential
waveform that sweeps linearly between a set starting potential (E;) and a final potential (E3), and
then back to the starting potential'**'2, The current response (/) is measured throughout the
potential sweep, resulting in a characteristic plot known as a CV voltammogram. CV is the effective
electroanalytical technique that can be used to study electrical charge transfer from redox probe
solution to electrode surface and study blocking properties of MIP-based sensors®. During a CV
experiment, the applied potential drives the redox reaction at the electrode. As the potential is
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scanned, the concentration of oxidized and reduced species at the electrode surface changes. This
change in concentration affects the current flow, leading to the oxidation and reduction peaks in
the CV!!+113, On Figure 9 we can observe the 4 main parameters: the potential of the anodic (Epq)
and cathodic (Epc) peaks, and intensity of peak currents of the anodic (ips) and cathodic (iyc) peaks.

ipc

| ~Epc |
Figure 9. Simplified scheme of cyclic voltammogram, where E,, is an anodic peak potential, E,c is a cathodic peak potential,
ipa is an anodic peak current and i is a cathodic peak current14.

The CV method serves not only to observe the redox process, but it can also be used to generate
conducting polymer layers as transducers for sensors by cycling between potentials at which the
polymer is formed!®®. The thickness and morphology of conducting polymer films can be effectively
regulated by modifying the electrochemical parameters and the composition of monomer solutions
during the cyclic potentials application. At the same time CV technique provides valuable insights
into the dynamic interaction between biomolecules and the electrode surface. By measuring the
current response as a function of the applied potential, CV reveals the electrochemical behavior of
biomolecules, including their oxidation and reduction processes. The appearance of anodic peaks

corresponds to the oxidation of biomolecules, while cathodic peaks indicate their reduction!®11°,

From these potentials an important parameter is calculated, which shows the formal potential (E°)
(Equation 1.1), which is an important criterion for the Nernst equation!?® (Equation 1.2).

2 ’
and this potential is used further to calculate the value of the electrode potential (E)

(Equation 1.1)

RT [Ox]
E=E°——xlog—- Equation 1.2
25 09 (peay (Eq )
where E is the electrode potential, EC is the formal potential, R is the universal gas constant (8.314
J/K-mol), T is the temperature (K), z is the number of electrons transferred, F is the Faraday’s

constant (96485 C/mol), Ox and Red is the oxidized and reduced electrodes in the CV system.
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1.5.2 Differential pulse voltammetry

While cyclic voltammetry (CV) offers a powerful tool for studying electrochemical reactions, it has
limitations in terms of sensitivity, particularly for analytes present in low concentrations.
Differential pulse voltammetry (DPV) emerges as a refined technique that addresses this challenge.
DPV builds upon the principles of CV but incorporates a pulsed potential waveform to enhance the
signal-to-noise ratio and improve detection limits'2%22, DPV utilizes a staircase potential waveform
superimposed on a linear potential sweep (Figure 10). The staircase waveform consists of a series
of small potential pulses applied at regular intervals!®. The current is measured just before each
subsequent pulse. During the pulse application, charging currents associated with the double layer
capacitance at the electrode interface are minimized. By measuring the current just before the next
pulse, the contribution of these non-faradaic currents is significantly reduced. At the same time by
sampling the current at specific points, DPV effectively filters out random fluctuations in the
background current, leading to a cleaner signal and enhanced sensitivity for the faradaic current
associated with the analyte's redox reaction?*!%>, Figure 11 shows a typical DPV voltammogram
consisting of the plot of recorded current versus the applied pulse potential. This current peak of
DPVis directly proportional to the concentration of the analyte, and based on DPV voltammograms,
it is possible to describe the interaction between sensor and analyte!?1?7,
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Figure 10. Staircase potential waveform form DPV123,
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Figure 11. The typical DPV curve showing the change in visible current vs pulse potentiall?8,

1.6 Aims

The main aim of this thesis was to study the molecular imprinting of AM194, to develop a peptide-
selective MIP (AM194-MIP) and its subsequent integration with an electrode in order to build
AM194 electrochemical sensor. AM194 containing 19 amino acids, representing a peptide fragment
of the ACE2 enzyme, was selected as a model peptide with length of interest. According to the
literature, the imprinting of peptides is typically limited to sequences between 7 and 12 amino
acids. The novelty of this thesis lies in the imprinting of a longer peptide (AM194), which adds
complexity to the imprinting process but may provide enhanced selectivity for the resulting
peptide-MIP-based sensors and extend the range of target peptides in MIP-based sensing.

To achieve the aim of the thesis, firstly, it is necessary to select the appropriate functional monomer
and optimize its electrochemical polymerization and following AM194-MIP formation in order to
maximize the binding affinity between the AM194-MIP and AM194. Then, to study the capability
of the electrochemical sensor (AM194 sensor) consisting of AM194-MIP layer integrated with the
electrode to selectively rebind AM194-MIP by measuring the electrochemical responses in the
relevant solutions containing AM194. Furthermore, the ability of the sensor to discriminate
between AM194 and similar peptides. Computational modelling using molecular docking method
can be used to select an appropriate functional monomer for AM194-MIP formation. Cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) techniques can be used for the
following characterization of the AM194-MIP preparation stages and for assessment of
performance of the resulting AM194 sensor in terms of its capability to recognize selectively the
target against interfering peptides.
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2. Experimental part

2.1 Chemicals and materials

Sodium chloride (NaCl), disodium hydrogen phosphate, 4-aminothiophenol (4-ATP), 2-
mercaptoethanol (2-ME), m-phenylenediamine (mPD) and acetic acid (AA) were purchased from
Sigma-Aldrich. Dopamine (DA) was purchased from Honeywell Fluka. 3,3'-
dithiobis[sulfosuccinimidylpropionate] (DTSSP) was purchased from Thermo Fisher Scientific Inc.
Sulfuric acid, hydrogen peroxide, and potassium chloride were purchased from Lach-ner, S.R.O.
Peptides QAKTFLDKFNHEAEDLFYQ (AM194), YFLDAEHNFK (AM174), YWDKIKDIGG (AM160) and
LRRASLG (EV233) were received from Institute of Chemistry at Tartu University. All chemicals were
of analytical grade or higher and were used as received without any further purification. All
solutions were prepared in ultrapure water (resistivity 18.2 MQ cm at 25 °C, EMD Millipore) and in
phosphate buffered saline (PBS) with pH 7.4 (Na;HPO4 10 mM, KH,PO4 1.8 mM, NaCl 137 mM, KCI
2.7 mM) solution, chosen for its ability to replicate the osmolarity and ion concentrations found in
the human body.

The glass plates coated with 200 nm of gold (Au plates) were used in this study as a working
electrode and were purchased from Ssens bv of Netherlands.

2.2 Electrochemical measurements

Electrochemical measurements using such electrochemical techniques as cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were made in an experimental electrochemical cell
connected with Potentiostat/Galvanostat/ZRA “Reference 600” from Gamry Instruments. A
conventional three-electrode system was used with an Au plate as a working electrode (WE) with
working surface area equal to 0.56 cm?, a platinum wire as a counter electrode (CE), and an
Ag/AgCl/KClsw as a reference electrode (RE) (Figure 12).

%,N

Figure 12. The experimental electrochemical cell with connected three-electrode system with Au plate inside the cell as
working electrode (WE), Ag/AgCl/KClsy as reference electrode (RE) and platinum wire as counter electrode (CE).
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2.2.1 Cyclic voltammetry

CV measurements were carried out in a 0.3 M KCl solution containing 4 mM redox
probeKs[Fe(CN)e]/Ka[Fe(CN)e]. The potentials varied between -0.1 and 0.6 V at a scan rate of 50
mV/s with step size 2 mV. Five potential scan cycles were applied for each step.

2.2.2 Differential pulse voltammetry

DPV measurements have been performed in a 0.3 M KCl solution containing 4 mM redox probe
K3[Fe(CN)e]/Ks[Fe(CN)g]. DPV readings were done in the potential window between 0.05 and 0.5 V
with a pulse amplitude of 25 mV, a pulse width of 0.05 s, a step potential of 2 mV, and a sample
time of 0.1s.

2.3 Functional monomer selection

Functional monomer for the preparation of AM194-MIP film with optimal performance was
selected based on the prediction of binding energy potential between the monomer and AM194
using computational modelling. Several electropolymerizable monomers containing
complementary functional groups were selected as candidate monomers. These include dopamine
(DA), 3-aminophenylboronic acid (APBA), 3,4-ethylenedioxythiophene (EDOT) and m-
phenylenediamine (mPD).

2.3.1 Molecular docking of AM194

Molecular docking procedures with Autodock 4.2.6 (from the Scripps Research Institute) were
applied to selected center atoms and whole peptide rigid grid boxes. Three-dimensional (3D) X-ray
crystal structure of the AM194 was adopted from Protein Data Bank (PDB) (ID: 7ZDQ). The
candidate monomers were scored into the peptide as flexible ligands. The monomers and the
peptide were first converted to Autodock tools format (into .pdbqt files) and the initial files for grid-
box (.gpf) along with the docking procedure (.dpf) were prepared with Autodock tools and
processed with Autodock 4.2.6 software.

2.4 Synthesis of AM194-MIP

The electrochemical surface imprinting approach previously developed by Syritski’s group for
protein-MIP preparation?® was adapted in this study for AM194-MIP synthesis on the WE surface
of the Au plate. The synthesis includes the following stages (Figure 13): (A) functionalization of the
sensor surface with 4-ATP, then (B) with DTSSP crosslinker and (C) finally immobilization of the
AM194 peptide with crosslinker; (D) electropolymerization of functional monomer to form a thin
layer of polymer film around AM194 peptide molecule; (E) reduction of disulfide bond of DTSSP and
(F) removal of the AM194 from the polymer matrix to form AM194-MIP film. AM194 covalent
immobilization, polymer synthesis and peptide washing out process were characterized
electrochemically by CV and DPV.
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Figure 13. A scheme of sensor surface modification with the MIP. (A) assembling a 4-ATP functional monolayer; (B)
attachment of DTSSP cleavable crosslinker; (C) AM194 covalent immobilization; (D) electropolymerization of DA; (E)
cleavage of S-S bond of DTSSP with 2-ME; (F) washing out the AM194 molecules with AA.

2.4.1 Functionalization and immobilization

For AM194-MIP synthesis the Au plate was placed in the Ozone cleaner (Novascan, PSD Pro Series
Digital UV Ozone System) for 1.5 hours and then rinsed abundantly with ultrapure water. Then the
working surface of the Au plate was additionally cleaned electrochemically in 0.1 M H,SO, solution,
cycling the potential from 0 to 1.15 V at a scan rate of 100 mV/s for 5 cycles. Next, WE surface
modification with 4-ATP was carried out by immersing the cleaned electrode in an ethanolic
solution of 0.1 M 4-ATP for a duration of 30 minutes to form the self-assembled functional
monolayer followed by thorough rinsing with ethanol to remove the unreacted 4-ATP molecules.
After that the electrode was rinsed with ultrapure water and dried under a nitrogen flow.
Afterwards, the 4-ATP-modified gold plate was functionalized by the cleavable linker by immersing
in @ 10 mM solution of DTSSP in PBS for approximately 30 minutes and followed by washing in
ultrapure water. Finally, a 221 ng/mL solution of AM194 in PBS was applied to the ATP-DTSSP-
modified Au plate for approximately 30 minutes to immobilize AM194 molecules.

2.4.2 Electrodeposition of poly-DA

The synthesis of poly-DA (pDA) on peptide-modified Au plates was performed in the experimental
electrochemical cell connected with the electrochemical workstation (REF600-04077, Reference
600, Gamry Instruments, USA). The electrodeposition was carried out using galvanostatic synthesis
method by applying a constant current for a certain amount of time on WE with surface area of
0.56 cm?. These parameters can be used to find the applied charge density using Equation 2.1.

Q=

where Q is the applied charge density, / is the current intensity of the polymerization, t is the

I

*t
S (Equation 2.1)

polymerization time and S is the working surface area. Q have units in millicoulombs per square
centimeter (mC/cm?).
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2.4.3 Peptide removal

Molecular imprints of AM194 in the polymer film were generated by washing out (WO) process by
treating the polymer film with an ethanolic solution of 0.1M 2-mercaptoethanol (2-ME) for 15
minutes to cleave the S=S bond of DTSSP and facilitate the release of peptide, followed by washing
with a 10% acetic acid (AA) solution for 15 minutes to dissociate non-covalent bonds between the
polymer and the peptide.

A similar MIP preparation procedure was also adopted for the reference film, non-imprinted
polymers (NIPs), although in this procedure there's no steps with peptide removal with 2-ME and
AA.

2.5 Performance of AM194 sensor

In this study the electrochemical readout of the prepared AM194-MIP-based sensor (AM194
sensor) is founded on the indirect transduction and relied on the "gate effect", which occurs due to
the occupancy of imprinted cavities within the MIP by analyte molecules (Section 1.2.1). The
reversible redox pair Ks[Fe(CN)e]/Ks[Fe(CN)e] was employed as a redox marker to monitor the
indirect response of AM194 electrochemical sensors The sensor performance evaluation consisted
of two main parts: a rebinding study and a selectivity study.

2.5.1 Rebinding study

The specific binding of the AM194 to the synthesized AM194-MIP film was analyzed using DPV
technique in the presence of redox probe Ks[Fe(CN)e]/Ks[Fe(CN)s] solution. The AM194-MIP-
modified electrode incubated in PBS as blank solution for 15 minutes. Thereafter, a series of DPV
measurements in a redox probe solution were carried out to obtain a stable baseline DPV response.
Then, the sensor was incubated in the solution of varying concentrations of AM194 from 1 to 100
pg/ml in PBS solution. Since the concentration solutions were prepared in PBS, PBS was designated
as the reference point, or zero-point concentration (0 pg/mL). Each incubation was done for a
duration of 15 minutes. The recorded DPV current peaks values were used to acquire the AM194-
MIP-based sensor normalized response signals (/,).

In = IOI; I, (Equation 2.2)
where Iy is the peak value measured in the PBS blank solution and / is the peak value measured by

DPV after rebinding at certain concentration. Both /; and / are recorded at the stable DPV peak
current strengths and have units in microamperes (uA).

Furthermore, adsorption isotherms were generated to determine the adsorption capacity of
AM194-MIP and -NIP towards AM194. Langmuir adsorption model, as depicted in Equation 2.3, was
adopted to fit the binding isotherm and from that, both the dissociation constant (Kp) and maximum
binding response at saturation (Asa) values were obtained®3°,

n— M, (Equation 2.3)

Kp+C

where I, and Asq: are sensor response signal after adsorption of the analyte on AM194-MIP and -
NIP at the concentration C and its saturation value, respectively and Kp is equilibrium dissociation
constant.
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The imprinting factor (IF), that shows relation in binding towards the target analyte between
prepared AM194-MIP and -NIP, was calculated from the equation below:
IF = w, (Equation 2.4)

Asat(NIP)
where Asqmip) and Asqynip) are saturated response signals after AM194 adsorption on AM194-MIP
and -NIP films, respectively.

2.5.2 Selectivity study

To determine the ability of the AM194-MIP to discriminate the AM194 from other similar
molecules, a selectivity study was conducted. The normalized sensor responses (/,) after rebinding
the target peptide AM194 (Figure 14a) and other peptides at a concentration range of 1-100 pg/mL
in PBS solution were compared the tested peptides included YFLDAEHNFK (AM174), YWDKIKDIGG
(AM160) and LRRASLG (EV233) (Figure 14b, 14c and 14d). All peptide structures were drawn using

131

the PepDraw website

HNT ONH,
Figure 14. Primary structure of the peptide (a) QAKTFLDKFNHEAEDLFYQ (AM194), (b) YFLDAEHNFK (AM174), (c)
YWDKIKDIGG (AM160) and (d) LRRASLG (EV233).
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3. Results and discussion

3.1 Selection of functional monomer

A rational approach for selecting a functional monomer to synthesize AM194-MIP polymer was
based on molecular docking. Molecular docking was performed to determine the binding energy of
the binding positions between the AM194 and the functional monomer such as hydrogen bonds or
electrostatic interactions. Computational tools and software can quantify the contribution of
different types of non-covalent interactions to the total binding energy individually for the studied
monomer-peptide complexes, but most often only the total binding energy is considered.
Molecular docking goal is to predict the predominant binding sites of a ligand with any other
molecule such as protein of known three-dimensional structure®*? and it has been applied for the
rational selection of monomers for protein-MIPs>2. The binding energy between the template and
the functional monomer was assessed based on the calculated GScore value. GScore is an empirical
scoring function which scores the energy-minimized poses of the monomers and approximates the
monomer binding free energy, bearing in mind parameters such as Van der Waals interaction forces
(VdW), electrostatic attractions (Coul), hydrogen bonds (Hbond), solvation effect (Desolv) and
rotatable bonds energy (Tors), and GScore can be calculated using Equation 3.1°%133,

AGScore = VdW + Coul + Hbond + Desolv + Tors, (Equation 3.1)

For AM194-MIP formation, the monomer that produced the highest GScore energy in docked
complex with AM194 was considered as the most suitable for experiments. According to the results
obtained (Table 1), DA was seen to be the best monomer with the highest GScore value when
compared with other functional monomers such as APBA, EDOT and mPD (Figure 15).
Consequently, DA was selected as the polymer base for the AM194-MIP.

Table 1. Different functional monomers with their binding energy values with AM194.

Monomer DA APBA EDOT mPD

GScore, kcal/mol | 4.91 3.92 3.58 3.27

HO NH,

HO (@) NH,

O O

B g
S (c) NH2

Figure 15. Chemical structures of (a) DA, (b) APBA, (c) EDOT and (d) mPD.
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3.2 AM194-MIP preparation
3.2.1 Characterization of AM194-MIP preparation stages

The electrochemical surface imprinting approach previously developed by Syritski’s group for
protein-MIP preparation'?® was adapted in this study for AM194-MIP film synthesis. The synthesis
included 3 main stages as represented in Figure 13: peptide immobilization via 4-ATP/DTSSP linker,
polymer electrodeposition and peptide removal with WO process. The AM194-MIP synthesis
strategy included at the first stage the covalent immobilization of the peptide at the electrode
surface via the crosslinker DTSSP, which contains cleavable disulfide bond. The covalent bond is
formed between the succinimide group of DTSSP and one of the lysine in amino acid sequence of
AM194 as illustrated in Figure 16.
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Figure 16. Covalent bond formation between one of the succinimide group of DTSSP and Lysine.

CV and DPV measurements were carried out to characterize the stages of WE modification step by
step (Figure 17). As can be seen the redox peak current intensity decreased after each modification
step, indicating hindered charge transfer at the electrode/solution interface due to the attachment
of organic molecules. As observed in the CV and DPV plots, a huge decrease in peak current intensity
occurred after the binding of DTSSP to the WE, which decline suggests successful binding of DTSSP
to the functional monolayer. After immobilization of the AM194, the redox signal didn’t decrease
too much in relation to DTSSP, and this is quite expected because AM194 is not a super-massive
protein, like the BDNF protein, which, when bound to DTSSP, greatly reduces the amount of faradaic
current passed through the resulting cavities of the prepared MIP'**, On the contrary, the AM194
is an extremely small template and does not cause a strong decrease in the electrochemical signal
in a redox probe solution. After the subsequent electrodeposition of pDA, the peak current intensity
was clearly reduced in both the CV and the DPV plots indicating hindered charge transfer at the
electrode/solution interface due to formation of polymer from functional monomer. After the
subsequent WO process the DPV current peak increase was observed due to the creation of the
imprinted cavities (AM194 fingerprints) in the polymer.
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Figure 17. (a) CV and (b) DPV characterization of the stages for preparation of AM194-MIP. The stages include
functionalization Au surface with 4-ATP, DTSSP, AM194, synthesis of pDA and finally WO process to form AM194-MIP. The
CV and DPV measurements were performed in 0.3 M KCl solution containing 4 mM K3[Fe(CN)e]/Ka[Fe(CN)s].

3.2.2 Optimization of pDA electrochemical synthesis

The optimization aims to enhance the sensitivity of the AM194-MIP in detecting target through the
imprints on the polymer film, thereby improving overall sensor performance.

Firstly, the concentration of monomer, DA, used for electrodeposition was varied. Three different
AM194-MIPs and corresponding NIPs were prepared with pDA film electrodeposited at constant
current of 500 pA applied during 5.6 s from PBS containing DA at concentrations of 2.5, 5, and 10
mM. The rebinding experiments were carried out at AM194 concentration range of 1-100 pg/mL
and from the obtained binding isotherms (Appendix 1) saturated response values (Ast) for each
sensor were determined according to Equation 2.3 as well as the imprinting factor (IF) values
according to Equation 2.4 (Figure 18 and Table 2).
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Figure 18. Saturated response values of the sensors modified with AM194-MIP and NIP films prepared by the
electrodeposition of pDA from PBS containing different DA concentrations (2.5 mM, 5 mM, 10 mM) at constant current of
500 uA applied for 5.6 seconds.
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Table 2. As.: and IF values derived from fitting the AM194 adsorption risotherms on pDA layer at a
constant current of 500 YA applied for 5.6 s with different DA concentrations with Langmuir model.

2.5mM 5mM 10 mM
Asast AM194-MIP 0.34 0.89 0.60
Asat AM194-NIP 0.30 0.44 0.44
IF 1.13 2.04 1.36

As can be seen the AM194-MIP exhibits the highest At value when pDA electrodeposition was
performed with DA concentration of 5 mM. Additionally, the highest IF value of 2.04 was attained
under this condition, indicating that the AM194-MIP possesses two times higher binding capability
towards the target peptide than corresponding NIP thus confirming the creation of selective binding
sites (molecular imprints) during AM194-MIP preparation.

The next step involved optimization of the polymer thickness by adjusting the electrodeposition
time. The deposition of a polymer with an appropriate thickness is critical to prevent the irreversible
entrapment of a template and ensure its feasible removal during subsequent washing
procedures'?. By adjusting the time of the galvanostatic synthesis, the polymer film thickness can
be easily controlled, providing possibility of customization the final MIP film thickness and
efficiency!®. To accomplish the polymerization time optimization, three different AM194-MIPs and
corresponding NIPs were prepared, wherein pDA film was electrodeposited from PBS containing 5
mM of DA at constant current of 500 YA applied for various durations: 2.8, 5.6, and 8.4 seconds
(Figure 19). These values were selected with intervals of 2.8 seconds, both lower and greater than
5.6 seconds, as used in the previous optimization step. Using Equation 2.1, these polymerization
times of 2.8, 5.6, and 8.4 seconds can be converted into the applied charge density (Q) values of -
2.5, 5 and 7.5 mC/cm?, respectively. Then, the rebinding experiments were carried out at AM194
concentration range of 1-100 pg/mL and from the obtained binding isotherms (Appendix 2)
saturated response values (Asat) for each sensor were determined according to Equation 2.3 as well
as the IF values according to Equation 2.4.
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Figure 19. Saturated response values of the sensors modified with AM194-MIP and NIP films prepared by the

electrodeposition of pDA from PBS containing 5 mM DA at a constant current of 500 uA applied for different time (2.8 s,
5.65s,8.45).
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Table 3. A..: and IF values derived from fitting the AM194 adsorption with Langmuir isotherm on

pDA layer containing 5 mM DA for different polymerization time.

2.85(2.5 mC/cm?) 5.6s5(5mC/cm?) [8.45(7.5 mC/cm?)
Asat AM194-MIP 0.35 0.89 0.49
At AM194-NIP 0.50 0.44 0.48
IF 0.70 2.04 1.04

The analysis of the results presented in Table 3 revealed that the As: and IF values for AM194-MIP
prepared at the PDA electrodeposition conditions used during the monomer concentration
optimization (5 mM of DA and 5.6 s), appeared the highest as compared with the AM194-MIP
the pDA film
electrodeposition parameters such as 5mM DA in PBS and applied current of 500 pA for 5.6 s

prepared at shorter or longer electrodeposition times. Consequently,
corresponding to charge density of 5 mC/cm? were determined as optimal and were used in further

experiment for AM194 sensor preparation.

3.3 AM194 sensor performance study

The selective adsorption capability of the resulting AM194 sensor for the target analyte was
assessed by measuring the DPV responses of the sensors modified with AM194-MIP and the
corresponding NIP upon incubation in PBS containing varying concentrations of AM194 (1, 2, 5, 10,
25, 50, and 100 pg/mL). Figure 20a illustrates the consistent decrease in current peak with
increasing concentration of AM194 in the case of AM194 sensor, indicating hindered charge
transfer at the electrode/solution interface due to the MIP cavities blocking by the adsorbed
analyte. Figure 20b depicts the DPV current peaks from the NIP sensor, that exhibits a less
pronounced reduction in current peak with increasing analyte concentration compared to the
AM194-MIP. Additionally, NIP sensor did not exhibit a significant concentration dependence. Table
4 represents the values of DPV peak current intensity and calculated normalized response signal (I,)
obtained from one of three independent measurements from three sensors.
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Figure 20. DPV signals of prepared sensors modified with (a) AM194-MIP and (b) AM194-NIP, obtained after incubation
in different AM194 concentrations in PBS (1, 2, 5, 10, 25, 50 and 100 pg/mL).
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Table 4. The values of DPV peak current intensity and calculated normalized response signals of
AM194-MIP and AM194-NIP obtained in one of the rebinding experiments.

AM194-MIP AM194-NIP

lpeak, A In lpeak, A In

PBS (0 pg/mL) | 185.33 0 43.50 0
1 pg/mL 139.83 0.25 36.36 0.16
2 pg/mL 69.47 0.63 33.76 0.22
5 pg/mL 55.09 0.70 30.26 0.30
10 pg/mL 47.55 0.74 29.33 0.33
25 pg/mL 29.59 0.84 26.59 0.39
50 pg/mL 18.45 0.90 25.87 0.41
100 pg/mL 17.05 0.91 25.51 0.41

3.3.1 Binding isotherm analysis

AM194 adsorption isotherms were then constructed based on the analyte concentration and the
calculated I, values (Figure 21). These adsorption isotherms were fitted to the Langmuir model to
determine the A.: and the dissociation constant (Kp) values. The Langmuir adsorption isotherm
method is employed in MIPs to describe the adsorption process of an analyte on a polymer surface.
This method offers a straightforward approach to determine the amount of analyte adsorbed on a
surface as a function of its concentration in solution. The model presumes that the surface is
homogeneous, possessing a fixed number of equivalent binding sites that interact with the target
analytes'®. As observed, the AM194-MIP exhibits a much higher response to each AM194
concentration compared to the AM194-NIP for each of three independent measurements from
three sensors. The coefficient of determination (R?) was calculated, serving as a statistical measure,
indicating the accuracy of the model's fit to the available data. All the obtained results for Asat, Ko
and R? values are presented in Table 5. The IF parameter was calculated as the ratio of saturated
responses of MIP and NIP to AM194 (Equation 2.4), and it equaled 2.04. This value highlights the
enhanced binding of AM194 peptide to AM194-MIP as compared to NIP, indicating that the binding
sites were created within the pDA polymer prepared under optimized conditions and clearly made
a significant contribution to the recognition of the oligopeptide AM194.
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Figure 21. AM194 adsorption isotherm on the AM194-MIP (red) and AM194-NIP (blue), fitted with LF adsorption model.

Table 5. Parameters derived from fitting the AM194 adsorption isotherms (Figure 21) to Langmuir
adsorption model.

AM194-MIP AM194-NIP
Asat AM194 0.89+0.03 0.44+0.01
Ko, pg/mL 1.53+0.30 1.20+£0.11
R? 0.97 0.99
IF 2.04

3.3.2 Sensitivity of AM194 sensor

To establish the analytical sensitivity of the AM194 sensor, a rebinding experiment was conducted
using AM194 concentrations ranging from 50 to 500 fg/mL (50, 100, 250, 400, and 500 fg/mL),
where the sensor demonstrated a pseudo-linear response towards against AM194. The normalized
responses obtained from DPV plots (Figure 22a) were used to generate a linear regression fit (Figure
22b). Utilizing the parameters obtained from the linear regression analysis such as Slope and SD
value (Table 6), values for the Limit of Detection (LoD) and Limit of Quantitation (LoQ) were
calculated using Equation 3.2.

3.3*%SD

LoD = —— and (Equation 3.2)
Slope
10 * SD
LoQ =
Q Slope ’

where SD is the standard deviation of linear regression and Slope is describing the direction and
steepness of the regression line.

It was found that the AM194 sensor was capable of detecting AM194 in PBS with LoD of 24 fg/ml
and LoQ of 72 fg/ml. The obtained LoD and LoQ values can be compared with other studies that
used the MIP technology to detect peptides of different sizes and using different methods. Table 7
refers to some example studies, including the study in this thesis, that used MIP-based sensors and
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shows which peptides were used, their sizes in amino acid length, their LoD and LoQ values, linear
range responses, and what detection methods were used to achieve low detection levels.
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Figure 22. (a) DPV plot and (b) linear regression fit of AM194 sensor responses to low concentrations of AM194 (50, 100,
250, 400 and 500 fg/mL range) in PBS. The point and error bars represent mean and standard deviation of three
measurements carried out by three independent AM194 sensors.

Table 6. Parameters derived from linear regression analysis of AM194 sensor responses to AM194
at concentration range of 50-500 fg/mL.

AM194-MIP
Intercept 0
Slope 0.36£0.02
SD 2.59
R? 0.99
Table 7. Comparision of MIP-based sensors for peptide detection.
Study Peptide LoD LoQ Linear range Detection Reference
peptide length method
EGFR 53 aa'¥’ 3nM - 0-500 nM TD? 104
Carnosine 2aa 55 uM - 0.1-1 mM EISP 105
MEL 26 aa 0.3 pg/mL | 1.1 pug/mL | 1-30 pg/mL QCM° 106
Insulin 51 aa’3® 1.9 pM 6.2 pM 20-70 pM EDS? 139
BNP 17 aa 0.208 - 0.25-5000 FD® 140
pg/mL pg/mL
AM194 19 aa 24 fg/mL | 72 fg/mL | 50-500 fg/mL DPV This study

aThermal Detection, PElectrochemical Impedance Spectroscopy, ‘Quartz Crystal Microbalance, 9Energy-Dispersive
Spectroscopy, ¢Fluorescent Detection.

3.4 Selectivity study

To assess the selectivity of the prepared AM194-MIP, the responses of the sensor towards similar
molecules, i.e. "interfering molecules" were measured. These molecules included the peptide
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sequences such as YFLDAEHNFK (AM174), YWDKIKDIGG (AM160), and LRRASLG (EV233). AM174
possesses a central amino acid sequence almost similar to that of AM194 but in reverse order.
AM160 was selected as a peptide with a different amino acid sequence but the same size as AM174.
EV233 was selected due to its smaller size as compared to AM194, which could potentially fit into
imprinted cavities of AM194-MIP.

For this experiment, the same concentration range of peptides in PBS solution were prepared (from
1 to 100 pg/mL). The results of these experiments revealed that the AM194-MIP exhibited higher
responses to AM194 oligopeptide as compared to interfering peptides (Figure 23). Notably, at
concentrations of 2 or 5 pg/mL, the sensor responses to AM194 were nearly six times higher than
its responses to the structurally similar but smaller peptide, AM174. It is also worth mentioning that
due to similarity in amino acid sequence the signals obtained upon AM174 binding were the highest
among responses to other interfering peptides and demonstrated concentration dependence.
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0.8 1] AM160
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Figure 23. The responses of AM194 sensor to different peptides: AM194, AM174, AM160 and EV233 in concentration
range 1-100 pg/mL in PBS.
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4. Conclusions

This thesis presented the development of a peptide-selective electrochemical sensor based on the
molecularly imprinted polymer (MIP) as a recognition element for detecting the ACE2 peptide
fragment - QAKTFLDKFNHEAEDLFYQ (AM194). The AM194 with a sequence of 19 amino acids,
selected as a model target peptide, was molecularly imprinted for the first time using
electrochemical surface imprinting approach. The electrochemical techniques such as Cyclic
Voltammetry (CV) and Differential Pulse Voltammetry (DPV) were utilized to characterize each
stage of AM194-MIP formation as well as to measure the responses of the resulted AM194 sensor
towards the target and interfering analytes. The following conclusions can be drawn from this work:

e Dopamine (DA) was found to be a more appropriate functional monomer for building the
AM194-MIP based on the molecular docking results as demonstrated the highest GScore
value for the AM194 and DA complex versus complexes formed with APBA, EDOT and mPD.

e Polydopamine (pDA) film electrodeposited galvanostatically employing current of 500 pA
for 5.6 s delivering 5 mC/cm? to the working electrode in 5 mM DA diluted in PBS resulted
in a polymer film, which after the template removal treatment turned into AM194-MIP
possessing the higher binding capability to AM194. These parameters were determined as
optimal for AM194-MIP layer for following testing of AM194 sensor.

e The Langmuir adsorption model was suitable to describe the adsorption of AM194 on
AM194-MIP. The IF value of 2.04, calculated from the ratio of the saturated binding of
AM194 on AM194-MIP and NIP, indicated an enhanced binding capability of AM194-MIP
compared to NIP. This suggests the possible formation of AM194-selective binding sites in
AM194-MIP under optimized conditions.

e AM194 sensor, representing the AM194-MIP layer attached to the electrode and signaling
towards AM194 via changes in DPV current intensity, showed capability to detect AM194
with LoD of 24 fg/ml and LoQ of 72 fg/ml in PBS solution. This exceeds the LoD and LoQ
values for peptide detection by the other reported MIP sensors.

e AM194 sensor showed selectivity towards the target peptide, AM194, as demonstrated by
comparison of its responses towards the other similar peptides such as AM174, AM160 and
EV233.

Ultimately, this thesis demonstrates the fabrication of a MIP-based electrochemical sensor capable
of selectively detecting AM194, thereby achieving the main goals of this work. In future, more
complex solutions can be used for AM194 testing, e.g. simulating biological fluids or real biological
fluids such serum or plasma. This will require the improvement of analytical performance of the
sensor by further optimization of MIP synthesis and measurement parameters. The results
obtained in the course of this work lay the groundwork for future research in the development of
peptide MIP-based sensors, which will significantly contribute to the development of cost-effective
and rapid analytical tools for clinical diagnostics and environmental monitoring.
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Appendix 1
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Figure A. AM194 adsorption isotherms on the AM194-MIP (red) and AM194-NIP (blue) synthesized galvanostatically at
500 pA during 5.6 s from solutions having different concentrations of DA (a) 2.5 mM, (b) 5 mM and (c) 10 mM. The lines
show fits to Langmuir adsorption model.
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Appendix 2
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Figure B. AM194 adsorption isotherms on the AM194-MIP (red) and AM194-NIP (blue) having concentration of DA 5 mM
and synthesized galvanostatically at 500 uA during different polymerization times (a) 2.8, (b) 5.6 and (c) 8.4 s. The lines

show fits to Langmuir adsorption model.
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