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Abstract

The present PhD thesis describes devising, fabricating, and characterizing of chemical
sensors for selective determination of short AT- or GC-rich oligonucleotides. In these
chemosensors, a specially developed new class of nucleobase-containing polymers
served as probes, providing sensors recognition capability. For preparation of these
polymers, a ‘molecular imprinting in polymer strategy’ with sequence-programmable
templates was used.  First, dedicated stable electroactive bis(2,2’-bithien-5-yl)
functional monomers, each bearing nucleobase (A - adenine, T - thymine, C - cytosine,
or G - guanine) functionality, were allowed aligning, in the right order, around a
selected template, thus forming a pre-polymerization complex via Watson-Crick
nucleobase pairing. Stability of the pre-polymerization complexes of AT-rich template
with T and A functional monomers as well as GC-rich template with C and G functional
monomers were estimated with the density functional theory (DFT) at the B3LYP level
and verified with isothermal titration calorimetry (ITC) experiments. Then, these
complexes were potentiodynamically electropolymerized yielding films of the
molecularly imprinted polymers (MIPs) deposited on surfaces of conducting
transducers. After the polymerization, templates were extracted from MIPs. That way,
molecular cavities were vacated, thus exposing the ordered nucleobases on the 2,2’-
bithien-5-yl polymeric backbones of the probes designed to hybridize the
complementary AT- or GC-rich oligonucleotides. Therefore, the extracted MIP films
selectively recognized oligonucleotides with respect to one or two nucleobase
mismatches. The templates complete extraction from the MIP film was confirmed by
the measurements of X-ray photoelectron spectroscopy (XPS), differential pulse
voltammetry (DPV), electrochemical impedance spectroscopy (EIS), and polarization-
modulation infrared reflection absorption spectroscopy (PM-IRRAS). Morphology of
deposited MIP films was unraveled and characterized with AFM. The MIP films were
then successfully applied for selective determination of short oligonucleotides under
both flow-injection analysis (FIA) and stagnant-solution conditions using piezoelectric
microgravimetry (PM), capacitive impedimetry (CI), or surface plasmon resonance
(SPR) spectroscopy. Based on these measurements, analytical parameters of the
chemosensors, such as sensitivity, selectivity, and the limit of detection (LOD) were
estimated. Kinetic analysis of the analytes interaction with the MIPs provided the
values of the stability constant as high as that characteristic for longer-chain DNA-PNA
duplexes. Moreover, hybridization efficiency of the GC probe as well as its

discriminative capability in Dulbecco's Modified Eagle’s Medium was determined.
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Abstract (PL)

Niniejsza rozprawa doktorska przedstawia badania przeprowadzone w celu
skonstruowania, wytworzenia 1 scharakteryzowania czujnikow chemicznych do
selektywnego oznaczania krotkich oligonukleotydéw bogatych w adening (A) i1 tyming
(T) lub guanine (G) i cytozyne (C). W czujnikach tych rolg sond pehily specjalnie
opracowane 1 zsyntetyzowane polimery podstawione zasadami nukleinowymi, ktore
rozpoznawaty 1 wigzaty okreslone anality nukleotydowe. Do wytworzenia tych sond
zastosowano technike wdrukowania molekularnego z szablonami ,,programujacymi”
sekwencj¢ zasad nukleinowych syntetyzowanych polimeréw. Ustawialy one, w
okreslonej kolejnosci, monomery funkcyjne, ktorymi byly pochodne bis(2,2’-bitien-5-
ylowe) podstawione jedng z czterech zasad nukleinowych. Oddzialywania wodorowe
Watsona-Cricka pomigdzy czasteczkami szablonéw 1 okreslonych monomerow
prowadzily do powstania kompleksoéw pre-polimeryzacyjnych w roztworach. Trwato$¢
tych kompleksow oszacowano za pomoca modelowania kwantowo-chemicznego
stosujgc metod¢ funkcjonatu gestosci (DFT) w przyblizeniu B3LYP i eksperymentalnie
potwierdzono za pomocg izotermicznego miareczkowania kalorymetrycznego (ITC).
Nastepnie kompleksy te spolimeryzowano elektrochemicznie w  warunkach
potencjodynamicznych w  wyniku czego otrzymano polimery molekularnie
wdrukowanie (MIP) osadzone ~ w postaci cienkich warstw na powierzchni
przewodzacych przetwornikéw. Nastepnie z polimerdéw tych usunieto szablony. W ten
sposob, w oproznionych z czasteczek szablonu wnekach molekularnych odstoniete
zostaly zasady nukleinowe bis(2,2’-bisbitien-5-ylowego) tancucha polimerowego,
hybrydyzujace z komplementarnymi zasadami nukleinowymi analitow. Usunigcie
szablonow z MIP-6w potwierdzono za pomocg spektroskopii fotoelektronow w zakresie
promieniowania X (XPS), woltamperometrii pulsowej réznicowej (DPV),
elektrochemicznej spektroskopii impedancyjnej (EIS) lub spektroskopii odbiciowo-
absorpcyjnej o modulowanej polaryzacji w podczerwieni (PM-IRRAS). Morfologie
osadzonych warstw zbadano za pomoca mikroskopii sit atomowych (AFM). Nastepnie
warstwy MIPow zastosowano do selektywnego oznaczania krotkich oligonukleotydow
zardbwno w warunkach analizy przeptywowo-wstrzykowej (FIA) jak i stacjonarnych za
pomoca mikrograwimetrii piezoelektrycznej (PM), impedimetrii pojemnosciowej (CI) i
spektroskopii plazmondéw powierzchniowych (SPR). Na podstawie tych pomiaréw
wyznaczono parametry analityczne chemoczujnikoéw, takie jak czutos¢, selektywnos¢,
liniowy dynamiczny zakres stezeniowy i granice wykrywalnosci (LOD). Z pomiaréw
kinetycznych wyznaczono state trwatosci kompleksow MIPOw z analitami. Wartosci
tych stalych odpowiadaty warto$§ciom charakterystycznym dla par DNA-PNA o
dhuzszych tancuchach. Ponadto wyznaczono wydajnos¢ hybrydyzacji sondy GC oraz
okreslono jej zdolno$¢ rozpoznawania analitu w pozywce Eagle’a w modyfikacji
Dulbecco.
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Research goal

Several procedures have already been elaborated for qualitative and quantitative DNA
determination. Among others, electrochemical methods have a great potential because
of low cost, simplicity, and ease of miniaturization. However, the DNA sensor
technology still lacks of devises for the point-of-care applications. Toward this goal,
highly sensitive, selective, and rapid DNA determination with simplified protocols and,
particularly, with as limited as possible sample preparation, is of paramount importance.

Therefore, the aim of the presented research is to develop fast, cost-effective, and
label-free systems for DNA sensing based on new electropolymerized DNA analogue
probes. For straightforward and rapid DNA quantification, these recognizing probes are
herein integrated with different transducers to perform as chemical sensors. Due to
recognition at a molecular level, molecular imprinting in polymers provides a powerful
tool to unravel the structure-biofunctionality correlation and can be used to synthesize
DNA analogues, and thus chemosensors of the next generation. The application of
these devises aims at identification of genetically relevant GC- and AT-rich
oligonucleotides including single nucleotide polymorphism and trinucleotide repeat

expansion diseases.
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Chapter 1

Literature review

This chapter contains characteristics of non-naturally occurring nucleic acid analogues
and mimics, and describes their use in detection of single nucleotide polymorphisms
(SNPs).  Moreover, it is dedicated to oligonucleotide chemosensing including

molecularly imprinted polymers (MIPs) and their hybrids with DNA aptamers.

1.1 Nucleic acid analogues and mimics

This section provides information on synthetic nucleic acid analogues (NAAs) and
mimics, which are modifications of naturally occurring DNA or RNA that possess their

functionality.

1.1.1 Peptide nucleic acids (PNAs)

Peptide nucleic acids, PNAs, (Scheme 1.1-1d) are DNA (Scheme 1.1-1a) analogues
developed by Nielsen et al. in 1980s.! Since then, PNAs have found application in
different fields of science ranging from pure chemistry, over molecular biology, drug
discovery and genetic diagnosis, nanotechnology, and molecular recognition of nucleic
acids.”> Toward the latter, PNAs of a wide variety of chemical properties have been
synthesized and characterized.

The original PNAs are noncyclic pseudo-peptide nucleic acid structural mimics
with the N atom terminus at the left and the C atom terminus at the right position. They
have an achiral polyamide backbone built out of N-(2-aminoethyl)glycine units. The
purine or pyrimidine nucleobases are attached to each unit with a methylene carbonyl
linker. PNA subunits are made of the standard purine (A - adenine and G - guanine)
and pyrimidine (C - cytosine and T - thymine) nucleobases. PNAs have inherently
flexible structure, mainly constrained by the two amide groups. These analogues bind
to complementary single-stranded RNA (ssRNA) or single-stranded DNA (ssDNA) in a
parallel or antiparallel orientation obeying the Watson-Crick nucleobase pairing rule.’
Because the PNA oligomers are not charged, they are more stable than natural
oligonucleotide homoduplexes even at a relatively high temperature. They reveal
excellent hybridization properties and, hence, stability of the PNA-(nucleic acid)

duplexes® at a low ionic strength,* at which the DNA or RNA secondary structure is



maintained. Because of these advantageous properties, isolation and detection of
nucleic acids in genetic diagnostics is feasible.! Moreover, these DNA analogues are
highly resistant to proteases and nucleases as well as other biological degradative
agents.>”’

PNAs, as uncharged nucleic acids analogues (NAAs), are much less water soluble
than DNAs. They have sequence-dependent tendency to aggregate. That is, the PNA
water solubility depends upon the length of its molecule chain and the purine-to-
pyrimidine molar ratio.> Moreover, the PNA has to be pre-organized in order to assume
conformation suitable for complexation with nucleobase bearing functional monomers.”
10 Furthermore, PNA sequence programmability can be utilized for fabrication of a new
generation electropolymerized DNA analogue and its direct immobilization on the
transducer surface.” !

Stability of the DNA duplexes in aqueous solutions, in terms of the Gibbs free
energy change accompanying hybridization, is primarily due to nucleobase-pair
hydrophobic n-n stacking interactions rather than to nucleobase-pair hydrogen bonding.
In aprotic non-polar solvent solutions, however, the hydrogen bonds are stronger while
the stacking interactions are weaker, thus making PNA duplexes more stable.

PNAs reveal several properties of the antisense reagent. Because they strongly
bind to complementary messenger RNA (mRNA) and are highly stable, they can
effectively inhibit translation of the target mRNA. Their advantage over other antisense
agents consists in their stability inside the cells, which reaches at least 48 h. This
relatively high stability makes them promising as candidates for the antisense and
antigen applications.!!"!?

Furthermore, PNAs can form stable triplex structures or strand-invaded, or strand-
displacement complexes with DNAs. These complexes constrain a structural hindrance
for transcriptional processes by blocking RNA polymerase. The PNA targeted against
the DNA promoter region can form a stable DNA-PNA duplex that blocks the access of
the corresponding polymerase to DNA.

In anticancer therapy, PNA offers a promising approach for silencing oncogenic
microRNAs (miRNAs). This miRNA nucleic fragments are frequency overexpressed in

human cancer, e.g., miR-210 acts to orchestrate the adaptation of tumor cells.'?



1.1.2 Locked nucleic acids (LNAs)

Locked nucleic acids (LNAs) are conformationally restricted ON analogs first described
by Singh et al. in 1998.!* These nucleic acids are RNA structural mimics fitting into an
A-type duplex geometry.> In their structure, these bicyclic nucleic acids have
ribonucleoside moieties linked between the 2’-oxygen and 4’-carbon atoms with
methylene units (Scheme 1.1-1b).

Because LNAs display unprecedented hybridization affinity toward complementary
ssDNA and ssRNA, they are versatile tools for specific high-affinity recognition of
these nucleic acids. The LNA-DNA and LNA-RNA duplexes are the two possible LNA
hybrids. These hybrids characteristics is similar to that of native nucleic acid duplexes
in Watson-Crick base pairing, nucleobases in the antiorientation, nucleobase stacking,
and a right-handed helical orientation.?

The high-affinity LNA can be designed as LNA-DNA and LNA-RNA chimeras or
a fully modified LNA. Because of strong base pairing of LNA, which leads to LNA-
LNA duplexing, these analogues should be deprived of extensive self-complementary
segments.

LNAs are one of the most useful modified oligonucleotide backbones because
stability of their duplexes with nucleic acids can be modified by incorporation of a
single-stranded LNA. Therefore, LNA-incorporated nucleic acid probes and primers
were widely designed. This duplex stabilization is due to either its pre-organization or
improved n-m stacking.!> Moreover, ONs bearing LNAs duplexes with complementary
ssDNA and ssRNA are not only exceptionally thermally stable but also highly
mismatch discriminative. For the single-nucleotide polymorphism (SNP) genotyping
studies, short LNA probes can be used because of their high binding affinity of LNA
oligomers.

High affinity and efficient mismatch discrimination as well as multiplexing make
LNAs useful for diagnostics. Many diseases are associated with SNP in the genetic
code. LNAs found application in efficient and simple SNP assays, which effectively
recognize the mismatch.!”!® These assays employ probes complementary to the wild-
type or mutated genomic nucleic acid sequences and are subjected to PCR

amplification.
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(e) Hoogsteen nucleobase pairing occurring in triplex formation.'®

Because of their chemical and biophysical properties, LNAs are promising as
antisense agents. LNAs pronounced therapeutic effects result from their high stability
in serum, low in vivo toxicity, and high uptake by mammalian cells.!” Various modes
of action of the LNAs in antisense studies rely on activating RNase (which degrades

mRNA), steric blocking of the template RNA, or inhibiting of pre-mRNA splicing.

1.1.3 Morpholino oligonucleotides (MOs)

Morpholino oligonucleotides (MOs), another group of DNA analogues, were devised by
Stirchak and Summertone in 1985.! MOs are antisense oligomers, which block access
of other molecules to nucleobase pairing RNAs of small (~25 nucleobase) specific
sequences. They are active in a cell-free protein synthesis and cultured animal cells.
MOs have DNA nucleobases attached to a backbone of methylenemorpholine rings
linked through phosphorodiamidate groups (Scheme 1.1-1c). They were devised to

eliminate cost problems associated with preparation of other DNA analogues. Synthesis



of MOs is cost-effective for the reason that it starts with much less expensive
ribonucleosides, to which an amine group is introduced via a relatively simple ribose-to-
morpholino transformation. In case of weak nucleobases m-m stacking in aqueous
solutions, water solubility of these stacks is low because of difficulty in inserting the
hydrophobic faces of the nucleobases into aqueous environment. The nonionic
phosphorodiamidate-linked MOs are highly soluble in water, even more than DNA ?°
Moreover, the MO backbone is resistant to strong bases. However, it degrades in strong
acids, e.g., trifluoroacetic acid. MOs are distributed throughout the cytosol and the
nucleus. Therefore, they have access to their target RNAs during their long residence in
cytosol.

To achieve high selectivity, MOs should have a minimum inactivating length
(MIL) sufficiently long to avoid attacking on non-target RNAs. The MIL factor makes
MOs capable of inhibiting the target at concentrations reached in the cytosol-nuclear
part of cells. There are two crucial requirements of the MOs design that ensure their
high efficiency. First, the MIL should be sufficiently long, thus not inactivating non-
targeted species. Second, the length of the oligomer chain should be sufficiently longer
than its MIL.%!

MOs binding affinity for genetically important nucleic acids of complementary
sequences 1s rather insensitive to the solution ionic strength. Duplexes of these
analogues with ssRNA are more stable than the corresponding DNA-RNA duplexes.’

In antisense therapy, MOs are applied for correcting splicing errors of mRNAs in
cultured cells and for extracorporal treating of cells from thalassemic patients.?? The
most demanding application of MOs is in developmental biology. This field was
revolutionized by MOs analogues because of providing unique reliable tools for

blocking the expression of selected genes through embryogenesis in model organisms.?’

1.1.4 Synthetic nucleobase-containing polymers

A vast recognizing potential of nucleobases inevitably led to their harness to polymer
chemistry and materials science. So far, different nucleobase-containing polymers have
been designed and synthesized according to different polymerization mechanisms.

An early synthetic research on the DNA or RNA mimicking focused on the
attachment of a nucleobase to natural polymers, such as cellulose.*?> Radical

polymerization of monomers bearing a nucleobase moiety with the N-vinyl derivatives



of purines and pyrimidines as early representatives*®?’

allowed preparing synthetic
NAAs. Subsequently, significant advances were made in the development of various
synthesis skill sets, especially the controlled living radical polymerization (CLRP).?¢2’
More recent developments involve controlled polymerization of these monomers as
well the self-assembly and template polymerization.

An early 21% century concept of templated polymerization of nucleobase containing
monomers that resulted in a preformed oligomer by formation of hydrogen bonds
appeared elegant in controlling the sequence of monomer units along a polymer chain.*
10 First, the polymerization of silyl protected 5’-acryloylnucleosides resulted in
corresponding nucleobase containing homopolymers.?® Next, those homopolymers
were used as templates for polymerization of complementary nucleobase monomers.
The uracil-based homopolymer suited that purpose better than its A counterpart because
of self-association of the latter.® Only in the presence of the former homopolymer, the
5’-acryloyladenosine monomer polymerized preferentially along the complementary
template even in the presence of the non-complementary 5’-acryloyluridine
interference. The formation of the nucleobase containing homopolymer templates, and
then the template-directed polymerization of complementary monomers, was performed
according to a typical free-radical mechanism.?

One of the earliest examples of CLRP studies of monomers containing nucleobases
included the atom transfer radical polymerization (ATRP) of protected 5'-
(meth)acryloylnucleosides.”® More conventional monomers, e.g., methyl methacrylate
and styrene, were polymerized with the use of nucleobase functionalized ATRP
initiators. These initiators provided a high polymerization control, thus allowing for
generating well-defined polynucleoside macromolecules. Later, ATRP was utilized to
synthesize well-defined poly(ethylene glycol) (PEG) nucleobases, vis. (PEG)-polyA
and (PEG)-polyT, containing block co-polymers from PEG-based macroinitiators.?
The T and A monomers, a catalyst, a ligand, and PEG-based macroinitiators were
mixed together, and then subjected to the ATRP procedure (Scheme 1.1-2). Then, the
reaction was quenched with 1-phenyl-1-(trimethylsiloxy)ethylene. To demonstrate
properties of side-chain nucleobases, two complementary block copolymers were
interacted with each other, thus resulting in assembled macromolecular compounds of
increased water solubility.

Similarly, poly[1-(4-vinylbenzyl)thymine] was synthesized through ATRP. Its

recognition  abilities =~ were  demonstrated by  adding  pre-synthesized



9-hexadecyladenine.’® Because of the hydrogen bonds formed between T and A
substituents, biocomplementary supramolecular complexes were formed in the DMSO
solution.’! In the bulk state, these complexes self-assembled into well-ordered lamellar
structures. This example of nucleobase-containing molecules belongs to the so-called
"plug and play" polymers. Their efficiency of recognition of the added guest molecules
can readily be adjusted by balancing between intra- and intermolecular interactions.
The choice of the side-chain functionalities of different nucleobase derivatives
incorporated in the polymer is crucial in recognition and uptake of added
complementary molecules.>? Efficient recognition, e.g., stoichiometric alignment of
molecules along templates, is essential for templating applications of nucleobase
containing polymers. For that, intramolecular interactions between polymer strands
must be sufficiently weak for unwinding of polymer chains to associate added guest
molecules.

As popular as ATRP, the reversible addition-fragmentation chain transfer (RAFT)
method was used to synthesize methacryloyl monomers with A and T substituents to
yield homopolymers and copolymers with a high control over their molecular mass
(Scheme 1.1-3).3° The architecture and morphology of the polymer was affected by the
solvent nature. For instance, chloroform promoted formation of hydrogen bonds
between A and T monomers with the preference of alternating copolymers while DMF
suppressed formation of these bonds, thus resulting in statistically distributed

copolymers.
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Similarly, more nucleobase-containing materials were prepared via RAFT dispersion
polymerization, and then their self-assembly behavior was investigated.>* These studies
strongly demonstrated that nucleobase interactions played a fundamental role in
controlling the polymer shape and size. A selective macroscopic system was self-
assembled by involving polymer gels modified with either complementary DNA

35 These gels were prepared via

oligonucleotides or nucleobase-containing polymers.
conventional radical terpolymerization of acrylamide or styrene used as main-chain

units as well as N,N'-methylenebisacrylamide or p-divinylbenzene as cross-linking



units.  The ON-modified hydrogels can macroscopically distinguish different
complementary ON strands. Although conventional radical polymerization provides a
simple method for polymer synthesis, it has some disadvantages consisting in an

insufficient control of the polymer length, polydispersity, and macromolecular structure.
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Scheme 1.1-3. The adenine and thymine block copolymers synthesis and self-assembly using
RAFT.%* AIBN - azobisisobutyronitrile, DMF — dimethylformamide, A — adenine, T —
thymine.

Another method of preparation of linear polymers, branched polymers, dendrimers,
and polymer networks involves polymerization based on the concept of “click

chemistry”.3

Combination of this concept with nucleobase-containing polymers is
promising. An interesting example of the “click chemistry” reaction was the synthesis
of sequence-controlled polymers, which were single-nucleobase homopolymers of
strictly defined repeating nucleobase sequences.’’” Here, a thiol-protected acrylamide
monomer was coupled to a functionalized thiol-allylamine monomer in a thiol-Michael
addition (Scheme 1.1-4). Next, the thiol group was deprotected and polymerized with

allylamine groups by initiation of the thiol-ene reaction. This “click” by “click”



reaction demonstrated possibility of synthesis of sequence-controlled oligomers or
polymers without using any solid support.

Ring-opening metathesis polymerization (ROMP) has found application in
preparation of nucleobase-containing polymers.**3°
The ROMP strategy was used for constructing T-containing block copolymers with

a narrow molecular mass distribution.*°

After aligning the A-containing monomers
along the T template via hydrogen bonding, these monomers were polymerized, thus
resulting in a templated conjugated polymer (Scheme 1.1-5). The length of the daughter
strand was equivalent to that of the template strand. That is, the daughter strand copied
the length and distribution of information of the template strand.

One of the ROMP examples involved preparation of polymeric nucleic acids with
single-stranded PNAs incorporated as polymer brushes.*! This combination of PNAs
and ROMP provided an efficient strategy for preparation of amphiphilic brush
copolymers by grafting through polymerization of a relatively large side chain. This
chain is promising for various useful applications including DNA purification, gene
delivery, and programmable materials preparation.

One of the applications of the nucleobase-containing materials involves hydrogels
serving as matrices for cell cultures. This application found a widespread use in tissue
engineering, biomolecule delivery, and regenerative medicine.*? Noticeably,
nucleobase-interaction based hydrogels were used as scaffolds for growth factor
delivery and cell encapsulation, which evidenced their high biocompatibility and
potential use in further biomedical applications.*’

Another application of NAAs includes DNA delivery. For this application, these
analogues should reveal high DNA uptake, fast DNA release, and the presence of
nuclear targeting.** For DNA delivery, a system of triblock copolymer with clickable
nucleic acids was synthesized, and then translated into polymer nanoparticles (NPs).*’
These nucleobase-containing NPs efficiently encapsulate complementary DNA, which
is promising for their potential application in specific gene silencing.

Moreover, complementary nucleobase-containing polymers can be used in
preparation of materials that exhibit advantageous mechanical properties and self-
healing behavior. For instance, the materials of multi-uracil functionalized polyhedral
oligomeric silsequioxane and the A end-capped three-arm polycaprolactone oligomer
are highly capable of cross-linking via complementary interactions and self-healing

autonomously at room temperature without external stimulations.*

10
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Scheme 1.1-4. (a) The general structure of monomers ready for "click" polymerization.
(b) Two types of thiol "click" reactions. (c) The strategy for preparation of sequence-controlled
functional oligomers and polymers.*” Trt — trityl, i.e., triphenylmethyl.

Another example involves self-healing pH-sensitive biodegradable C- and G-modified
hyaluronic acid hydrogels.*’  These cross-linked under physiological conditions
hydrogels were prepared by engaging hydrogen bonds formed between C and G
moieties with themselves or with each other. Mechanical properties of hydrogels
prepared using C-G hydrogen bonds were more advantageous than those utilizing C-C
or G-G hydrogen bonds. Those C-G bound hydrogels are promising for constructing
polypeptide and protein drug delivery systems, soft tissue processing, preparing cell

scaffold materials, and implementing in regenerative medicine.
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Scheme 1.1-5. Thymine templated polymerization of adenine-containing monomers.*’

1.2 Oligonucleotide chemosensors

This section provides basic information on oligonucleotides with adenine-thymine or
guanine-cytosine rich sequences and methods of their determination. Moreover, there is
a brief description of chemosensors for SNP and oligonucleotide chemosensing based

on molecularly imprinted polymers.

1.2.1 Oligonucleotides sensing with adenine-thymine (A-T) and guanine-cytosine

(G-C) repeats

Repeated AT-rich sequences are commonly encountered in the DNA sites for
transcription initiation in eukaryotic genes. These motifs are binding places for the
regulatory factors. The TATAAA hexanucleotide is a part of a special DNA region
referred to as the core promoter (Scheme 1.2-1). This region, with the transcription start
site and immediately flanking nucleotide sequences,* is critical for proper regulation of

the gene-selective transcription in eukaryotes.
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Scheme 1.2-1. The TATA box as a binding site for the TATA binding protein, TBP.*

Nearly 24% of human genes contain the TATA-like moiety.**>° One part of the
basal transcription factor is the TATA binding 180-(amino acid) protein (TBP),’! which
binds to the TATA box during transcription (Scheme 1.2-1). This protein forms a
complex with its carboxyl-terminal domain or core part with high affinity, the complex
stability constant being, K5 = 10° M523  Protein binding induces a conformational
change in DNA manifested by its chain partial unwinding and bending by 80 to 90°.34-3
Only the minor DNA groove is engaged in interactions with TBP, which includes
hydrogen bonds as well as the van der Waals and stacking interactions. The TBP serves
as a link for assembling basal pre-initiation complex and, together with the
TBP-associated factors, forms a multi-protein complex. @The RNA polymerase
recognizes this complex, thus initiating the transcription.>?->3¢

Genetically relevant GC-rich ODNs may be involved in many important biological
processes including genome recombination, cancer cell immortality, and regulation of
gene expression.’’ In mammalian genome, 50% of all genes are controlled by the GC-
rich import regulatory domains comprising promoters, enhancers, and control elements.
Particularly, most housekeeping genes, tumor-suppressor genes, and tissue-specific
58

genes contain high amounts of GC sequences in their promoter region.

GC-rich segments of DNA can be found in the bloodstream as a cell-free DNA. Their

Moreover,

GC-enrichment is caused by some diseases. Therefore, they serve as indicators of the
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physiological state of the organism as well as cancer biomarkers. Furthermore, not only
mammals have DNA of GC-rich segments. Some pathogens, e.g., Pseudomonas
aeruginosa, have high specific GC content in their genome. Therefore, our present
strategy was also oriented towards selective detection of these pathogens.’

So far, GC-rich segments of ssDNA were mainly determined by fluorescence
spectroscopic and electrochemical techniques. In the post-PCR detection, a branch-
migration based probe of nucleic acid (labeled with a dye and a quencher) was used.”’
After hybridization with an ssDNA analyte, an average fluorescence signal increased as
a result of different distance between the dye and the quencher.

Another sensing approach includes silver nanoclusters (AgNCs) used as probes for
highly selective detection of (CGG)..*® AgNC fluorophores were in situ grown on
(CGG)y. Therefore, no complicated synthesis procedure was needed for probe
preparation before the detection. However, the limit of detection (LOD) was merely
~40 nM.

For electrochemical detection, a bifunctional probe bearing both a recognition and
electroactive moiety was synthesized, and then used.®! Determination of CGG repeats
with this probe depended upon hybridization of the CGG analyte strand with the
immobilized on the electrode complementary probe strand, performed at a high (65 °C)
and low (3 to 5 °C) temperature. However, the biosensor response was generated not
until after 30-min exposure of the electrode coated with the immobilized ssDNA
hybridized analyte to the bifunctional probe, which first recognized CGG trinucleotide
repeats, and then was oxidized.

Another electrochemical sensor was fabricated by immobilizing the nucleic acid
recognition molecule of a naphthyridine carbamate dimer on the gold electrode surface.®?
After sensor immersing in the trinucleotide repeat solution for 2h, electrochemical
impedance spectroscopy (EIS) measurement was performed using the Fe(CN)s* /Fe(CN)s>~
couple as the redox marker. That way, XGG repeats (X = C, T) were selectively detected
based on the differences in their charge transfer resistance (AR¢). The dependence of ARt

on log(concentration of CGG repeats) for the sensor was linear in the range of 1 nM to 1 uM.

1.2.2 DNA analogues for detection of single nucleotide polymorphisms (SNPs)

Single nucleotide variations in DNA and RNA sequences can cause genetic and

infectious diseases. Moreover, they are important for drug-resistant detection of
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pathogens. Notably, there is an increasing interest in personalized diagnostics,
particularly in the underlying genetic causes of diseases. Genetically relevant
oligonucleotides may be involved in many important biological processes including
genome recombination, cancer cell immortality, and regulation of gene expression.’’
This interest invokes higher demand for detecting and identifying the RNA and DNA
specific sequences. Distribution of DNA sequences considerably varies between
individuals. Most of the variations in the human genome results from SNPs.> Each
SNP represents a difference in a single DNA building block, i.e., a nucleotide. For
example, an SNP may replace the C nucleotide with the T nucleotide in a certain region
of DNA. SNPs naturally occur throughout a person’s DNA. Some of these genetic
differences are very important in the study of human health. Therefore, understanding
the SNP is essential for healthcare monitoring. SNPs are potent molecular genetic
markers and valuable indicators for biomedical research, drug development, clinical
diagnosis, disease therapy, evolutionary studies, and forensic science.®* Therefore,
there is a need of reliable tools for simple, fast, inexpensive, and sensitive monitoring of
SNP genetic variations.®®

Generally, SNP diagnostics simultaneously develops in two main directions. These
include high-throughput methods and portable easy-to-handle assays.>®®  High-
throughput sequencing and PCR are current methods of choice for research on cancer
and infectious diseases in developed countries.®> However, more readily available
techniques for rapid point-of-care diagnosis in the absence of sequencing and PCR are
necessary. Moreover, all high-throughput techniques developed to date apply enzymes
in order to achieve the required high sensitivity and selectivity of detection.” Enzymes
increase the risk of errors during the determination and affect stoichiometry of the
targeted mutation with respect to a wild-type analogue. Thus, all methods of nucleic
acids detection and quantification would benefit from alternative enzyme-free
strategies.” With regard to these objectives, a solid support or solution system using an
optical or electrochemical transduction technique is most desired.®” Mostly, DNA
determination relies on the probe ability to recognize nucleic acids of specific sequences
by forming duplexes. Accordingly, a wide variety of hybridizing probes have been
devised for SNP genotyping. Conformationally constrained probes, such as molecular
beacons (MBs), are among them.®®* MBs are oligodeoxyribonucleotides (ODNs)
hairpins with a fluorophore and a quencher, each conjugated to the opposite end of the

ON. MBs binding to complementary nucleic acids results in their elongation, thus in
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increasing their fluorescence. MBs distinguish mismatches over a wide temperature
range.* MBs can recognize a single substitution in the central position of fifteen-mer
ODNs.* Moreover, a conformational constraint approach can be combined in a binary
DNA probe.’® This approach demonstrates high selectivity of DNA recognition. For
instance, single nucleotide substitution was reliably discriminated at any position of a
twenty-nucleotide ON analyte at room temperature.® The probe was able to detect the
true ON analyte in the presence of a 200-fold excess of a single nucleobase mismatched
ON.

Not only DNA oligonucleotides but also their analogues were constructed, and then
integrated with different transduction platforms for detection of ONs of mismatched
sequences.”’ The first example involved an electrochemical DNA sensor with LNA as
the probe for detection of the promyelocytic leukemia/retinoic acid receptor alpha

I However, a more cost-effective and

fusion gene in acute promyelocytic leukemia.
facile sensing strategy relying on dual-probe detection was developed when
oligonucleotide probes modified with 2'- fluororibonucleic acid (2'-F RNA) monomers
were introduced into the biosensor.”! In a DNA-analogue based chemosensor, a
‘sandwich’ sensing mode was used, which involved a pair of LNA probes, a capture
probe immobilized on the electrode surface through the Au-S bond, and the reporter
probe biotinylated for interaction with streptavidin-(horseradish peroxidase).”! In the
presence of the target DNA, the capture probe and the reporter probe caught the target
DNA to form a ‘sandwich’ sensing construct. A streptavidin-(horseradish peroxidase)
construct, connected to the biotin label via streptavidin-biotin affinity binding, offered
an enzymatically amplified electrochemical signal. @~ The DNA target with its
complementary DNA fragment was detected with the impressive LOD of 84 fM and the
linear dynamic concentration range of 0.5 to 15 pM. This sensor was sufficiently
selective to distinguish ONs of the complementary sequence from those of different
mismatch sequences.

In another study, a fourteen-nucleobase anthraquinone-labeled pyrrolidinyl PNA
probe was immobilized on a chitosan-modified disposable screen-printed carbon
electrode via C terminal lysine residue using glutaraldehyde as the cross-linking
monomer.”” This electrochemical sensor quantitatively detected human papillomavirus
(HPV) type 16 DNA, an important biomarker for cervical cancer. Moreover, this PNA
bound to the target DNA more effectively and selectively than the DNA probe did. The

calibration curve exhibited a linear dynamic concentration range of 20 nM to 12.0 uM.
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The LOD was 4 nM and the limit of quantization (LOQ) was 14 nM.”? Therefore, this
chemosensor detected DNA from PCR samples. Moreover, the devised chemosensor
required a sample volume smaller than that used for detection with DNA-probe based
biosensors. Electrochemical chemosensing can be applied for direct detection of HPV
in clinical samples.

With the PNA-functionalized reduced graphene oxide (RGO) field-effect transistor
(FET) chemosensor, DNA was detected with high selectivity and a very low LOD of
100 M. One-nucleobase mismatched DNA hybridization with the PNA probe was
not much effective, thus resulting in a low detection signal. It was possible to
regenerate this chemosensor ten times without appreciable loss of its activity.

The strategies used for quantification of circulating tumor DNA (ctDNA) are
difficult to realize because they include the need of labeling, the complexity of
operation, and the inability of simultaneous dual detection of the DNA genetic mutation
and methylation.”’ Therefore, a new strategy of recognition of ctDNA was developed
involving the use of a PNA probe analogue combined with localized surface plasmon
resonance (LSPR) spectroscopy and the coupling plasmon mode of gold nanoparticles
(AuNPs).”® This thermally-controlled plasmonics based refractometric chemosensor
detected both mutation at two hot-spots and methylation of ctDNA. Based on the
thermal sensitivity of the PNA for mismatch binding, the designed PNA probes
perfectly matched mutant forms with one mismatch for normal circulating DNA
(ncDNA). Immunogold colloids caused a 107% increase in the LSPR peak shift, which
improved the LOD from 200 to 50 fM ctDNA.”°

1.2.3 Molecularly imprinted polymers (MIPs)

Molecularly imprinted polymers (MIPs) have encountered a pronounced interest in
chemosensing over past few decades because of their advantageous properties
(Table 1.2-1), compared to those of antibodies in terms of stability, simplicity of
synthesis and ease in integration with transducers.”* Potential applications of MIPs
involve compounds separation, selective chemical synthesis, artificial enzymatic
reactions, bio- and chemosensing, drug delivery, neutralization of toxic macromolecular
biocompounds in body, and targeted gene therapy.”*

Molecular imprinting in polymers is a process where the target molecule or its close

analogue acts as a template around which functional monomers accompanied by cross-
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linking monomers are arranged by self-assembling, and then copolymerized to form a
cast-like  shell.” of MIPs
(Scheme 1.2-2).

Preparation involves at least three steps
First, functional monomers in solution form a pre-polymerization
complex with a template through covalent, non-covalent, or semi-covalent
interactions.”® Then, after polymerization, the template is removed from the MIP net,
which exposes recognizing sites in molecularly imprinted cavities thus generated.
These cavities, held in place by the cross-linked MIP structure, are complementary to
the template molecules with their size, shape as well as position and orientation of the

recognition sites. Therefore, an MIP binds, and thus recognizes the analyte selectively.

Table 1.2-1. Comparison of selected features of natural and MIP recognition units.”

Feature Natural recognition element MIP
Binding affinity High affinity/specificity Varies (especially for
macromolecular templates)
Generality One receptor per analyte MIPs can be developed virtually
for any template
Robustness Limited stability (each unit has Stable under variety of
its own operational conditions (pH, temperature,
requirements) ionic strength, solvents)
Cost Expensive synthesis but cost Inexpensive
effective
Storage Days at room temperature Long-term storage without loss

Synthesis/preparation

Sensor integration

Infrastructure required

Time-consuming

Low compatibility with a
transducer surface

Expensive analytical
instruments/skilled labor

in performance
Facile

Fully compatible with a
transducer surface

Label-free detection
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Scheme 1.2-2. Preparation of a molecularly imprinted polymer (MIP).

Molecular imprinting of small-molecule compounds is now quite well developed.
However, a little progress has been made in devising MIPs for selective recognition of
several important macromolecular biocompounds. The main reason of it is the
macromolecule size, structural complexity, and conformational instability. Moreover,
the polymerization conditions are mainly non-physiological. = Therefore, these
conditions affect the template structure and conformation, often being different than
those natural. Another major obstacle is the solvent, which should not interfere with the
monomer-template interaction but still allow for complete dissolution of all of the
mixture components.

To date, several different DNA sensors have been devised”’ but the number of
those using MIP films as recognition units is growing only slowly.”®*”  Different
imprinting methods were developed for recognition and determination of nucleic acid
targets ranging from small nucleobases®®? to long chain ssDNA® as well as dsDNA.%
However, the possibility of preparation of an MIP engaging the programmable ODN
template for controlling sequence of the oligomer prepared via electropolymerization of
nucleobase-substituted functional monomers, including molecular imprinting of non-
labeled ONs using Watson-Crick nucleobase pairing,®® has not been explored yet.

Most of the strategies involved syntheses of MIP films in aqueous solutions. First
example of DNA imprinting involved free-radical polymerization, in the HEPES buffer,
of 2-vinyl-4,6-diamino-1,3,5-triazine (VDAT) with the acrylamide functional monomer
and the methylenebisacrylamide cross-linking monomer in the presence of the DNA

template. This synthesis resulted in an MIP thin film capable of recognizing synthetic
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dsDNA (34 nucleobase pairs) of the sequence identical to that of the verotoxin gene.®*
(Verotoxin gene)-templated MIP film formation was based on the A-T nucleobase
pairing of the dsDNA template and VDAT. Selectivity of this MIP film was
investigated with respect to the fluorescent-labeled non-target dSDNA where the A-T
nucleobase pairs were replaced by the G-C pairs. The fluorescence intensity of the MIP
film after binding the verotoxin dsDNA was twice that after interference binding.3

Other methods of preparation of the DNA-imprinted MIP films involved
electrochemical polymerization. With the 5’-TGAGCCGCTTGAGGTTG-3" ODN,
used as the template and 1,2-phenylenediamine as the functional monomer, an
amperometric MIP chemosensor for this ODN determination was fabricated by
electropolymerization leading to MIP film deposition on an indium-tin oxide (ITO)
glass electrode substrate.> The linear dynamic concentration range of the resulting
chemosensor covered an impressively broad concentration range of 0.01 to 300 fM 5°-
TGAGCCGCTTGAGGTTG-3".

In another study, dsDNA was determined using a DNA-imprinted polypyrrole film
deposited on a graphite electrode under potentiodynamic conditions with potential pulse
sequences. The >N-H (imine) group of the pyrrole moiety formed a hydrogen bond
with the >C=0 (carbonyl) group of the DNA nucleobase. This DNA-templated MIP
film was sensitive to the ON of the target sequence, in contrast to the non-imprinted
polypyrrole film.%

In organic solvent solutions, molecular imprinting is more effective than in aqueous
solutions, particularly if a non-covalent binding is involved.’” To date, most MIP
syntheses involving non-covalent template binding were performed using organic
solvents in order to avoid water competition in hydrogen bonding operative in the pre-
polymerization complex formation. For that purpose, the organic-solvent-soluble
derivatives of all five nucleobases were used as templates.® Among them, MIPs
prepared using genuine nucleobases are most desired because the ultimate objective of
this imprinting is recognition of native components of nucleic acids. Unfortunately,
most components of nucleic acids of biological origin are insoluble in organic solvents.
Therefore, functional monomers soluble in aqueous solutions were designed to meet
this solubility requirement ®3-8486

Surprisingly, the possibility of preparation of an MIP engaging specific Watson-
Crick like nucleobase pairing between a single-stranded ODN template and a functional

monomer has so far not been explored. Presumably, that was because the negative

20



Gibbs free energy change accompanying this pairing, i.e., stability of a pre-
polymerization complex, is quite low in polar solvents. One way of this energy change
increasing is to replace polar solvents with solvents of low polarity. So far, only a few
supramolecular systems mimicking natural nucleobase pairing of A-T and C-G* in
DNA as well as those of adenine-uracil (A-U)*® in RNA have already been devised.
However, these examples involve artificial small-molecule receptors. None of them has
engaged the DNA-like complementary purine-pyrimidine nucleobase pairing in
molecular imprinting. The following example fills this gap.'”

A new strategy of simple, inexpensive, rapid, and label-free SNP detection using
robust chemosensors with piezomicrogravimetric (PM), SPR spectroscopic, or
capacitive impedimetric (CI) signal transduction was reported.!  With these
chemosensors, a genetically relevant TATAAA oligonucleotide was selectively
determined under FIA conditions within 2 min. For this chemosensor, an invulnerable
to non-specific interaction MIP with electrochemically synthesized probes of hexameric
2,2’-bithien-5-yl DNA analogues discriminating single-purine mismatch at room
temperature was used. The artificial hexamer strongly hybridized TATAAA with the
complex stability constant, K TTTATATATAAA = 106 -1

longer-chain DNA-PNA hybrids. The CI chemosensor revealed the 5-nM LOD, quite

, as high as that characteristic for

appreciable as for the hexadeoxyribonucleotide.!® The molecular imprinting increased
the chemosensor sensitivity to the TATAAA analyte over four times compared to that of
the non-imprinted polymer. Moreover, the MIP chemosensing performance was not
affected by interfering components of real samples. Furthermore, in molecular cavities
of another MIP prepared according to the same procedure, octameric 2,2’-bithienyl-5-yl
DNA analogue probe’ was integrated with either the EIS or SPR-FIA signal transducer
to fabricate chemical sensors for determination of the 5’-GCGGCGGC-3’ analyte.

1.3 (DNA aptamer)-MIP hybrids

An approach of a great promise in macromolecular imprinting involves integration of an
MIP matrix with biomolecules exhibiting high affinity for a particular target, thus
giving rise to a so-called hybrid-MIP system.”® Macromolecular biocompounds, such as
lipopolysaccharides and lectins (carbohydrate-binding protein, e.g., concanavalin A),
90-91

were determined using the polymyxin cyclic peptide and mannose, respectively.

Formation of these hybrid systems is substantiated by affinity and selectivity
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improvement above that encountered in case of the biocompounds alone via this
templating.

Among hybrid-MIP systems, there are nucleobase-containing polymers.
Presumably, the most significant of them are those synthesized by introducing nuclease-
resistant and versatile aptamers as macromonomers in MIPs.” Aptamers are short and
stable ONs capable of binding, with high affinity and selectivity, different targets
ranging from low- to high molecular-weight compounds, such as proteins.” DNA
aptamers are obtained through combinatorial selections. They can be evolved to bind
different target analytes. These features make them attractive alternatives to antibodies
in sensing and diagnosing, even though they are quite sensitive to both enzymatic and
chemical degradation. The reason of inserting them in an MIP matrix is that they
improve MIP binding affinity. Then, the aptamer acts as the recognition unit.

Recently, full-length aptamers were introduced into molecularly imprinted
hydrogels for detection of thrombin protein®? and different viruses.”> However, the
performed for this purpose modification of the aptamer resulted in an unfavorably
flexible DNA strand. A quite different approach involved chemical modification of the
aptamer, thus providing a chance to synthesize the polymerizable biorecognition unit.”®

Protein-specific aptamers were incorporated in MIPs to fabricate volume-changing
hydrogels. A strategy of preparation of these hydrogels involves protein imprinting
with polymerizable bioreceptors. Then, copolymerizing with hydrogel monomers leads

2 For instance, one of these

to devising a material responsive to a target protein.’
hydrogels revealed an amplified response to the target thrombin.”> For preparation of
this hydrogel, two aptamers were chemically modified (linked) with polymerizable
methacrylamide moieties. Then, the stoichiometric pre-polymerization complex of the
thrombin template with aptamers (Scheme 1.2-3a, and 1.2-3b) was formed.””> In this
complex, molecules of biocompounds bearing positively charged moieties were non-
specifically adsorbed on non-complexed aptamer molecules bearing negatively charged
nucleotides. Polymerization of methacrylamide moieties of this complex resulted in a
hydrogel (Scheme 1.2-3c). Subsequent removal and then reinsertion of the thrombin
template led to swelling and shrinking, respectively, of the hydrogel. This removal
reversibly disrupted cross-link bindings. Moreover, for monitoring the progress of
disease or treatment, oligonucleotide analogues and mimics can be used for localized

and controlled release of protein drugs. For example, multiple protein drugs were

released in a programmable way from aptamer-functionalized hydrogels via nucleic
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acid hybridization.”* The most favorable (DNA aptamer)-MIP hybrid was designed for
devising an electrochemical sensor for prostate specific antigen (PSA).”° In this
example, a pre-polymerization complex of a thiolated DNA aptamer with the PSA
template was immobilized on a gold electrode surface. By this immobilization, the order
and homogeneity of the resulting hybrid system was favored. The molecular imprinting
step was accomplished by electropolymerizing dopamine onto the aptamer-PSA
modified electrode. Multiple layers of polydopamine acted as a supportive and
protective scaffold for the aptamer. Moreover, they contributed to PSA binding by
partial entrapping the protein molecule in the surface-confined imprinted cavity. This
cooperativity of the aptamer and dopamine in analyte binding amplified the sensor
response. The performance of this aptamer-MIP sensor was evaluated with EIS. It
appeared that this sensor was highly sensitive to PSA with a broad linear dynamic
concentration range of 100 pg ml! to 100 ng ml"' PSA and the LOD of 1 pg ml™.
Advantageously, this LOD was three-fold lower than that of the aptamer alone sensor
for PSA. Furthermore, this sensor demonstrated low cross-reactivity with
a homologous protein and low response to human serum albumin (HSA), thus
suggesting possible resilience to the non-specific binding of serum proteins.

In the above examples, full-length aptamers were used. Next idea was to use
aptamer fragments as macromonomers to improve MIPs performance, and then
gradually shorten this fragment to allow for a lower cost and higher stability.” For high
adenosine template accessibility, MIP hydrogel NPs were prepared in this study. First,
the DNA aptamer was split into two halves, then fluorescently labeled, and then
copolymerized to result in an MIP.  With fluorescence quenching, template
complexation, and then template imprinting was confirmed. Further studies were
carried out using isothermal titration calorimetry (ITC). The (DNA aptamer)-MIP
hybrid doubled the binding affinity to adenosine compared to that of the mixture of the
free aptamer fragments whereas each aptamer fragment alone was unable of binding
this analyte. Next, one of the aptamer fragments was shortened even more making the
DNA length as short as to contain only six nucleotides. Nevertheless, tight binding was
still retained. In that way, a method for preparing MIP hybrid materials by combining
biopolymer fragments with savings in cost of their syntheses using monomers was

provided, thus resulting in new functional materials featuring increased binding affinity.
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Chapter 2

Experimental

This section includes description of all chemicals, instrumentation, techniques, and

procedures used for conducting experiments presented in the thesis.

2.1 Chemicals

All oligodeoxyribonucleotides were purchased from Oligo.pl (Institute of Biochemistry

and Biophysics PAS, Warsaw, Poland).

All peptide nucleic acids (PNAs) were synthesized using standard manual fert-

butyloxocarbonyl (BOC) based chemistry, according to the literature procedure,’®

Chemistry Department of the University of Milan, Milan, Italy.

Table 2.1-1. Oligodeoxyribonucleotides (ODNSs).
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Table 2.1-3. Monomers.

No. Name and function Structural formula Source
10. 4-(Bis(2,2’-bithien-5- HN N\\ Synthesized at  the
yl)methylphenyl-2-adenine 2 4 \N University of North
ethyl ether S Texas, Denton TX, USA
NN
The functional monomer for \L
the 5>-TATAAA-3’
chemosensor
11. 4-(Bis-2,2'-bithien-5- H Synthesized at  the
yl)methylphenyl thymine-1- O _N__O University of  North
acetate Y Texas, Denton TX, USA
N A
/L CH3
The functional monomer for 0" Xp
the 5>-TATAAA-3’
chemosensor
12. 4-Bis(2,2’-bithien-5- NH, Synthesized  at  the

yl)methylphenyl-2-guanine
ethyl ether

The functional
monomer for the 5°-
GCGGCGGC-3°
chemosensor

\\( University of North

0 N Texas, Denton TX, USA
~_
N
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13. 2-(Cytosin-1-yl)ethyl 4- NH, Synthesized  at  the
bis(2,2'-bithien-5- University of North
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Other chemicals used are listed below. They were used, as received.

Acetonitrile (sure seal), CH3CN — Sigma Aldrich

Dimethyl sulfoxide (= 99 %), DMSO — Sigma-Aldrich

Disodium phosphate (analytical grade), Nax HPO4 — POCH

Dulbecco’s Modified Eagle’s Medium (DMEM) — Ludwik Hirszfeld Institute of
Immunology and Experimental Therapy, Polish Academy of Sciences, Wroctaw

Isopropanol (analytical grade) - CHEMPUR

L-Serine, L-lysine, L-glutamic acid, L-asparagine, L-threonine, L-valine, L-
phenylalanine, and L-leucine amino acids — Sigma-Aldrich

Methanol (analytical grade), CH;OH — STANLAB

Monopotassium phosphate (analytical grade), KH2PO4 — POCH

Potassium chloride (analytical grade), KCl - POCH

Potassium nitrate (analytical grade), KNO3; — CHEMPUR

Potassium hexacyanoferrate(Ill), KsFe(CN)s — Sigma-Aldrich

Potassium hexacyanoferrate(Il), KsFe(CN)s — CHEMPUR

Sodium chloride (analytical grade), NaCl - POCH
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Sodium fluoride (analytical grade), NaF — Fluka

Sodium hydroxide (analytical grade), NaOH — POCH

Tetra-n-butylammonium perchlorate (electrochemical grade), (TBA)CIOs —
Merck

Triethylamine (> 99%), — Sigma-Aldrich

Trifluoroacetic acid (> 98%), — Fluka

Toluene (sure seal) — Sigma Aldrich
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2.2 Instrumentation and procedures

This section provides description of instrumentation and procedures used in the research

presented.

2.2.1 General procedure of preparation of polymers molecularly imprinted with

oligonucleotides

General procedure of preparing polymers molecularly imprinted with ONs consisted of
five consecutive steps. The first one included designing and synthesizing functional
monomers. Inspired by the Watson-Crick DNA double helix structure,’%° the 4-
bis(2,2’-bithien-5-yl)methylphenyl monomer was derivatized with one out of four
nucleobases, namely, A, G, T, or C, to result in four functional monomers, each bearing
different nucleobase.

Before synthesizing these functional monomers, computational calculations for the
pre-polymerization complexes of these monomers with templates were performed in the
second step. From these calculations, negative changes of Gibbs free energy, AG, of
formation of complexes of these monomers with ONs were obtained and structures of
the complexes were optimized.

In the third step, functional monomers and the selected template, together with the
cross-linking monomer, were dissolved in the mixture of solvents in order to form a pre-
polymerization complex. Moreover, this step involved experimental verification of
complex formation, which was accomplished with ITC.”” The ITC experiment
confirmed the assumed (based on the complementary nucleobase pairing rule)
stoichiometry of the complexes as well as provided values of the complex stability
constant, K. and other thermodynamic parameters.

After that, complexes were immobilized in the fourth step, as polymer films, on the
surfaces of different electrodes by potentiodynamic polymerization. The
potentiodynamic technique allowed for controlling roughness and thickness of the
deposited films. After electropolymerization, these films were rinsed with abundant
solvent, used to prepare a solution for electropolymerization, to remove unbound pre-
polymerization complex components and the supporting electrolyte salt.

Finally, the templates were extracted from these films under different conditions

depending on the template nature. In this extraction, cavities imprinted in the MIPs
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were emptied, thus making them available for reversible analyte binding and in this way
recognizing.

Non-imprinted polymer (NIP) preparation involved electropolymerization of the
selected functional and cross-linking monomers under the same conditions as those used

for preparation of the corresponding MIP film, however, in the template absence.

2.2.2 Computational modeling and quantum-chemistry calculations

All computational calculations were performed using Gaussian 09 software’® (Gaussian,
Inc., CT, USA) installed on the workstation with four Intel dual-core processors. The
density functional theory (DFT), a computational quantum-chemical modeling method
at the B3LYP/3-21G level was employed to calculate Gibbs free energy changes
accompanying formation of complexes of templates with functional monomers and to
optimize structures of these complexes. For that, first, 3-D structures of the pre-
polymerization complexes were drawn using GaussView software. Then, DFT
calculations on these input files were run using Gaussian 09 software. Structures of a
template molecule, functional monomer molecules, and their complexes were optimized
separately. From calculations, the AG values characterizing formation of pre-

polymerization complexes were obtained.

2.2.3 Isothermal titration calorimetry (ITC) and differential scanning calorimetry

(DSC) instrumentation

The ITC experiments were performed at constant atmospheric pressure and constant
temperature of 295 K on a NanolTC calorimeter (TA Instruments) controlled by
software of the same manufacturer. Both analytes and titrants were dissolved in DMSO
to prepare solutions of sufficiently high concentrations required for these titrations.
Before titration, these solutions were deaerated under decreased pressure in the
degassing station (TA Instruments). For proper baseline development, an 1800-s time
delay was allowed. After this time, the titration was initiated with injections of 10-uL
or 8-uL titrant solution samples with the increment time of 3 min, under magnetic
stirring conditions kept constant at 250 rpm. In total, a 250 puL of each titrant solution
was added to a 940-uL sample of the appropriate analyte solution placed in the ITC

measuring cell.
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Moreover, thermal properties of the complex of PNA HoN(CO)TATAAA-NH; with
4-(bis(2,2’-bithien-5-yl)methylphenyl-2-adenine ethyl ether 10 and 4-(bis-2,2'-bithien-
S-yl)methylphenyl thymine-1-acetate 11 were characterized by differential scanning
calorimetry (DSC). For that, samples of the complex solution and the reference DMSO
solvent, each 300 pL in volume, were loaded into their respective reservoirs of the
NanoDSC calorimeter (TA Instruments). The studied sample was scanned against the
reference sample over the temperature range of 22 to 70 °C at a rate of 1 °C min!. The
data were acquired and processed using NanoAnalyze™ Software v3.2.0 (TA

Instruments).

2.2.4 Pretreatment of electrodes

Before measurements, 1-mm diameter Pt disk electrodes were polished, consecutively,
with the alumina slurry of the 1.0, 0.3, and 0.05-um diameter, then rinsed with
deionized water, and then sonicated in ethanol for ~5 min. For reusing, the electrode
was dipped in a mixture of sulfuric acid and hydrogen peroxide (Piranha solution) for 5
min. (Caution. Piranha solution is dangerous when contacting skin or eye.) After
deposition of a polymer film on the Pt electrode surface, the electrode was used for
differential pulse voltammetry (DPV), EIS, and CI measurements.

The 14-mm diameter AT-cut plano-plano 10-MHz quartz crystal resonator (QCR)
with 5-mm in diameter and 100-nm thick Au film vapor deposited over a 10-nm thick
Ti underlayer was first cleaned with methanol, and then with isopropanol under 5-min
sonication in each of these solvents. The Au film of QCR served as the working
electrode for piezoelectric microgravimetry (PM) experiments performed using a quartz
crystal microbalance (QCM).

Au-glass slides with a thin (100 nm) Au film layer sputtered over a thin (15 nm) Ti
underlayer (Institute of Electronic Materials Technology, Warsaw, Poland) and
commercial BK7 24-mm diameter Au-glass disk (Autolab-Metrohm) were cleaned by
5-min sonication in methanol, and then in isopropanol. Au-glass slides with deposited
polymer films were then used for atomic force microscopy (AFM), polarization-
modulation infrared reflection-absorption spectroscopy (PM-IRAAS), and X-ray
photoelectron spectroscopy (XPS) characterization as well as for extended-gate field-
effect transistor (EG-FET) sensing. A polymer coated Au-glass disk served as the

sensing platform in the surface plasmon resonance (SPR) spectroscopy measurements.
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2.2.5 Instrumentation for preparation of MIP and NIP films

Potentiodynamic polymerization was performed with an SP-300 Modular Research
Grade Potentiostat/Galvanostat/FRA of Bio-Logic Science Instruments SAS,
controlled by EC-lab software of the same manufacturer. Each MIP and NIP film
was deposited on a Pt disk working electrode placed in a V-shaped three-electrode
electrochemical glass mini cell (Scheme 2.2-1) together with an AglAgCl and a Pt
wire serving as the reference and auxiliary electrode, respectively. The potential
range of 0.50 to 1.25 V and a scan rate of 50 mV s were used for preparation of MIP
and NIP films.

1-mm diameter Pt disk
working electrode

Pt counter
electrode

Ag/AgCl
reference electrode

Scheme 2.2-1. The cross-sectional view of the three-electrode electrochemical mini cell.

Moreover, the polymer films were deposited on gold electrodes of QCRs by
potentiodynamic electropolymerization performed with the EP-20 Potentiostat (IPC
PAS, Warsaw). The PM signal was recorded on the EQCM 5710 electrochemical
quartz crystal microbalance” (IPC PAS, Warsaw) coupled with the potentiostat. The
PM data were acquired and processed with EQCM 5710-S2 software of the same
manufacturer. For polymer potentiodynamic deposition, the EQCM 5710 holder
(Scheme 2.2-2a) was mounted horizontally with the gold electrode of a quartz crystal
resonator (Scheme 2.2-2b) facing upwards (Scheme 2.2-2¢). A 5-mm coiled Pt wire

serving as the counter electrode was placed in a close proximity of the gold electrode,
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thus providing uniform electric field intensity. An Ag wire coated with the AgCl
film was used as the pseudo-reference electrode. All electrodes were dipped in a
150-uL sample of a pre-polymerization complex solution.

For SPR measurements, the polymer film was first deposited on an Au-glass
disk, used as the working electrode. Then, in this way coated disk was mounted in an
SPR cuvette equipped with an Ag wire and an AglAgCl electrode serving as the counter
and pseudo-reference electrodes, respectively. Potentiodynamic polymerization was
performed with an AUTOLAB computerized electrochemistry system of Eco Chemie
(Utrecht, The Netherlands), equipped with expansion cards of the PGSTATI2
potentiostat and the FRA2 frequency response analyzer, and controlled by GPES v.4.9

software of the same manufacturer.

Quartz crystal
resonator

b
.5

' Ffont. Back

Scheme 2.2-2. (a) The expanded view of the quartz crystal holder of the EQCM 5710
microbalance, (b) the quartz crystal resonator, and (¢) arrangement of the Ag pseudo-reference
and Pt counter electrodes near the quartz crystal resonator mounted in the EQCM holder cavity.
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2.2.6 Preparation of (5°>-TATAAA-3’)-templated MIP films

For formation of the pre-polymerization complex, the 5’-TATAAA-3’ template (0.072
mg, 0.04 umol) was dissolved in a solution of acetonitrile (0.75 mL), distilled water
(0.10 mL), toluene (0.10 mL), and isopropanol (0.05 mL). Next, the A functional
monomer 10 (0.06 mg, 0.1 umol), the T functional monomer 11 (0.12 mg, 0.2 umol),
the cross-linking monomer 14 (0.13 mg, 0.2 umol), and (TBA)CIO4 (34 mg, 0.1 mmol)
were added to the 5-TATAAA-3’ solution. After deposition of the (5’-TATAAA-3’)-
templated MIP film on the electrode, the 5’-TATAAA-3’ template was extracted from
the film with 0.1 M NaOH for 45 min at room temperature in order to vacate imprinted
cavities in the MIP before recognizing the 5’-TATAAA-3’ analyte. A control NIP film
was prepared in the manner described in Section 2.2.1, above.

For preparation of the (PNA HoN(CO)TATAAA-NH»)-templated imprinted MIP
film, the PNA HoN(CO)TATAAA-NH; template (0.066 mg, 0.04 pmol) was dissolved
in acetonitrile (1 mL). Next, A 10 and T 11 functional monomers, cross-linking
monomer 14, and (TBA)CIOs, all in the amount same as that in the pre-polymerization
complex solution of 5’-TATAAA-3’, were added. Electropolymerization under the
same conditions of the potential scan range and rate was performed for preparation of
the (PNA  HoN(CO)TATAAA-NH)-templated MIP  film. For PNA
HoN(CO)TATAAA-NH;> template removal, the electrode with the deposited film was

immersed in 20% trifluoroacetic acid for 45 min.

2.2.7 Preparation of the (PNA H:2N(CO)GCGGCGGC-NH2)-templated MIP film

In order to prepare a pre-polymerization complex, the PNA HoN(CO)GCGGCGGC-
NH: template (0.445 mg, 0.02 pmol) was dissolved in a solution of acetonitrile (0.90
mL) and distilled water (0.10 mL). Next, the G functional monomer 12 (0.123 mg, 0.20
umol), the C functional monomer 13 (0.236 mg, 0.39 umol), the cross-linking monomer
14 (0.27 mg, 0.41 umol), and (TBA)ClOs4, (34 mg, 0.1 mmol) were added to the PNA
solution. The MIP was simultaneously prepared and deposited as a thin film on the
electrode surface from the pre-polymerization complex solution by potentiodynamic
electropolymerization. Sufficient thickness of the film on the Pt electrode was
obtained within five potential cycles. After rinsing the film with abundant
acetonitrile solvent, the electrode with the (PNA H2N(CO)GCGGCGGC-NH»)-
templated MIP film was immersed in 0.1 M trimethylamine (pH = 12.0) at 60 °C for
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1 h under magnetic stirring for PNA template extraction. For evaluation of imprinting
efficiency, a control NIP film was prepared, as described in Section 2.2.1, above.

For SPR spectroscopic measurements, the MIP film was deposited on the Au-glass
disk mounted in an SPR cuvette under the same potentiodynamic conditions. After
deposition, the MIP film was wetted with 0.1 M trimethylamine for 3 h at room
temperature in order to remove the PNA HoN(CO)GCGGCGGC-NH; template. Longer
extraction time at room temperature resulted in the same extent of template removal as

that of 1-h removal at elevated temperature.

2.2.8 Instrumentation and procedures for spectroscopic and microscopic

characterization of MIP films

Surface elemental composition of the MIP and NIP films was determined by XPS.
Therefore, it was possible to verify the imprinting, and then to confirm the removal of
the template from the MIP films. XPS experiments were performed with
monochromatic Al Ka (Av=1486.4 ¢V) radiation using the PHI 5000 Versa Probe-
Scanning ESCA Microprobe instrument (ULVAC-PHI). The X-ray beam, focused to
100-pum diameter, was scanned over a (250 x 250) um? surface area at operating power
of 25W (15kV). The survey and core-level spectra were acquired using a
hemispherical analyzer at pass energy of 117.4 eV with the 0.4 eV energy step and pass
energy of 23.5eV with the 0.1 eV energy step, respectively. XPS spectra were
analyzed with CASA XPS software. Peaks were fitted using the mixed Gaussian-
Lorentzian method and the background was subtracted using the Shirley method.
Binding energy of the Au 4f;/» peak (BE =84.0eV) was chosen as the internal BE
reference.

PM-IRRAS spectra were recorded with the Vertex 80v spectrometer equipped with
a PMAS50 module and a nitrogen-cooled MCT (Hg-Cd-Te) detector. Angle of incidence
of the p-polarized light beam was 83° to the normal to the Au-(polymer film) coated
glass slide. This slide was mounted in a dedicated holder. Spectra were recorded with
2-cm! resolution. For each spectrum, 1024 scans were recorded. Positions of the bands
in experimental spectra were determined with the procedure implemented in the Opus
6.5 software package. They were normalized with the use of the Min-Max and vector

normalization to compensate for differences in polymer thickness and morphology. The
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PM-IRRAS technique was used to compare composition of the MIP films before and
after template extraction as well as to compare composition of the MIP and NIP films.
Topography of the polymer films was examined and their thickness determined
using Multimode 8 microscope of Bruker equipped with a Nanoscope V controller
operating in the PeakForce QNM mode. Samples were scanned using the Tapping
mode™ with the spring constant of 42 N m™! of the rotated tapping etched silicon probe
(RTESP) provided by the same manufacturer. Some parts of the film were carefully
removed in few different places from the electrode surface with a Teflon™ spatula,
under an optical microscope, for determining average film thickness. From AFM
images of these scratches, heights of the resulting steps were measured sufficiently far
from partially detached polymer front by averaging the number of points on both sides
of the step. The difference of the average values of points on the step and at its foot
determined the height of the step. Finally, step heights measured for different scratches

were averaged, thus resulting in an average value of film thickness.

2.2.9 Instrumentation and procedures for electrochemical MIP characterization

Template removal and then analyte recognition in the molecularly imprinted cavities of
the MIP films were confirmed by DPV and EIS monitoring of the redox marker
electroactivity.  For that, an SP-300 Modular Research Grade Potentiostat/
Galvanostat/FRA of Bio-Logic Science Instruments SAS, controlled by EC-lab
software of the same manufacturer was used. DPV and EIS measurements were
performed in the V-shaped three-electrode glass electrochemical mini cell
(Scheme 2.2-1) filled with 0.5 mL solution of 0.1 M K4Fe(CN)s in 0.1 M KNOs3 for
characterization of the MIP-TATAAA film or 0.1 M [Fe(CN)s]* and 0.1 M [Fe(CN)s]*"
in 0.1 M phosphate buffered saline, PBS (pH = 7.4) for characterization of the MIP-
GCGGCGQGC film. A Pt electrode coated with the polymer film, a Pt wire, and an Ag
wire coated with the AgCl film served as the working, counter, and pseudo-reference
electrode, respectively. For template extraction, the working electrode was dipped in an
appropriate extraction solution, which was magnetically stirred. After extensive
extraction, the electrode was transferred to an electrochemical cell filled with a blank
supporting electrolyte solution. Before measurement of the redox marker
electroactivity, the MIP film coated working electrode was polarized by potential

scanning with a rate of 100 mV/min in the range of 0 to 0.50 V vs. Ag|AgCl pseudo-
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reference electrode, cycled 20 times for establishing the steady state. DPV
voltammograms were recorded after each step of extraction with a series of pulses
superimposed on the potential linearly scanned in the range of 0 to 0.6 V. The potential
step, pulse amplitude, and pulse width was 5 mV, 25 mV, and 50 ms, respectively. The
EIS spectra were recorded in the 100 mHz to 200 kHz frequency range. The 10-mV
amplitude of an alternating voltage was applied to the working electrode. Experimental
data from the EIS measurements were fitted with parameters of equivalent circuits using
ZView software of Scribner Associates, Inc.

For EIS determinations of ONs, different volumes of the 1 uM ON analyte were
added to 1-mL sample solution of 0.1 M PBS, (pH =7.4), 0.1 M K3Fe(CN)s, and 0.1
M K4Fe(CN)s. Then, the solution was stirred magnetically for 5 min, thus allowing the
ON to interact with the template-extracted MIP and to reach complex formation-
dissociation equilibrium. The EIS spectra were recorded after stabilization of the
system by potential scanning. The same procedure was used for determination of ON
mismatches. Calibration curves were constructed using fitting parameters of the
equivalent circuit to the EIS data acquired.

The CI experiments were carried out under flow-injection analysis, FIA, conditions
using experimental setup presented in Scheme 2.2-3, below.

The analyte interacted with the MIP film coated electrode in a specially designed
radial-flow thin-layer electrochemical cell.!'® The 1-mm diameter Pt disk working
electrode was axially mounted against the inlet capillary at the (capillary outlet)-to-
electrode distance of 300 pum (Scheme 2.2-4). A coiled Pt wire and an AglAgCl
electrode was used as the auxiliary and reference electrode, respectively. The 0.1 M
NaF carrier solution was pumped through the electrochemical cell by KDS100 syringe
pump of the KD Scientific, Inc. (Holliston MA, USA) supplier. The 200-uL samples of
the analyte solutions of different concentration were injected to the carrier solution.

The FIA experiments were performed at a carrier solution flow rate of 30 uL min™.
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Scheme 2.2-3. The sketch of the experimental setup used for the capacitive impedimetry
measurement, under flow-injection analysis conditions, on the MIP-extracted (or NIP) film
coated 1-mm Pt disk electrode.

In CI determination, the electrical double-layer capacity, Ca, was determined at the
Pt-MIP interface by measuring the imaginary component of impedance, Zim, at a
sufficiently low and constant frequency, /=20 Hz. The measurements were carried out
at 0.50 V vs. Ag|AgCl pseudo-reference electrode with the sinusoidal voltage of the
10 mV amplitude applied in the absence of any redox marker. Under these conditions,
only non-faradaic impedance was measured because the parameters characterized by the
charge transfer, namely, the charge transfer resistance, R, and the Warburg impedance,
W, were infinitely large. Therefore, only Zim was affected by the Caqi change. Because
of using a relatively concentrated supporting electrolyte solution of non-adsorbing ions,
vis., 0.1 M NaF, the capacity of the diffuse part of the double-layer did not contribute to

the total capacitance, as the Helmholtz model predicts.
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Scheme 2.2-4. The cross-sectional view of the design of the radial-flow thin-layer
electrochemical cell.!®

2.2.10 Instrumentation and procedure of MIP film characterization by

piezoelectric microgravimetry (PM) at a quartz crystal microbalance (QCM)

Analytical, kinetic, and thermodynamic parameters of the MIP chemosensor were
determined by PM carried out under FIA conditions. Before that, an ODN or PNA
template was removed from the MIP film by pumping 0.1 mM NaOH or 20%
CF3COOH through vertically mounted laminar-flow thin-layer wall-jet cell of the
EQCM 5610 holder'®! (Scheme 2.2-5) with the KDS100 syringe pump (KD Scientific,
Inc.). In this way, the MIP film deposited on the gold electrode of a 10-MHz QCR was
in contact with the extracting solution of a flow rate of 150 uL min™! for 3 h. After that,
the extracting solution was replaced by PBS (pH = 7.4), which was pumped at a low
flow rate, namely, 30 uL min'. These conditions provided the laminar flow of the
solution in the vicinity of the MIP film. The distance between the inlet capillary nozzle
and the QCR surface was as small as 150 um, thus providing conditions of thin-layer
detection.!®! The 100-uL samples of the ODN or PNA analyte dissolved in PBS were
injected to the carrier solution. The flow rate and injection volume were adjusted to

reach well-defined PM signals composed of three parts corresponding to formation,

equilibration, and dissociation of the MIP-analyte complex.
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Scheme 2.2-5. The sketch of the setup used for piezoelectric microgravimetry measurements
under flow-injection analysis conditions on the MIP-extracted (or NIP) film coated 10-MHz
AT-cut quartz crystal resonator. This setup enabled simultaneous recording of the resonance
frequency and dynamic resistance changes as well as current as a function of potential scanned.

2.2.11 Instrumentation and procedures for oligonucleotide determination by
surface plasmon resonance (SPR) spectroscopy and extended gate-effect field-

effect transistor (EG-FET) electric sensing

A dual-channel cuvette-based Autolab Esprit SPR instrument (Metrohm Autolab,
Utrecht, The Netherlands), devised by Eco Chemie and controlled by ESPRIT v. 4.4
data acquisition software of the same manufacturer was applied for determination of
ONs in solution. The dynamic range and angle resolution of the instrument was
4000 m° and < 0.02 m®, respectively. The measurements were recorded at fixed 670-
nm wavelength. Before ON determination, an MIP film was deposited on a gold coated
SPR disk. For that, a clean disk was placed in an SPR cuvette and a 150-uL sample of a
pre-polymerization complex solution was dispensed by pipetting. After
electropolymerization, the solution was washed away and the disk was first rinsed with

isopropanol, and then with water.
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Analytes were determined under either stagnant-solution or FIA conditions. In the
former, the resonance minimum was recorded vs. angle of the laser beam reflected from
the gold surface after dispensing 150-uL analyte samples of different concentrations in
PBS (pH=7.4) solution. After the SPR signal reached plateau, the solution was
washed away. The PBS (pH = 7.4) solution was then pumped through the cuvette with
a peristaltic SPR pump at a flow rate of 150 uL min™'. After 5 min of polymer film
regeneration, the next analyte sample was dispensed. During all experiments, the
temperature was kept constant at 25(x1) °C.

For real-time determination of the ON analyte, the measurements were performed
under FIA conditions. The PBS (pH = 7.4) carrier solution was pumped, at a flow rate
of 33 pL min’!, through an SPR cuvette equipped with a gold-coated glass disk with an
MIP or NIP film deposited. After collecting data points in number sufficient for
baseline constructing, the 50-uL samples of the ONs in PBS (pH = 7.4) solution were
injected to the system with a syringe pump at a flow rate of 33 uL min’!. The resonance
angle changes were monitored instantly. This angle reached plateau after ~15 min.
Then, dehybridization was accomplished by passing the PBS (pH = 7.4) carrier solution
at the same flow rate.

The EG-FET sensing setup consisted of recognition and transduction units. The
gold film electrodes of Au-glass slides coated with MIP or NIP films were used as
extended recognition units. These electrodes were integrated with the transduction unit,
i.e., the gate of a commercial MOSFET model CD4007UB. A Keithley 2636A
(Keithley Instruments, Inc. OH, USA) dual-channel source meter was used for deriving
the transistor characteristics. These characteristics were determined under stagnant-
solution conditions using a conically tapered glass electrochemical mini cell (Scheme
2.2-1) filled with 1 mL of water. The gate coated with an MIP film was mounted
parallel to the Pt-plate reference electrode. Distance between these electrodes was kept

constant at ~10 mm (Scheme 2.3-14).
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2.3 Techniques

The present section describes main characteristics of these aspects of experimental
techniques, which were exploited in designing and preparing selective chemical sensors

for oligonucleotides.

2.3.1 Isothermal titration calorimetry (ITC) and differential scanning calorimetry

(DSC) techniques

Practically all physical, chemical, and biological processes are accompanied by heat
effects. The amount of heat evolved or absorbed during these processes is
quantitatively related to the extent of the process. Therefore, the technique consisting in
heat measurement at constant temperature and pressure, namely ITC, found application
in thermodynamic characteristics and determination of binding parameters of many
systems. Because the heat signal is a nearly universal property of the complex
formation or dissociation reactions, it is applicable to studies of most intermolecular
interactions without a need for reporter labels. ITC is a non-destructive technique
allowing for complete basic thermodynamic characterization of the system studied.

It is the only technique where the stability constant of the complex formed, K, as
well as the change of binding enthalpy (AH), entropy (AS), and Gibbs free energy (AG)
can directly and accurately be determined from a single experiment.'®> In this
experiment, the heat released or absorbed is revealed as a peak corresponding to the
power required to keep the sample and reference cells at identical temperatures (Scheme
2.3-1). The peak resulting from the injection is converted to heat output by integration,
and then corrected for the cell volume and sample concentration. Therefore, ITC
directly determines the individual heat, g, which is proportional to the enthalpy change

associated with the studied process, AH,

q = V AH A[Lg] (Equation 2.3-1)

where V is the reaction volume and [Lg] is the molar concentration of the ligand bound.
The individual heat, g, is directly proportional to the increase of the amount of the
bound ligand resulting from each injection. Therefore, its magnitude decreases as the
fractional saturation of the system is titrated stepwise to reach completion. The total

heat released, Q, is directly proportional to the total amount of the bound ligand, as
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Q = VAH YA[Lg] =V AH [Lg] (Equation 2.3-2)
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Scheme 2.3-1. (a) Schematic representation of a sample cell of isothermal titration calorimeter
and (b) a titration thermogram representing heat released after each injection of the ligand, L,
solution sample against time (top) and evaluation of the experimental heat data dependence on
the ligand-to-macromolecule (L-to-M) ratio with the isotherm of the best fit (bottom).'%

The successful determination of thermodynamic parameters relies on the
subtraction of the dilution heat from the total heat released and the use of nonlinear
least-square fit of an appropriate model that describes the interaction study. The
simplest model applies to molecules with a single independent set of binding sites and
with the only one complex stability constant. However, it is necessary to use alternative
binding models in order to take into account complicated macromolecular interactions
characterized by multiple binding sites and possible cooperativity between these sites.
Accordingly, a macromolecule, M, has an arbitrary number of sets of interacting
binding sites. For a system exhibiting multiple sets of independent binding sites,

concentration of the ligand bound to each set is given by Equation 2.3-3

N;iK;[L] )
[Le:] = Ml (Equation 2.3-3)
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where [Lg ] is the molar concentration of the ligand bound to binding sites of set i, [M]
is the molar concentration of the macromolecular compound available for the binding
ligand, K; is the complex stability constant for binding sites of set i on each
macromolecule, N;is the number of binding sites of set i of the macromolecule, and [L]
is the molar concentration of free ligand.
The total amount of heat released or absorbed as a result of ligand binding is given
by the sum of the heats corresponding to each set, as
N;AHK;[L]

Q = VZLAHL [LB,i] = V[M] ZLTL[L] (Equation 23-4)

where AH is the enthalpy of binding to the binding sites of set i. The analysis of the
ITC data is then performed by estimating the variable model parameters (V;, K;, and
AH;) by fitting either to the total heat, O, or to the individual heat, g.

Similar in principle to ITC, differential scanning calorimetry is used to characterize
thermally induced transition and decomposition processes. Because DSC is both very
sensitive and non-perturbing, it has evolved as one of the most prominent technique for
studying processes encountered in various compounds including proteins, nucleic acids,
and carbohydrates/polysaccharides as well as determining melting points of polymers
and biopolymers, glass transition temperature, specific heat capacity, and heat of phase
transitions.!® DSC characterizes the thermodynamic parameters controlling non-
covalent interactions. Therefore, it is particularly suited for measuring thermal stability
of nucleic acids or monitoring their conformational changes. By way of example,
Scheme 2.3-2 shows the DSC thermograms for the PNA-DNA and DNA-DNA
duplexes.!® In these thermograms, there are peaks, which correspond to separation of
the duplexes into single-stranded nucleic acid chains. This process is called “melting”
and temperature, at which this transition occurs, is considered as melting temperature,
T

In a DSC experiment, the temperature of the identical sample and reference cells is
increased linearly with time in the same pace while the temperature difference of both
cells is kept at zero. The sample cell generally absorbs more heat than the reference
cell, thus causing a slight temperature difference, AT = T> — T, between these cells. A

feedback loop monitoring temperature supplies a small amount of heat to the sample
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cell, as to equalize the temperatures. This extra power, which is the instrumental signal
of heat flow, is proportional to the differential heat capacity between the cells. A
thermally induced transition or decomposition process accompanied by a heat effect
generates a temperature difference, AT, between the cells. A thermal gradient is then
compensated by supplying extra power and is manifested as a peak in the recorded
thermogram. This compensation allows for a very precise temperature controlling, very

accurate enthalpy and heat capacity measuring, and true isothermal performing.
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Scheme 2.3-2. The differential scanning calorimetry excess heat capacity versus temperature
profiles for PNA-DNA and DNA-DNA duplexes as well as for 10 mM sodium phosphate buffer
(pH = 7.0) solution, which was 100 mM in NaCl and 0.1 mM in EDTA.'%

2.3.2 Cyeclic voltammetry (CV)

Cyclic voltammetry is an electroanalytical technique most commonly used for studying
heterogeneous oxidation and reduction mechanisms of both inorganic and organic
compounds, their adsorption, and electrochemical reaction rates. In this technique, the
current of the working electrode is recorded while its potential is linearly varried with
time against a reference electrode at a scan rate of v from the initial, Ej, to the final, Er
value. At the end of its sweep, the direction of the potential scan is made opposite,
usually stopping at the initial potential, thus resulting in a cyclic curve (Scheme 2.2-3a).
This cycle can be repeated as many times as needed. The potential, at which its scan

direction is turned back, is known as the switch potential.
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The resultant trace of current plotted against potential applied is a cyclic
voltammogram. In one CV cycle for a reversible electrode reaction (Scheme 2.2-3b),
there are two peaks of similar shape in both the forward and backward sides of the
cyclic voltammogram. These peaks are characterized by anodic, /pa, and cathodic, Zp,

peak current as well as by their anodic, Epa, and cathodic, Epc, peak potential.
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Scheme 2.3-3. (a) The cyclic voltammetry (CV) potential-time waveform. (b) Schematic cyclic
voltammogram for a reversible redox couple, where E, and E,. stand for the anodic and
cathodic peak potential, respectively, while /. and /. for anodic and cathodic peak current,
respectively.

The process is reversible when the rate of electron transfer across the electrode-
(electrolyte solution) interface, ke, is at each potential faster than the rate of analyte
diffusion to and product diffusion from the electrode. Then, the diffusion rate limits the
rate of the overall process. The potential obeys the Nernst equation as well as the

anodic and cathodic peak separation is described by Equation 2.3-5.
_ _ RT .
AE = Ep, — Epe = 2.3035 (Equation 2.3-5)

At 25 °C, this peak potential difference is 0.059 V/n, where n is the number of electrons
transferred in the elementary electrode process.

Cathodic and anodic peaks are positioned on either side of the formal electrode
potential, 2, of the analyte redox couple. The Epc and Ep, potentials are independent
of the scan rate, v, while I, is proportional to v'> (Equation 2.3-6 and Scheme 2.3-4a).

For a reversible redox couple, the peak current is described by the Randles-Sevéik

dependence (Equation 2.3-6).10
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Ipa = 2.72 X 10° n?/3 Dpeg?Av?/? cgeq (Equation 2.3-6)

In this equation, 4 is the electrode surface area, Dred is the diffusion coefficient of a
reduced form of the redox species and cred 1s the bulk concentration of a reduced form

of the redox species. Apparently, the peak current is directly proportional to the analyte

concentration.
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Scheme 2.3-4. (a) Cyclic voltammograms for different potential scan rates for a reversible
redox process. (b) The Randles-Sev¢ik plot.

A plot of I, against v'"? is often called the Randles-Sev&ik plot (Scheme 2.3-4b).
This plot is linear. From its slope, the analyte concentration can be determined if the
diffusion coefficient is known. The Randles-Sevéik plot can be used to determine the D
value if the concentration is known.

For a quasi-reversible process, the rate of the electrode process is close to the rate
of diffusion. Then, the anodic and cathodic peak potential difference is higher than
Equation 2.3-5 predicts. For an irreversible process, the anodic and cathodic peak
separation is even higher or, in many cases, only one peak, i.e., either anodic or
cathodic, is seen on the cyclic voltammogram. Primarily, the electrode process is
irreversible, if its rate of charge transfer is lower than the rate of diffusion of the
electroactive species to the electrode surface. Besides, a substrate may participate in a
chemical reaction preceding the electrode process and a product of the electrode process
can be the substrate of a following chemical reaction. Moreover, a substrate and/or a

product can be adsorbed on the electrode surface or transferred to another phase. For
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irreversible one-electron electro-oxidation, the peak of anodic current at 25 °C is

described by Equation 2.3-7

Ipa = 2.99 x 10%a/*D3/2 Av' 2 cpeq (Equation 2.3-7)

where a, is the charge transfer coefficient of an anodic process.

2.3.3 Differential pulse voltammetry (DPV)

The analytical sensitivity of classical voltammetric techniques is usually quite high
equaling ~5 x 10 mol dm™. At lower analyte concentrations, however, the charging
currents, generated by electric double-layer effects or other non-faradaic processes, are
comparable to faradaic currents, thus causing the accuracy to be unacceptably low.
Therefore, pulse techniques were developed, among others, to improve the sensitivity of
the measurements.

In DPV, a linear potential ramp is applied to the working electrode. Potential
pulses of small constant amplitude in the range of 10 to 100 mV are superimposed on
this ramp. The pulse duration, #,, is selected from the range of 5 to 100 ms. The current
is sampled twice per cycle. That is, first, the current is sampled just before the rise in
potential, i.e., before the pulse application, and the second is sampled at the end of the
potential pulse, i.e., just before the potential drops to the baseline. Because of this way
of current measurement, capacity current is largely eliminated. The difference of the
current sampled per cycle, A/, is nearly zero unless the analyte is reduced or oxidized at
the working electrode. The magnitude of Al increases rapidly, if the potential is close to
E". Therefore, the differential pulse voltammogram plotted as the current difference
against the potential scanned is peak shaped. For the reversible electrode process, the
peak potential is given by Equation 2.3-8.

T

R D 1 AE
E, =E% +—In(*%)2 ——F

F' \Dox 2 (Equation 2.3-8)

where AE, is the pulse amplitude. Potential of peak maximum, E,, is close to E”
if Dred = Dox and AE}, is small.
The peak current, I,, is proportional to the analyte concentration and pulse

amplitude according to the Osteryoung-Parry equation'?’
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I =" (l:TR_:pd)l/che JAE, (Equation 2.3-9)

where £, is the pulse duration.

The peak shape characterized with its width at half height, W1, is an important
parameter in quantitative DPV analysis of electrode processes. The Wiz value is
dependent on the number of electrons transferred in the electrode process. For the
reversible process, Wi, = 3.52 RT/nF. At 25 °C, for processes with n =1, 2, and 3, this
peak width is, ~90, ~45, and ~30 mV, respectively. Besides, the higher the pulse
amplitude, the wider the peak is. An increase of the peak width with the increase of a
redox species concentration at a constant pulse amplitude evidences hindered diffusion

of this species to the electrode surface.

Potential

Changein current

Time Potential

Scheme 2.3-5. (a) The time dependence of potential applied to the working electrode during the
differential pulse voltammetry (DPV) measurement. (b) Peak-shaped differential pulse
voltammogram. AFE, — potential pulse amplitude, #, — potential pulse duration, 7 — potential step
duration.

With the DPV technique, many redox analytes can be determined in a single
measurement because the peak for a given analyte is quite well separated from peaks of
other analytes. Due to high sensitivity afforded by measurement of the difference of

currents sampled, DPV allows determining analytes at concentrations as low as 107 M.
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Scheme 2.3-6. The DPV manifested “gate effect”. (a) Electrochemical oxidation of the
Fe(CN)s*/Fe(CN)s* redox marker on the uncoated electrode and the resulting well-defined
DPV peak. (b) Hindering of the Fe(CN)s*/Fe(CN)¢* electrode process after MIP coating and
the corresponding DPV response. (c) Enabled diffusion of the marker through the MIP film
after template extraction resulting in a DPV peak. (d) Partially blocked diffusive permeability
of the marker through the MIP film occupied by the analyte and the corresponding DPV peak of
lower intensity.!%
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In MIP studies, the DPV techniques can be used for indirect evidencing of template
imprinting, and then extracting from the MIP molecular cavities as well as for analyte
determination by exploiting the so-called “gate effect” (Scheme 2.3-6).!%® The “gate
effect” consists in the change in redox marker solute diffusive permeability through the
MIP film resulting from interactions of recognizing sites of MIP imprinted cavities with
the binding sites of the analyte. This effect is often used for signal transduction.
Faradaic current of the redox marker at the MIP film coated electrode is sensitive to the
presence of the analyte because analyte binding by the analyte-selective polymer

changes the accessibility of the marker to the electrode.

2.3.4 Electrochemical impedance spectroscopy (EIS)

An ideal resistor obeys Ohm’s law at all current and voltage levels and its resistance is
independent of frequency. Then, the alternating voltage applied is in phase with the
alternating current flowing through a resistor (Scheme 2.3-7a). However, most of real
applications contain more complex electric circuit elements revealing a more complex
behavior. These elements are characterized by impedance as a frequency dependent
resistance to current flow. For measuring impedance, an alternating voltage of a fixed
frequency and small amplitude, typically 10 mV, is applied to the working electrode.
This voltage is described'” by Equation 2.3-10

E(t) = E, sin(wt) (Equation 2.3-10)
where Ep is the voltage amplitude, @ = 2xf is the angular frequency of the alternating
voltage of frequency f applied, and 7 is time. Next, a signal of the current, shifted in
phase by the phase angle, ¢, (Scheme 2.3-7b), is described by Equation 2.3-11

I(t) = Iy sin(wt + @) (Equation 2.3-11)

where [y is the current amplitude, recorded while impedance is computed.
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Scheme 2.3-7. Current changes incurred by sinusoidal voltage applied to an ideal (a) resistor
and (b) capacitor.'!?

Subsequently, the measurement is repeated for a wide range of frequencies, and
then the electrochemical impedance spectrum is constructed.
An expression analogous to Ohm's Law allows calculating the impedance of the

system, Z, as

_ @ _ Egsin(wt) sin(wt)
T It)  Ipsin(wt+e) O sin(wt+e)

(Equation 2.3-12)

With the Eulers relationship,

exp(jo) = coso + jsino (Equation 2.3-13)

where ¢ is real number and j is imaginary unit, it is possible to express the impedance as

a complex function. The potential is then described, as

E(t) = E, exp(jwt) (Equation 2.3-14)

and the current response, as

I1(t) = I, exp(jwt — o) (Equation 2.3-15)
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The impedance is then represented as a complex number,
Z(w) == = Zy exp(jo) = Zy(cosc + jsine) = Zyear — jZim (Equation 2.3-16)

where Z.a1 and Zin is the real and imaginary component of impedance, respectively.

Impedance at a certain @ value in the coordinate system of -Zin against Zgal 1
called the Nyquist plot (Scheme 2.3-8a). Moreover, the EIS data may be presented as
the Bode plot of log |Z| versus log @ (Scheme 2.3-8b).

An electrochemical cell can be modeled as a network of passive electrical circuit
elements, called an equivalent circuit, characterized by the same amplitude and phase
angle as the real cell under a given potential excitation. Each element in the equivalent
circuit should correspond to some defined activity in the electrochemical cell involving
double-layer capacitance, Cq, charge transfer resistance, Rc, and electrolyte solution

resistance, Rs.
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i log |Z,
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Scheme 2.3-8. Electrochemical impedance spectroscopy (EIS) data represented by (a) the
Nyquist plot and (b) the Bode plot.!"! Z — impedance, Z.a and Zim — real and imaginary,
respectively, impedance components, @ — angular frequency, R« — charge transfer resistance, —
phase angle.

Solution resistance is often calculated from EIS spectra. A modern three-electrode
potentiostat compensates for the solution resistance between the counter and reference
electrodes. However, any solution resistance between the reference electrode and the
working electrode must be considered when modeling a cell. The resistance of an ionic
solution depends on the ion concentration, type of ions, temperature, and the geometry

of the area in which current is carried.
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Another parameter measurable by EIS is an electrical double-layer capacitance, C.
An electric double layer is formed in the interface between an electrode and its
surrounding electrolyte solution. It originates from interactions of solution ions or
dipoles with the electrode surface that result in charge separation between the two
phases. This arrangement forms a capacitor. The ideal capacitor impedance, Zc, is

given by Equation 2.3-17.

1
ZC = — = -
jwC j2nfc

(Equation 2.3-17)

The rate of an electrochemical reaction depends on the reaction type, the
temperature, the concentration of the reaction substrates and the potential. Hence, the
movement of the electrons is restricted. This restriction is called charge transfer
resistance, R¢. This resistance is related to the exchange current density, Jo, by

Equation 2.3-18.

_nF1

=T (Equation 2.3-18)

ct

For modeling an electrochemical system containing the working electrode coated
with a porous polymer film, a modified Randles-Ershler equivalent circuit is often used
(Scheme 2.3-9). In this circuit, the Rs element represents the solution resistance. The
double-layer capacity, Ca, is often replaced by the constant phase element, CPE,
because polymer films rarely behave as an ideal capacitor characterized by zero real

component.''? Then, the CPE impedance, Zcpz, is described by Equation 2.3-19

1 .
ZcPE = To0eT (Equation 2.3-19)

where 7T is the frequency-independent proportionality factor. Its physical meaning is
related to the diffusion coefficient. Symbol ¢ is an exponent, which can take values,
0<¢<1. For ¢ =1, the system behaves as an ideal capacitor where the Zcpr equals to

C! while for ¢ = 0, Zcpr equals to pure resistance.
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Scheme 2.3-9. A modified Randles-Ershler equivalent electric circuit of an electrochemical
redox system used to fit experimental impedance data. Rs — solution resistance, R — charge
transfer resistance, W — Warburg impedance.

The Warburg impedance, W, introduced to the modified Randles-Ershler
equivalent circuit (Scheme 2.3-9) represents a resistance to mass transfer, i.e., the
diffusion control. The Warburg impedance typically exhibits a 45° phase shift.
Contribution of this impedance to the total impedance is described by Equation 2.3-20

__ Btanh(iT w) . )
W= TaTw)? (Equation 2.3-20)

where B is the fitted parameter.

An equivalent circuit parameter, which corresponds to the system with the
electrode coated with a polymer film, is Rc.. The value of this resistance depends on any
surface changes that result in electrode blocking, e.g., by deposition of a less conducting
film.

If only non-faradaic current flows, which is the case in the absence of a redox
species, the imaginary component of impedance of the electrical double layer is
inversely proportional to its capacitance, Ca. If only the compact part of the double
layer is considered, which is the case of solution with sufficiently high ionic strength
where the Helmholtz model of the double layer holds, Equation 2.1-21 is used for Ca

determination

1 .
Zim = oAk (Equation 2.3-21)

where A4 stands for the electrode surface area.
The determined Ca changes proportionally to the changes of capacitance of the
compact part of the double layer, thus solely depending on the change of solution

electric permittivity, & and the double-layer thickness, da, according to Equation 2.3-22
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Ca = =2 (Equation 2.3-22)

dqi

where ¢ is permittivity of free space.
The equivalent circuit of the polymer film coated electrode in a supporting
electrolyte solution is composed of a solution resistor in series with an electrical double-

layer capacitor (Scheme 2.3-10).
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Scheme 2.3-10. The equivalent circuit of a cell with a non-faradaic electrochemical process for
the polymer-coated electrode immersed in a supporting electrolyte solution.

2.3.5 Piezoelectric microgravimetry (PM) at a quartz crystal microbalance (QCM)

Piezoelectric microgravimetry is an acoustic shear mode bulk wave technique used for
measuring small changes of mass of a thin film deposited on surface of the electrode of
the AT-cut QCR. For that, it utilizes a converse piezoelectric effect. In this effect,
piezoelectric crystal mechanically oscillates at resonance frequency proportional to its
thickness,'!? if alternating voltage is applied to both its sides. If the QCR is loaded with
mass, oscillation frequency is decreased. From this decrease, the mass change can be

calculated according to the Sauerbrey relation, Equation 2.3-23,

2 f& Aam
Aacoust (Uq pq)l/z

Afmass = (Equation 2.3-23)

where fo is the fundamental resonance frequency of the resonator, Aacoust 1S the
acoustically active area of the resonator, uq 1s the shear modulus of quartz, and pq is the
quartz density.

The Sauerbrey equation is applicable when several assumptions are fulfilled. An
important one refers to the rigidity of the deposited film, which should not exhibit
visco-elastic properties (Afvis = 0). If the resonator is contacted with a liquid, then the
total resonance frequency change includes visco-elastic changes of the surrounding, i.e.,
dynamic viscosity, #L, and density, pr, of the liquid. Then, the resonance frequency

change is described by Equation 2.3-24.!13
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_ 218 am_ (upn)'? .
Afimass = — [(Mq =T /2] [Aawust + (Bt (Equation 2.3-24)

This formalism has been extended to resonators coated with viscous films. In this
case, contribution of the frequency change corresponding to the change of viscosity of

the film is

1/2
Af = —f2/? (“‘*—pq) (Equation 2.3-25)

T 1q Pq

This change can indirectly be measured by the dynamic resistance, Rp,

Rp = % (27 fy py, p)? (Equation 2.3-26)
QCR
where k§cg = 7.74 X 1073A% s m™2 is the electromechanical coupling factor of QCR.

From Equations 2.3-26 and 2.3-26, a relation between the frequency change and Rp can

be derived, as

k3R RD f .
Af = meE R (Equation 2.3-27)
T Aacoust (2 Hq pq)

Therefore, the mass change can be calculated from the simultaneously recorded
resonance frequency and dynamic resistance change.

The complexation of a macromolecular compound, M, by a ligand, L, in the MIP
molecular cavity can be studied by PM performed under FIA conditions.''* In the

following reaction

ka
M+ L 2 ML (Equation 2.3-28)
kq

ka 1s the second-order association rate constant for binding of an analyte molecule in the
unoccupied MIP cavity, which results in the formation of the complex, ML. This

complex dissociation rate is described by the first-order rate constant, kqs. The
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equilibrium constant of the reaction, i.e., the complex stability constant, K is given by
the ratio of the association and dissociation rate constants, Ks = ka/kq.

The rate of complex formation can be determined''* from changes of the resonance
frequency with time, df/dz, and the concentration of the injected macromolecular

compound, ¢,

dc df .
% =— =ka X (fmax — f) —ka f (Equation 2.3-29)
where fmax represents the maximum frequency reached after saturation with M
molecules of all recognizing sites of the MIP cavities.

After integration, and then introduction of the equilibrium frequency, feq, in the
extreme of the function and the rate constant of the reaction, kexp, the dependence of the

resonance frequency, £, on time, #, can be fitted to the kinetic Equation 2.3-20.

f = Ka ol fmax g _ exp[—(ka cfy + ka)t]} = foq[1 — exp(—kexp t)] (Equation 2.3-30)

ka c¥i+kq

In this way, the ML association curves can directly be applied for calculation of
parameters using non-linear regression. The plot of kexp against the cv™ provides values
of the association and dissociation rate constants. From its slope and intercept with the

ordinate, k. and kq respectively, can be determined, according to Equation 2.3-31.
Kexp = ka ciy + ka (Equation 2.3-31)

2.3.6 Surface plasmon resonance (SPR) spectroscopy

Surface plasmons are coherently delocalized electron oscillations generated at the
interface of two media with electric permittivity values of opposite signs, e.g., a metal
and a dielectric. Their motion wave is associated with an electromagnetic wave, the
field vectors of which they reach their maxima at the interface and decay evanescently
into both media. This surface plasma wave (SPW) is a transverse magnetic polarized
wave, which means that magnetic vector is perpendicular to the direction of propagation

of the surface plasmon wave and parallel to the plane of interface. The propagation
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constant, S, of SPW propagating at the interface between a semi-infinite dielectric and a

metal is given by Equation 2.3-32

= ) [|Emns Equation 2.3-32
b= in? (Equation 2.3-32)

where £’ denotes the free-space wavenumber, en is the electric permittivity of the metal,

and #;s is the refractive index of the dielectric. As it follows from Equation 2.3-32, the

SPW may be supported by the metal, provided that em > -ns2.

At optical wavelengths,
this condition is fulfilled, among others, by the most commonly used gold and silver.'!>
The surface plasmon resonance (SPR) is a phenomenon, which is observed as a
drop of intensity of polarized light reflected from the metal surface under certain
conditions. These include angle of incidence and wavelength of the light beam as well
as the measurement setup. Photons of p-polarized light can then interact with the free
electrons of the metal layer, thus inducing wave-like oscillations of free electrons and,
therefore, decreasing the reflected light intensity. This phenomenon occurs if the
angular frequency and phase velocity of the incident light beam are comparable to those

of the surface plasmons.''®

As it follows from Equation 2.3-32, the f propagation
constant of SPW is always different than that of optical wave propagation constant in
the dielectric. Therefore, the SPW at a planar metal-dielectric interface can be excited
only by the enhanced incident optical wave. The photons momentum change is
commonly achieved using attenuated total reflection (ATR) in prism couplers and
optical waveguides, and diffraction at the surface of diffraction gratings (Scheme 2.3-
11).

In the ATR coupler, the incident light is passed through a dielectric medium prism,
which is usually glass or quartz. This medium, of refractive index exceeding 1,
decreases the phase velocity of photons. Then, the incident light matches that of the
surface plasmons and resonance occurs. Direct contact of surface plasmons with the
environment in the ATR setup with the Kretschmann configuration makes it applicable
for sensing (Scheme 2.3-11a).!"”

The drop in the intensity of the reflected light at a certain wavelength
(Scheme 2.3-11b) results from resonance transfer of energy into the SPW. Owing to the

strong electromagnetic field density in the dielectric, the propagation constant of the

SPW, and consequently the SPR condition, is very sensitive to any changes in the
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optical properties of the dielectric adjacent to the metal surface. Therefore, any

variations in the structure of the polymer film deposited on the metal surface can be

measured.
Real-time SPR measurement provides kinetic data of the analyte-(MIP cavity)
interaction. The SPR study allows determining complex association and dissociation

rate constant, ko and ka,''® respectively, similarly to those obtained by piezoelectric

microgravimetry.
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Scheme 2.3-11. (a) Excitation of the surface plasma wave (SPW) by polychromatic light in the
Kretschmann configuration of the attenuated total reflection (ATR) method. (b) Exemplary
spectrum of reflected light with characteristic SPR signal drops for two different values of the
refractive index at the gold layer.'"’

The concentration change with time of the bound ligand can be expressed as

d[Lg]

ke ka cm [L] — kq [Lg] (Equation 2.3-33)

where cwm is the concentration of the analyte in the proximity of the sensor surface, [L]
and [Lg] is the molar concentration of free and bound ligand, respectively, and 7 is time.
The SPR response, R, is directly proportional to the complex concentration, [ML].
Moreover, the free ligand concentration can be expressed as (Rmax— R) if the maximum

SPR signal, Rmax, is known. Then, Equation 2.3-33 can be rewritten, as

d[(l:iL] = ka cm (Rmax = R) —ka R (Equation 2.3-34)

After integration, Equation 2.3-34 takes the form
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R = Req [1 — e~ (kacmtka) t] (Equation 2.3-35)

where Req 1s an equilibrium SPR signal in the function extreme. Next, a theoretical
curve is fitted to the experimental signal change with time, and then k. and kq rate
constants as well as K are determined from fitting parameters of this curve.

From Req, it is possible to calculate the equilibrium surface concentration of the
bound macromolecular compound for each injection. This concentration is equal to the
equilibrium concentration of the bound ligand, [Lgleg.  Then, the equilibrium

concentration of free ligand, [L]q, can be calculated using Equation 2.3-36,
ka cm [L]eq = kq [LBleq (Equation 2.3-36)

and the total ligand concentration, ci,, in the MIP can be calculated according to

Equation 2.3-37.
CLy, = [L]eq + [LB]eq (Equation 2.3-37)

The ML complex formation is characterized by the complex formation
(hybridization) efficiency, xer, determined from the ratio of the concentration of the

bound ligand in equilibrium, [Lg]eq, to the total ligand concentration, cr,, as described

by Equation 2.3-38.

(Equation 2.3-38)

2.3.7 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a powerful microscopy technique for imaging
samples at atomic resolution with height information of angstrom-scale resolution. An
AFM uses a vertically vibrating flexible cantilever with a very sharp tip to scan over a
sample surface. For scanning, an AFM scanner, made of a piezoelectric material,
expands and contracts proportionally to the applied voltage in the x, y, and z

directions.!” The studied sample, mounted on a piezoelectric scanner, moves against
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scanning surface with accuracy of 0.01 nm. As the tip approaches the surface, the
close-range force between the surface and the tip causes cantilever deflection. This
deflection can be measured by shining a laser beam on top of the cantilever. Slight
changes in the direction of the reflected beam, resulting from any cantilever deflection,
are then converted into an electric signal with a photodetector. Controlling the distance
between the tip and sample surface from the electric signals allows for imaging the

sample and determining its topography (Scheme 2.3-12.).

Probe laser

4 Quadrant
photodetector

Cantilever

Sample Tip

Substrate

Scheme 2.3-12. A sketch of the atomic force microscopy (AFM) setup for determining sample
topography.'?

Properties of the sample surface decide on selection of the scanning mode.
Common AFM modes include the contact, semi-contact, and non-contact mode. There
are two methods of imaging in the contact mode, namely the constant force mode and
the constant height mode. In the former, the force between the tip and the sample is
continuously adjusted to maintain a specified deflection. When the tip scans in the
constant height mode, the sample must be relatively flat for the feedback loop to keep
control during scanning. This option is particularly suitable for small, high-speed
atomic resolution scans. In a semi-contact mode or tapping mode, the tip periodically
touches the surface of the sample because the cantilever oscillates near its resonance
frequency. This oscillation is damped by tip interaction with the sample. To keep the
oscillation amplitude constant, the instrument adjusts the tip position. In a non-contact
AFM mode, the tip oscillates near the sample surface at a frequency slightly higher than

the resonance frequency of the cantilever. Changes in the amplitude, phase, and
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frequency of the oscillation are measured in order to construct the topography of the
sample surface.

Moreover, AFM provides means for determination of thickness of films, which coat
conducting substrates. For that, a part of the film is removed from the surface using
e.g., a Teflon™ spatula. Then, height of a step formed, that is film thickness, is

determined (see, Section 2.2.8, above).

2.3.8 Polarization-modulation infrared reflection-absorption spectroscopy (PM-

IRRAS)

Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) is a
highly sensitive surface specific technique used for characterization of orientation of
molecules in thin films including monolayers deposited on refractive substrates. The
advantage of PM-IRRAS over the conventional IRRAS is that modulated reflectivity is
not affected by the isotropic adsorption of gas or bulk water. Consequently, the
interfering effect caused by the water vapor and carbon oxide can be eliminated.

The PM-IRRAS allows measuring surface-specific FT-IR spectra of materials
because of differences in p- and s-polarized light reflection from interfaces. An IR
beam is resolved into p- and s-polarized components, in which the electric vector
oscillation is parallel and perpendicular to the plane of incidence, respectively. In case
the p- or s- component is incident on a metal surface, a stationary wave results from the
interference between incident and reflected beams. The electric field amplitude of the
stationary wave from p-polarized beam sharply increases at a high angle of incidence.
On the other hand, the amplitude of s-polarized light beam is insignificant at all angles.
Therefore, a signal from species present on a metal surface can be obtained with the

grazing incidence of p-polarized light.

2.3.9 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis technique
providing chemical qualitative and quantitative information about the surface of a broad
range of materials. The sample surface is scanned by the micro focused x-ray beam,
which allows acquiring of spatial distribution information. Typically, an XPS
experiment is accomplished by exciting a sample surface with mono-energetic Al Ko X-

rays causing emission of photoelectrons from the sample surface (Scheme 2.3-13).
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Energy of these photoelectrons is measured by an electron energy analyzer. Then, from
the characteristics of a photoelectron peak, i.e., its binding energy, BE, and intensity, the
elemental identity, chemical state, and relative quantity of a detected element can be
determined. The XPS detects only those electrons, which, after escaping from the
sample into the vacuum of the instrument, reached the detector. Thus, the signal from
analytes present on the surface is much stronger than those from analytes residing
deeper in the sample.

The average depth of XPS analysis is ~5 nm. To obtain subsurface information of
the sample, ion beam is used for etching layers of the sample, i.e., for depth profiling.
For that, first, a spectrum, or set of spectra is recorded from the sample surface. Then,
an ion beam, which is scanned over a square or rectangular area of the sample, etches
sample surface. After the etch cycle, the ion beam is blanked and another set of spectra
is recorded. This sequence of etching and spectrum recording is repeated after reaching

the required depth.
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Scheme 2.3-13. The principle of photoelectron emission.
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2.3.10 Extended-gate field-effect transistor (EG-FET) sensing

The field-effect transistor (FET) is a transistor, which uses an electric field to regulate
the electrical properties of the device. It consists of an active channel through which
charge carriers, i.e., electrons or holes, flow from the source (S) to the drain (D). The
third terminal is the gate (G), which modulates the channel conductivity.

The MIP or NIP film coated gold electrodes of Au-glass slides (see Section 2.2.4,
above) can be considered as simple extensions of the classical FET gates (Scheme 2.3-
14). Therefore, any change in potential at the Au-glass slide, occurring on the gate
itself, leads to the change of the source-drain current. In order to open or close the gate,
certain voltage should be applied across the Au-glass/polymer/solution interfaces. To
achieve that, the additional electrode, immersed in the test solution, is polarized by
using a source meter. At a constant applied gate voltage, Vg, the drain voltage, Vp, is
varied and the resulting drain current, /p, is measured. If the analyte interacts with the
MIP film, the effective gate voltage is changed, which leads to the current change. This
current is proportional to the amount of the analyte bound in the MIP film, thus being

used as the analytical signal.
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Scheme 2.3-14. Experimental setup for FET measurements with Au-glass slide coated with
MIP film as the gate and a Pt plate as the reference electrode. S and D are drain and source
components of the FET structure.

68



Chapter 3

Results and discussion

This section describes calculations and experiments that were designed and performed
for preparing MIP chemical sensors selective to 5’-TATAAA-3" and 5’-GCGGCGGC-

3’ oligonucleotides.

3.1 Chemical sensor for selective 5°-TATAAA-3’ determination

The present section focuses on devising, characterizing, and fabricating an MIP

chemosensor for selective 5°>-TATAAA-3’ determination.

3.1.1 Quantum chemical modeling of the pre-polymerization complex of TATA

with functional monomers 10 and 11

Formation of stable A-T nucleobase pairs of functional monomers with the 5°-
TATAAA-3’ template in the pre-polymerization complex solution was predicted by
computational modeling.

However, an accurate ab initio optimization of the 568-atom complex of one 5’-
TATAAA-3’ template molecule with two A 10 and four T 11 functional monomer
molecules appeared to be prohibitively time consuming in the case of the present study,
even with the resolution-of-identity (RI) approximation'?! adopted. Therefore, the
complexation of a shorter fragment of the template, namely TATA, with functional
monomers A 10 and T 11 was molecularly modeled at the B3LYP approximation level
with the 3-21G basis set (Scheme 3.1-1a). The negative Gibbs energy gain as high as
AG =-256.6 kJ/mol was calculated using the DFT method augmented with the D3
empirical dispersion correction.'??"!2> Although this value, calculated per one hydrogen
bond, was higher than that for typical nucleobase pairing interactions, these calculation
results still seem to be qualitatively correct and should not change significantly even at
a higher level of the theory. This relatively high negative AG value clearly indicated an
energetic preference of formation of a complex of TATA with the A and T moieties of
the functional monomers 10 and 11 respectively, each paired with the complementary T

and A moiety, respectively, of the TATA (Scheme 3.1-1b). Apparently,
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the 5’-TATAAA-3’ recognition by functional monomers mimicked that of nucleic acids

in living organisms.

Scheme 3.1-1. (a) The B3LYP/3-21(*) optimized structure of the complex of the TATA
molecule with two A 10 and two T 11 molecules of functional monomers, and (b) the structural
formula of this complex.
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3.1.2 Experimental confirmation of adenine-thymine nucleobase pairing in the

pre-polymerization complex

For experimental confirmation of the A-T nucleobase pairing between the recognizing
moieties of functional monomers 10 and 11 (Table 2.1-3) and the binding nucleobase
moieties of the template, in solution, ITC experiments were performed (Figure 3.1-1).
However, solubility of the 10 and 11 functional monomers as well as 5’-TATAAA-3" 1
(Table 2.1-1) or corresponding PNA HoN(CO)TATAAA-NH; 6 (Table 2.1-2) in the
solution for electropolymerization was insufficient to reach the concentrations required
for the titration. Therefore, DMSO was used instead because solubility of both the
titrant and the analyte in this solvent was sufficiently high. Moreover, stability of PNA,
in contrast to stability of DNA, is almost unaffected after dissolution in an organic
solvent.'? Nevertheless, PNA has to be pre-organized to assume binding conformation
before complexation for successful use of the imprinting strategy, i.e., to ensure high
affinity and selectivity of binding the functional monomers and the PNA template. In
their non-hybridized (single-stranded) forms, DNA and RNA can adopt helical
structures through nucleobase stacking (although highly flexible). In contrast, PNA

27 This is because

does not exhibit well-defined conformational folding in solution.!
PNA is a neutral DNA analogue where the negatively charged phosphodiester backbone
of DNA is replaced by that of an achiral 2-amino-ethyl-glycine (AEG).! Moreover,
PNA oligomers form very stable duplexes with complementary target nucleic acids via
Watson-Crick nucleobase pairing. This pairing between PNA HoN(CO)TATAAA-NH;
6 and A 10 or T 11 nucleobase-substituted 2,2’-bithien-5-yl functional monomers was
confirmed experimentally.

For that, PNA HoN(CO)TATAAA-NH> 6 and the A functional monomer 10 were
dissolved in DMSO to reach the concentration of 125 pM and 2.5 mM, respectively.
Injection of the 8-puL sample of 2.5 mM titrant resulted in heat release, AH, whose
amount changed with formation of the complex. The total AH was obtained by
subtracting the dilution heat of titrant 10 from the total heat corresponding to injections
of the solution of this titrant to the solution of PNA. An independent model was chosen
and a theoretical isotherm was fitted to the ITC data acquired (Figure 3.1-1) yielding the
change of binding enthalpy (AH=-19.0 kJ), the complex stability constant

(Ks = 1.65x10° M), and the expected complex stoichiometry (10 : PNA =2 : 1).
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Figure 3.1-1. (a) The curve of isothermal titration calorimetry for the 2.5 uM adenine
functional monomer 1 with 8-puL samples of 125 uM PNA H,N(CO)TATAAA-NH; added at 3-
min time intervals. (b) The least-square fit of the curve of an independent model to the data
points acquired.

From these values, the Gibbs free energy change (AG = -29.5 kJ/mol) and the entropy
change (AS=35.7Jmol!' K!) accompanying complex formation were calculated.
Apparently, the complex of one PNA H,N(CO)TATAAA-NH> 6 molecule with two A
10 functional monomer molecules was stable.

Stability of the complex of PNA HoN(CO)TATAAA-NH> with two functional
monomers 10 and 11 was confirmed by the DSC measurement. In the resulting
thermogram (Figure 3.1-2), there was a peak at 63.9 °C indicating complex dissociation

at this temperature.
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Figure 3.1-2. The differential scanning calorimetry curve for the complex of
PNA HN(CO)TATAAA-NH; with 1 and 2. The melting temperature was 63.9 °C.
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Therefore, the pre-polymerization complex of PNA HoN(CO)TATAAA-NH; with
complementarily aligned 2,2’-bithien-5-yl functional monomers 10 and 11 was very
stable. In analogy to the melting property of double-stranded DNA, the temperature of
63.9 °C can be considered as the melting temperature, 7w, of the pre-polymerization
complex corresponding to dissociation of the double helix into single strands, i.e., one
of PNA HoN(CO)TATAAA-NH> and the other of functional monomers. Apparently,
functional monomers enforced conformational stability of the
PNA HoN(CO)TATAAA-NH> and provided the size and hydrogen bonding
complementarity for effective formation of the stable complex. Besides, this 7u is
higher than that of the corresponding 5’-TATAAA-3 (Table 3.1-1). Apparently, the 10
and 11 functional monomers, used as artificial nucleotides, carry sequence information
of the ODN at the molecular level. Therefore, A 10 and T 11 nucleobase-substituted
2,2’-bithien-5-yl functional monomers can be used as non-biological nucleotide

counterparts.

Table 3.1-1. Melting temperature, Ty, values of different oligonucleotides (ODNS).

Probe Target Melting temperature, 7Tm, °C
2,2’-Bithien-5-yl ODN 5 TATAAA3’ 63.9

analogue

LNA ATGGTG!28 probe-complementary ODN 43.0

LNA TAATTTTA!? probe-complementary ODN 10.0

PNA GCATTTGCAT129 probe—complementary ODN 39.6

PNA GCATGAGCAT'? probe-complementary ODN 38.8-66.5

3.1.3 Preparation of the (5>-TATAAA-3’)-templated and

(PNA H2N(CO)TATAAA-NH2)-templated MIP films by programmed transfer of

sequence information

Polymers molecularly imprinted with ONs, described in the present thesis, can be
considered as examples of nucleobase-containing polymers described in Section 1.1.4,

above, as DNA analogues. Sequence information of these analogues is programmed by
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the use of a template, along which monomers arrange in the predetermined order
through hydrogen bonding, and then polymerizing.

Because of hydrogen bonding, MIP formation in aprotic organic solvent solutions
is more effective than in aqueous solutions.!” This is because molecules of such a
solvent do not compete with proton acceptors for protons. To date, most of MIP
syntheses involving non-covalent template binding were performed using aprotic
organic solvent solutions. This was accomplished in order to avoid water competition
for hydrogen bonding, which is operative in formation of the pre-polymerization
complex. Contribution of this bonding is higher the lower is electric permittivity of the
solvent used. Therefore, derivatives of all five nucleobases soluble in an organic
solvent were used as templates.®® Among them, MIPs prepared using genuine
nucleobases are most desired because the ultimate objective of this imprinting is
recognition components of nucleic acids of biological origin. Unfortunately, most of
these native components of biological origin are insoluble in organic solvents.
Therefore, functional monomers soluble in aprotic solvents and capable of recognizing
nucleobases of ONs via Watson-Crick pairing were herein designed and synthesized.

For preparation of the (5’-TATAAA-3’)-templated MIP and simultaneous
deposition of its film on the gold electrode of QCR (Figure 3.1-3a, 3.1-3b, and 3.1-3¢)
or of the SPR disk (Figure 3.1-3d and 3.1-3e), the pre-polymerization complex of the
5’-TATAAA-3’ template with 10 and 11 functional monomers was potentiodynamically
electropolymerized in the presence of the cross-linking monomer 13.

The anodic peak appearing at ~1.0 V vs. Ag|AgCl in the first current-potential
curve in  Figure 3.1-3a  corresponded to  electro-oxidation  of  the
bis(2,2’-bithien-5-yl)methane moieties of the functional and cross-linking monomers.
In subsequent cycles, current decreased indicating deposition of a relatively resistive
polymer film, which hindered the charge transfer needed for further electro-oxidation of
the monomers. The simultaneously recorded decrease of the resonance frequency
change (Figure 3.1-3b) manifested the increase of mass of the polymer deposited.
These changes were lower in each consecutive cycle indicating that less and less
polymer mass was deposited. Moreover, the dynamic resistance change (Figure 3.1-3c)
slightly increased (~24 Q) after the electropolymerization pointing to the only minor
increase of viscosity and/or density of the growing MIP film. This dynamic resistance
change corresponded to the only negligible (17 Hz) resonance frequency change.!*

Therefore, the film mass was determined (~2 pg) by using the Sauerbrey relation
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(Equation 2.3-23) with the visco-elasticity effects being neglected.!**!3? In the same

manner, a control non-imprinted polymer (NIP)!*

film was prepared, however, in the
absence of the 5’-TATAAA-3’ template in the solution for electropolymerization.
During deposition of the (5’-TATAAA-3’)-templated MIP film on the gold
electrode of the SPR disk by potentiodynamic electropolymerization, each potential
cycle (Figure 3.1-3d) was accompanied by a positive shift of the incidence angle
(Figure 3.1-3¢). This shift resulted from polymer deposition because this deposition

changed optical properties of the dielectric adjacent to the metal layer supporting SPW.
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Figure 3.1-3. Simultaneously recorded multi-cycle potentiodynamic curves of (a) current,
(b) resonance frequency change, and (c)dynamic resistance change vs. potential for
electropolymerization of 40 uM 5°’-TATAAA-3’, 0.05 mM adenine functional monomer 10, 0.1
mM thymine functional monomer 11, and 0.2 mM cross-linking monomer 13 in the 0.1 M
(TBA)CI1O; solution of acetonitrile, water, toluene, and isopropanol of the volume ratio of
75:1.0:1.0:0.5 on the gold electrode of QCR. (d) The current-potential curve
simultaneously recorded with (e) the SPR angle vs. time curve, under FIA conditions, for this
electropolymerization on the SPR gold disk. A potential scan rate was 50 mV s!.,
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The highest change in the SPR angle, accompanied by the first potential cycle,
manifested the highest increase of mass of the polymer on the SPR gold electrode.
Subsequent changes of the SPR signal were lower in each consecutive cycle indicating
that less and less polymer mass was deposited.

According to specification of the SPR instrument, a 1-ng/mm? change in the density
of the surface-bound analyte or deposited mass causes a 120-m° shift in the reflectance
angle. Therefore, the total SPR change (Am° = 1822) corresponded to ~15.18 ng of a
polymer deposited on 1 mm? area of the SPR disk surface.

Next, PNA HoN(CO)TATAAA-NH,, soluble in aprotic solvents, was used as the

template to verify the impact of the ODN analogue on the imprinting and sensing ability

of the resulting MIP.
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Figure 3.1-4. Simultaneously recorded two-cycle curves of (a) current, (b) resonance frequency
change, and (c) dynamic resistance change vs. potential for deposition on the Au-quartz
electrode of the PNA-templated MIP film by potentiodynamic electropolymerization from the
40 uM PNA H,N(CO)TATAAA-NH,, 0.1 mM adenine functional monomer 10, 0.2 mM
thymine functional monomer 11, and 0.2 mM cross-linking monomer 13, 0.1 M (TBA)CIOs
solution of acetonitrile. A potential scan rate was 50 mV s
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For preparation of the (PNA HoN(CO)TATAAA-NH»)-templated MIP film, pre-
polymerization complex of the 10 and 11 functional monomers with PNA
HoN(CO)TATAAA-NH2 6 was electropolymerized on a gold electrode of QCR
(Figure 3.1-4). The anodic peak at ~1.17 V vs. AglAgCl in the first current-potential
cycle (Figure 3.1-4a) corresponds to electro-oxidation of the (2,2’-bithien-5-yl)methane
moieties of functional monomers 10 and 11 as well as of cross-linking monomer 13. In
the subsequent cycle, current increased indicating deposition of an electroactive
polymer film. Thus, the film did not hinder the charge transfer needed for further
electro-oxidation of the monomers. This behavior can be explained by the absence of
water in the pre-polymerization complex solution.

Because the PNA HoN(CO)TATAAA-NH>-MIP did not hinder further
electropolymerization, only two potential cycles were needed for complete polymer
deposition. The decrease of the resonance frequency (Figure 3.1-4b) resulted from the
mass increase of the polymer film deposited on the QCR. Simultaneous negligible
decrease (2 Q) of the dynamic resistance in the first cycle, and then its return to the
background curve in the second cycle (Figure 3.1-4c) indicated that the MIP film was
rigid.

Thus, procedures of imprinting of the natural ODN as well as its synthetic
analogue, PNA, into MIP films were developed using nucleobase-substituted 2,2’-
bithien-5-yl functional monomers designed for the Watson-Crick pairing. These
experiments were carried out to verify if both the 5’-TATAAA-3’ and
PNA H>N(CO)TATAAA-NH; were capable of transferring the nucleobase sequence of
the TATAAA to MIPs and if these MIPs would then recognize the analyte with the
similar affinity. Moreover, the aim of the imprinting was to check if a minute amount
of water in the pre-polymerization complex solution, needed to dissolve the 5°-
TATAAA-3’ and to maintain its native conformation during imprinting, influenced

recognition properties of the resulting MIP film of the chemosensor.

3.1.4 Extraction of the sequence-programmable templates from TATAAA-
templated MIP films

From polymer films deposited on different electrodes, 5’-TATAAA-3’ and PNA
H2N(CO)TATAAA-NH:; templates were chemically removed in order to vacate the

imprinted cavities containing the nucleobase of the sequence programmed. These

77



cavities can be considered as 2,2’-bithien-5-yl TTTATA oligomers serving as
recognition units of a chemosensor for selective determination of the 5’-TATAAA-3’
analyte.

The experimental confirmation of  the 5’-TATAAA-3’ or
PNA HoN(CO)TATAAA-NH> removal was different for each type of the template
imprinted. For the (PNA HoN(CO)TATAAA-NH;)-templated MIP film, the template
was extracted with 20% trifluoroacetic acid for 45 min under stagnant-solution
conditions. This extraction was monitored with piezoelectric microgravimetry. The
increase of the resonance frequency evidenced the decrease of the
(PNA HoN(CO)TATAAA-NH»)-templated MIP mass, which was caused by the
removal of the PNA HoN(CO)TATAAA-NH» template (Figure 3.1-5a).

Piezoelectric microgravimetry was also chosen for verifying the extent of
occupation of the imprinted cavities of the (5’-TATAAA-3’)-templated MIP film
deposited on the Au-QCR. However, the PM measurement was indirect. That is, the
absence of the template in the cavity was demonstrated by the capability of this cavity
to bind the 5’-TATAAA-3’ analyte. For that, a 20-uM sample of the analyte solution
was injected after different time of template extraction with 0.1 M NaOH under flow
conditions (Figure 3.1-5b). The resonance frequency decrease indicated emptying more

and more cavities as a result of extending extraction time.
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Figure 3.1-5. (a) The time dependence of the resonance frequency change of the 10 MHz Au-
quartz crystal resonator under stagnant-solution conditions in response to extraction of PNA
HoN(CO)TATAAA-NH; from the (PNA HoN(CO)TATAAA-NH»)-templated MIP film with
20% trifluoroacetic acid. (b) Piezomicrogravimetric determination of 20 pM 5’-TATAAA-3’
analyte after different time of extraction with 0.1 M NaOH under flow conditions.
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However, after 3 h of the template removal there was no further decrease of the
resonance frequency change after injection of the analyte, thus meaning that the
extraction was complete.

Next, the films of 5’-TATAAA-3’ drop-cast onto the Au-QCR electrode (Figure 3.1-6a)
and the (5’-TATAAA-3’)-templated MIP film (Figure 3.1-6b) were analyzed by XPS
for determination of elemental surface composition. Deconvolution of both spectra
revealed the same doublet of the 2p3» and 2pi12 peaks of the binding energy of 133.7
and 134.5 eV,!3* respectively, thus identifying the phosphorus element. The 5’-
TATAAA-3’ is the only source of phosphorus in the studied system. Therefore, the
phosphorus occurrence in the XPS spectra confirmed the presence of the TATAAA
template in the (5’-TATAAA-3’)-templated MIP film (curve / in Figure 3.1-6b). After
treating the film with 0.1 M NaOH, the peak of phosphorus disappeared (curve 2 in
Figure 3.1-6b), thus indicating that the 5’-TATAAA-3’ template complete removal
from the film.

Moreover, the complementary information about the (5’-TATAAA-3’)-templated
MIP film provided by the XPS multipoint surface analysis!* was explored to identify
surface elemental composition of the film and spatial atomic distribution (Table 3.1-2).
Apparently, the MIP film with the 2,2’-bithien-5-yl TTTATA oligomer was

homogeneous.
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Figure 3.1-6. The high-resolution XPS spectra of phosphorus 2p for (a) the 5’-TATAAA-3’
film drop-cast on the Au-QCR electrode and (Panel b, curve 1) the (5’-TATAAA-3)-templated
MIP film deposited on the Au-QCR electrode by potentiodynamic electropolymerization;
deconvoluted peaks (dotted and dashed curves) stand for the P 2ps» and P 2pi» photoelectron
spin-orbit states. (Panel b, curve 2) The spectrum of P 2p of the (5‘-TATAAA-3°)-templated
MIP film after treatment with 0.1 M NaOH for 3 h.
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That is, 3-D molecular cavities were homogeneously imprinted in it and nucleobases of
the electrochemically synthesized 2,2°-bithien-5-yl TTTATA were available for
Watson-Crick pairing of nucleobases of the 5’-TATAAA-3’ analyte..

For the (5’-TATAAA-3)-templated MIP film deposited on the Pt disk electrode,
template removal was confirmed electrochemically. That is, in the DPV experiment
using the “gate effect” for studying the MIP film with the 5’-TATAAA-3’ template
molecules occupying the imprinted cavities, the anodic peak current of Fe(CN)s* redox
marker oxidation was hardly seen (curve / in Figure 3.1-7a). Moreover, in the EIS
study, the Nyquist plot for the Pt disk electrode coated with the (5’-TATAAA-3’)-
templated MIP film, was represented by a large arc related to a high charge transfer
resistance, Ret = 13 kQ (curve 1~ in Figure 3.1-7b), of the Fe(CN)s¢*/Fe(CN)s>~ redox
marker. Apparently, the 5’-TATAAA-3’ template presence in the MIP film hindered
the Fe(CN)s*/Fe(CN)s* electrode process. Next, the template was gradually extracted
from imprinted cavities, thus allowing for marker molecules diffusive permeation
through the film. This extraction progress was manifested by the DPV peak increase in
consecutive steps of the extraction (curves 2’ and 3’ in Figure 3.1-7a). Furthermore, the
diameter of the arc part of the Nyquist plot (curve 2" in Figure 3.1-7b) smaller than that
in curve /7 in Figure 3.1-7b, implied a lower charge transfer resistance (Rt = 2.04 kQ)

of the template-free MIP film coated electrode.

Table 3.1-2. Surface elemental composition of the (5’-TATAAA-3’)-templated MIP film
determined using the multipoint XPS spectra analysis.”

Concentration, atomic %

Element
XPS data Stoichiometric number
N 34+0.8 5.5
O 10.6 1.3 6.9
S 14.0+0.9 13.6
P 0.5+0.1 0.8
C 72.0+2.8 73.2

2The XPS spectra were acquired at five spots of surface area (250 pm x 250 pm), separated by 2 mm.
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After complete template extraction, the resulting 2,2’-bithien-5-yl TTTATA,
immobilized in molecular cavities of the MIP film, hybridized to the 5’-TATAAA-3’
analyte. In effect, the DPV peak decreased after immersing this electrode in the 5°-
TATAAA-3’ analyte solution (curve 4’ in Figure 3.1-7a), thus confirming that redox
marker diffusion in the film was hindered again. Moreover, the diameter of the
resulting arc of the Nyquist plot increased to reach Rei=2.42 kQ (curve 37 in Figure
3.1-7b), thus indicating that the target 5’-TATAAA-3’ analyte was bound by the
TTTATA site in the MIP molecular cavity.
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Figure 3.1-7. (a) Differential pulse voltammograms and (b) Nyquist plots for 0.1 M K4Fe(CN)s
in 0.1 M KNO:s, recorded at the 1-mm diameter Pt disk electrode coated with the (5’-TATAAA-
3’)-templated MIP film (/" and 1”) before and after (2°) 25, and (3’ and 2”) 45 min of 5°-
TATAAA-3’ extraction with 0.1 M NaOH, and then (4 and 3 ") after immersing the electrode
in 50 uM 5’-TATAAA-3" for 15 min. The film was prepared by potentiodynamic
electropolymerization in the potential range of 0.50 to 1.25 V vs. Ag|AgCl at a 50 mV s™! scan

rate.

3.1.5 PM-IRRAS and AFM characterization of the TATAAA-MIP films

PM-IRRAS measurements were carried out in search for spectral properties of the
TTTATA-substituted 2,2’-bithien-5-yl polymer (Figure 3.1-8). The presence of bands
in regions of 1580-1320 and 1290-1140 cm’!, characteristic of vibrations of
polybithiophene bonds, confirmed the presence of the 2,2°-bithien-5-yl backbone of the
resulting ODN TTTATA analogue. The band at ~1222 cm™ (spectrum / in Figure 3.1-
8), assigned to the PO>" and P-O-P bond stretching vibrations in 5’-TATAAA-3’,
substantiated the presence of these bonds of the 5’-TATAAA-3’ template in the MIP
film. The relative band intensity for the (5’-TATAAA-3’)-templated MIP was
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significantly lower after template extraction (spectrum 2 in Figure 3.1-8) and for the
corresponding NIP (spectrum 3 in Figure 3.1-8) than that before template extraction
(spectrum / in Figure 3.1-8). Moreover, there was a broad set of bands in these regions
characteristic of the vibrations of the nucleobase bonds. The relative intensity of these
bands was the highest for the (5’-TATAAA-3’)-templated MIP film (spectrum / in
Figure 3.1-8). That way, hybridization of the 5’-TATAAA-3’ template with the 2,2’-
bithien-5-yl TTTATA oligomer in the MIP matrix was confirmed. However, relative
intensities of these bands decreased after extraction of the 5’-TATAAA-3’ template
(spectrum 2 in Figure 3.1-8), which resulted from dehybridization in the MIP cavities.
Moreover, nucleobase pairing of the template with functional monomers was
manifested by enhancement of the band at 1690 cm™! corresponding to C=0O stretching
vibration (spectrum / in Figure 3.1-8). After extraction, this band disappeared

(spectrum 2 in Figure 3.1-8) as a result of dehybridization.
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Figure 3.1-8. The normalized PM-IRRAS spectra of the (5’-TATAAA-3’)-templated MIP film
(1) before and (2) after 5°- TATAAA-3’ template extraction with 0.1 M NaOH as well as (3)
the non-imprinted polymer (NIP) film. All films were deposited on Au-glass slides.

The (5’-TATAAA-3’)-templated MIP and (PNA HoN(CO)TATAAA-NH»)-
templated MIP films were imaged by AFM (Figure 3.1-9) in order to unravel their
morphology and determine their thickness. In case of the (5’-TATAAA-3’)-templated
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MIP, the film was composed of ~30-nm diameter grains (Figure 3.1-9a). Their
thickness was 140(+3) nm. For the (PNA HoN(CO)TATAAA-NH»)-templated MIP
film, the AFM imaging revealed its morphology of well-defined grains with diameter in
the range of 30 to 60 nm (Figure 3.1-9b). Its thickness was 114(£5) nm.

The measured thicknesses of the (5’-TATAAA-3’)-templated MIP and
(PNA HoN(CO)TATAAA-NH»)-templated MIP  films were different.  Different
conditions of electropolymerization of the pre-polymerization complexes and different

surface areas of the gold electrodes used were the reasons of this discrepancy.

Figure 3.1-9. (a) The (0.5 x 0.5) um?> AFM image of the (5-TATAAA-3’)-templated MIP
film deposited on the Au-glass slide. (b) The (1.0 x 1.0) pm?> AFM image of the
(PNA HoN(CO)TATAAA-NH»)-templated MIP film deposited on the Au-QCR.

3.1.6 Analytical performance of the (5-TATAAA-3’)-templated MIP chemosensor
for 5>-TATAAA-3’ determination

Analytical performance of the (5’-TATAAA-3’)-templated MIP chemosensor with
respect to the 5’-TATAAA-3’ determination was examined with PM and CI, both under
FIA conditions, as well as with SPR spectroscopy under stagnant-solution conditions.
Moreover, the kinetic aspect of the 5’-TATAAA-3’ recognition with the 2,2’-bithien-5-
yl TTTATA oligomer was investigated using the PM transduction.

3.1.6.1 Piezoelectric microgravimetry (PM) chemosensor

Hybridization of the 5’-TATAAA-3’ analyte in molecular cavities of the MIP film was
studied by PM under FIA conditions. After each injection of the analyte sample
solution, resonance frequency decreased (Figure 3.1-10a) because the analyte entered

the film and, accordingly, the film mass increased, as Sauerbrey equation predicts.
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After reaching minimum, this frequency increased to its initial baseline value indicating
a complete removal of the analyte from the film by abundance of the carrier solution.
Figure 3.1-10a shows the resonance frequency change with time for six consecutive
injections of the 5’-TATAAA-3’ analyte solutions of different concentrations, which
allowed constructing the calibration plot (curve / in Figure 3.1-10b).

The chemosensor response to the 5’-TATAAA-3’ analyte was linear in the
concentration range of at least 0.5 to 10 uM. It was described by the linear regression
equation of Af[Hz] = -0.66(£0.02) [Hz] -1.07(x£0.04) [Hz uM™'] ¢5-taTasa-3- [uM]. The
LOD, sensitivity, and correlation coefficient at the signal-to-noise ratio, S/N =3, was
110 nM, 1.07(0.04) Hz uM™', and 0.99, respectively. The NIP control film sensitivity
to the 5>-TATAAA-3’ analyte was four times lower, equaling 0.27(x0.03) Hz uM™!,
and, therefore, a reasonably high imprinting factor of 4.0 was calculated from the ratios

of the sensitivity of the MIP and NIP film to 5’-TATAAA-3".
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Figure 3.1-10. (a) The resonance frequency change with time for repetitive FIA injections of
5’-TATAAA-3’ analyte of the concentration indicated at each peak for the (5-TATAAA-3’)-
templated MIP film coated Au-QCR. (b) Calibration plots for 5’-TATAAA-3’ determined at
the (1) (5’-TATAAA-3)-extracted MIP and (2) NIP films. The flow rate of the PBS (pH = 7.4)
carrier solution was 30 pL min™.

Determination of the 5’-TATAAA-3’ analyte was possible because synthetic non-
labeled probes with a very high affinity to the complementary analyte were generated
inside the polymer. Advantageously, the constrained 2,2’-bithien-5-yl TTTATA
oligomer, immobilized in the MIP cavities, hybridized to the 5’-TATAAA-3’ analyte at

room temperature under FIA conditions within 2 min.
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3.1.6.2 Surface plasmon resonance spectroscopic chemosensor for selective 5’-
TATAAA-3' determination

In SPR spectroscopy measurements, performed under stagnant-solution conditions,
hybridization of the 5’-TATAAA-3’ analyte by the complementary TTTATA probe,
generated in the MIP, induced a change in the refractive index. This change was
proportional to the 5’-TATAAA-3" mass load of the film, thus enabling the real-time
hybridization monitoring. Herein, the 5’-TATAAA-3’ analyte caused a shift of the
reflectivity to higher angles as the result of a significant change in the refractive index

of the MIP film coated SPR chip (Figure 3.1-11a).
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Figure 3.1-11. (a) The SPR signal vs. time transients for determination of the 5’-TATAAA-3’
analyte of different concentrations indicated at curves. (b) The SPR calibration curve for the 5’-
TATAAA-3’ analyte determination. The film of MIP with the 2,2’-bithien-5-yl TTTATA
oligomer immobilized in its molecular cavities, deposited by potentiodynamic
electropolymerization on the SPR chip, was used.

The SPR calibration plot constructed for the 5’-TATAAA-3" analyte
(Figure 3.1-11b) was described by the linear regression equation of
AR [m°] = 8.22(£0.49) [m°] + 3.43(£0.30) [m° pM™'] c5-TaTAAA-3 [UM] Where R stands
for the SPR signal. The LOD reached was appreciably low equaling ~50 nM
5" TATAAA -3’°, which is half that attained herein by PM. This impressively low LOD
value is particularly important because the SPR chip response to the analyte presence

was enhanced with neither AuNPs nor proteins.
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3.1.6.3 Piezoelectric microgravimetry (PM) analysis of kinetic data

Kinetic analysis of the PM-FIA data of the 5’-TATAAA-3’ analyte interaction with the
MIP!!413¢  provided values of the association, k.=~ 10*M's! and dissociation,
ka=10? s! rate constants. This analysis revealed that 2,2’-bithien-5-yl TTTATA
oligomer hybridized 5’-TATAAA-3> with a high stability constant,
K TTTATATATAAA — o /kq = 10 M™!, comparable to that characteristic for longer-chain
DNA-PNA hybrids (Table 3.1-3). The above rate constants were determined by fitting
theoretical data to experimental PM-FIA data. These constants well compared with
those determined with the SPR analysis using the literature procedure.!!*!36

To date, a state-of-art SPR biosensor detected a short (15-mer) ON target
(Mw=5kDa) via complementary probe hybridization with a similar like that
determined herein k, value of 10* M s1.137 Moreover, stability constants of complexes
of native nucleic acid “hosts” with their cognate ligand “guests” are relatively low being
of the order of 10° M'1.13%  Advantageously, the presently determined KTTTATA-TATAAA
value for the probe is comparable to those for much longer-chain DNA-PNA hybrids,
10°M"! (for PNA HN(CO)GCATTTGCAT-NH,) < KPNAPNA <107 M (for PNA-
H,N(CO)GCATGAGCAT-NH,).!?!%  Notably, the described herein procedure
proposes circumventing disadvantages connected with a very low stability of short ON

hybrids at room temperature.

Table 3.1-3. Comparison of stability constants of the probe-target complexes for different
nucleic acid chemosensors.

Probe K, M! Target Ref.
2,2"-Bithien-5-yl ODN 106 5-TATAAA-3’ Present work
analogue
PNA-GCATTTGCAT 10° Probe-complementary ODN 129
PNA-GCATGAGCAT 107 Probe-complementary ODN 129

3.1.6.4 Capacitive impedimetric (CI) chemosensor for selective 5>-TATAAA-3’

determination

In CI determination of 5’-TATAAA-3’ under FIA conditions, the electrical double-layer

capacity, Cq, at the Pt-MIP interface was determined from measurements of the
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imaginary component of impedance, Zim. Considering only the compact part of the
double layer, we determined Cq at the Pt-MIP interface by measuring Zim according to
Equation 2.2-21. The Ca changes corresponded to the changes of electric permittivity,
&, and the double-layer thickness, dai, as Equation 2.2-22 describes.

After 5’-TATAAA-3 binding, the permittivity increased, so the capacity did
(Figure 3.1-12a). Apparently, the recognizing MIP film reversibly bound the analyte.
Based on the CI measurements, calibration plots were constructed for the MIP and NIP
film coated electrodes (curves / — 3, and 4, respectively, in Figure 3.1-12b). The linear
dynamic concentration range extended from at least 0.05to 2.0 uM 5°’-TATAAA-3’
(curve / in Figure 3.1-12b) obeying the linear regression equation of
Cal [uF cm?] = 2.67(£0.13) [uF cm™?] + 2.07(£0.13) [uF cm™ uM™] crataaa [uM]. The
LOD, determined at S/N = 3, reached as low value as ~5 nM TATAAA. The sensitivity
and correlation coefficient was 2.07(x0.13) pF cm™ uM™! and 0.98, respectively.
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Figure 3.1-12. (a) The capacity change with time of the MIP film coated Pt disk electrode in
response to repetitive FIA 200-uL injections of 0.1 M NaF solutions of 5’-TATAAA-3’.
The 5’-TATAAA-3’ concentration is indicated at each peak. The flow rate of 0.1 M NaF,
serving as the carrier solution, was 20 uL min'. (b) Calibration plots for (/) 5’-TATAAA-3’
and mismatched ODNs, namely, (2)5-TATAGA-3’, (3)5-TATAAG-3’, on the (5-
TATAAA-3")-extracted MIP film deposited on the Pt disk electrode as well as (4) 5’-
TATAAA-3’ on the NIP film deposited on the Pt disk electrode. Frequency, 20 Hz; potential,
0.50 V vs. Ag|AgCl; the sinusoidal voltage amplitude, 10 mV.

The chemosensor selectivity was determined under the same CI conditions of FIA
by examining sensitivity of the MIP film to ODNs of mismatched sequences, i.e.,
hexamers mismatched with just one nucleobase, vis. 5’-TATAAG-3’ and 5’-TATAGA-
3°,. The MIP chemosensor was ~3.0 and ~2.3 times more sensitive to the 5’-TATAAA-
3’ analyte than to the 5’-TATAGA-3’ and 5’-TATAAG-3" mismatches, respectively.
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Moreover, the 5’-TATAAA-3’ analyte was determined at a control NIP film (curve 4 in
Figure 3.1-12b) to confirm the imprinting. The 5’-TATAAA-3’ binding by the NIP
with the sensitivity of 0.82(x£0.19) uF cm™ uM™! was significantly (~2.5 times) weaker
than that by of the MIP.

Apparently, the present 5’-TATAAA-3’ template imprinting was governed by the
Watson-Crick nucleobase pairing of template nucleobases with nucleobases of
functional monomers. Subsequent electropolymerization, and then template removal
resulted in the nucleobase-substituted 2,2’-bithien-5-yl TTTATA oligomer probe
selectively hybridizing the complementary 5’-TATAAA-3’ analyte.

3.1.7 Analytical performance of the (PNA H:N(CO)TATAAA-NH:2)-templated
MIP film

The (PNA HoN(CO)TATAAA-NH»)-templated MIP film was used as the recognition
unit of a chemosensor for selective determination of the 5’-TATAAA-3 analyte. To
check whether the template-emptied cavities contain 2,2’-bithien-5-yl TTTATA
recognizing probe or not, the samples of 10 uM 5’-TATAAA-3’ (Figure 3.1-13a) and
10 uM PNA HoN(CO)TATAAA-NH: (Figure 3.1-13b) were consecutively injected to
the carrier solution under PM-FIA conditions.

The resonance frequency decrease evidenced both 5°-TATAAA-3’ and PNA
H>N(CO)TATAAA-NH; binding with the probe. Thus, the (PNA HoN(CO)TATAAA-
NH)-templated MIP with emptied cavities appeared suitable for detection of the AT-
rich 5’-TATAAA-3’ analyte. A comparable resonance frequency drops indicated equal
affinity of the MIP film to both the 5’-TATAAA-3’ and its PNA close analogue.
Expectedly, this was possible because the spacing between the nucleotides in the 5’-
TATAAA-3’ is the same as that in the PNA HoN(CO)TATAAA-NH,.'%

Moreover, the 5’-TATAAA-3’ analyte determination signals on both 5’-TATAAA-3’
and (PNA HoN(CO)TATAAA-NH;)-templated MIPs were comperable. This indicated
that a minute amount of water, added to the pre-polymerization solution of the (5’-
TATAAA-3’)-templated MIP, had no effect on recognition properties of the MIP film

of the chemosensor.
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Figure 3.1-13 The resonance frequency change with time of the PNA H,N(CO)TATAAA-
NH:-templated MIP coated 10 MHz Au-QCR for FIA injections of 10 uM (a) 5’-TATAAA-3’
and (b) PNA TATAAA. The PBS (pH = 7.4) served as the carrier solution; its flow rate was
30 uL min™.

3.1.8 Synthetic TATA box affinity to amino acids

By mimicking natural Watson-Crick nucleobase pairing, we used molecular imprinting
to prepare the TTTATA oligomer probe. Preparation of this oligomer involved
polymerization of the complex of the 5-TATAAA-3’ template with functional
monomers 10 and 11 in the presence of the cross-linking monomer 14. The proposed
structural formula of the complex 1is presented in Scheme 3.1-2. The
electropolymerized complex can be considered as a fragment of the artificial TATA
box. The research described in the present section involves an MIP governed strategy
used to devise and fabricate a stable minimal motif of an undistorted (due to nucleobase
stacking) artificial dSDNA fragment. This strategy aims at unraveling nucleic acids
interactions with compounds providing the desired biological function. Certainly, it is
premature to foresee fully-synthetic processes having the degree of complexity and
reliability of natural systems. Current chemical tools do not allow approaching the
replication, transcription, or translation machinery even remotely. However, each of
simplified and exploited man-made platforms transforming information controlled at the
molecular level in synthetic polymer chains deepens understanding of critical cell
functions (a class of DNA-protein contacts). Moreover, it can open doors for
developing new medical and biological applications, including rational drug designing

and gene expression controlling.!*!
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Several DNA-protein complexes have already been studied.'*> However, there is a
long way to explain origins of specificity of these interactions. No simple rules have so
far been formulated for a general recognition code that adequately explains
complexation for all proteins. For study of specific DNA-protein interactions, selected

3 In

pairs of amino acids and DNA nucleobases have been examined extensively.'*
general, a large majority of both experimental and computational studies have only
focused on specific binding interactions of the amino acid with nucleobases.!**
Noteworthy, it seems feasible to extend the analysis of hydrogen bonds of a simple one-
to-one (amino acid)-nucleobase interaction, characterized using molecular modeling, to
include complex interaction networks involving multiple nucleobase steps (stacked
nucleobase pairs) in the MIP.!'*? These interactions are indispensable for the overall
specificity of DNA-protein complexes. Herein, main interest involved interactions of
amino acids with nucleobases of the artificial TATA box and the effect they exert on
specificity of short 5’-TATAAA-3’ interaction with amino acids.

The artificial TATA box in the MIP film was comprehensively characterized by
PM-IRRAS (Figure 3.1-8) in Section 3.1.5 and by XPS (Figure 3.1-6) in Section 3.1-4.
Moreover, a high-resolution XPS was combined with a very low energy argon ion (Ar")
beam sputtering for a depth-profile chemical analysis of the (5’-TATAAA-3’)-
templated MIP film near its surface (Table 3.1-4). In this way, depth distribution of the
hybridized 5°’-TATAAA-3’ was evaluated in the MIP film. By measuring the high-
resolution XPS spectra of C 1s, O 1s, S 2p, N 1s and P 2p after each consecutive step of
Ar'" ion etching, a relative content of the carbon, oxygen, sulfur, nitrogen, and
phosphorus atoms, respectively, was identified in the bulk of the film.

The present depth-profile XPS chemical analysis of the (5’-TATAAA-3’)-
templated MIP film revealed that the nitrogen-to-phosphorus ratio in the outermost MIP
layer and that for deeper located layers remained equal. The relative atomic phosphorus
content detected on the 10-nm depth of probing was only slightly higher than that on the
20-nm depth (Table 3.1-4). Thus, homogeneous distribution of the 5’-TATAAA-3’ in
the MIP film surface vicinity was evidenced.

With XPS depth profiling, a strong relationship between nucleobase density in the
MIP and MIP nucleobase affinity to their cognate amino acids was demonstrated.
Homogeneous distribution of the 5’-TATAAA-3’ in the MIP allows for direct
interactions of nucleobases immobilized in the MIP with amino acids, including their

intercalation.
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Scheme 3.1-2. Structural formulas of the pre-polymerization complex of 5’-TATAAA-3’ 1
with the 4-bis(2,2'-bithien-5-yl)methylphenyl thymine-1-acetate 10 and 4-bis(2,2’-bithien-5-
yl)methylphenyl 2-adenine ethyl ether 11 functional monomers in the presence of the
2,4,5,2’,4°,5’-hexa(thiophene-2-yl)-3,3’-bithiophene 14 cross-linking monomer.

Table 3.1-4. The elemental depth-dependent composition of the MIP-(5’-TATAAA-3’) film
determined using the XPS depth-profiling analysis.

91



Elemental composition, atomic %

Element y11p (5 TATAAA-3")  MIP(5-TATAAA-3)  MIP-(5-TATAAA-3")
at the depth of 0 nm at the depth of 10 nm at the depth of 20 nm

C 71.2 67.9 70.6

0 14.2 14.7 12.2

S 8.2 9.6 9.5

N 5.6 6.8 6.5

P 0.8 1.0 1.2

Total 100 100 100

To highlight relations of the artificial TATA box structure with functioning of the
natural TATA box, composition of the former and its properties was determined. For
this, interactions of the MIP film with selected amino acids, which interact with the
natural TATA box, were examined.

The spectroscopic characterization of the artificial TATA box embedded in the MIP
confirmed that the use of the 5’-TATAAA-3’ template for its molecular imprinting via
Watson-Crick nucleobase pairing® enables exposing the sugar-phosphate backbone of
the imprinted 5’-TATAAA-3’ template for this backbone interaction with amino acids.
Herein, the MIP film was used to serve as a matrix of an artificial TATA box containing
the 5’-TATAAA-3’ promoter, which can be recognized by compartmentalized amino
acids interacting with the natural TATA box. For that, both PM and SPR spectroscopy
measurements was used under FIA conditions. In this study, 0.2 M aqueous solution
samples of just one amino acid, namely, either L-serine (Ser), L-lysine (Lys), L-glutamic
acid (Glu), L-threonine (Thr), L-valine (Val), L-phenylalanine (Phe), or L-leucine (Leu)
were consecutively injected to the FIA system (Table 3.1-5). These amino acids
recognize the 5°-TATAAA-3’ promoter in the natural TATA box.”>> The PM
determined mass of the amino acid interacting with the MIP film (Table 3.1-5) provided
the number of amino acid molecules interacting with one artificial 5’-TATAAA-3’
promoter molecule of the artificial TATA box embedded in the MIP. The number of
amino acid molecules per one nucleobase moiety in the 5’-TATAAA-3’ of the natural

TATA box varied in the range of 2 to 7.5%%3
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Considering the natural TATA box as a binding site for the TBP, we took into
account TBP amino acids interaction, separately, with sugar-phosphate and nucleobase
moieties of the 5°-TATAAA-3’ promoter.>>>3

Herein, molecular imprinting of non-labeled 5’-TATAAA-3’ resulted in a stable
hexameric dsDNA analogue with sequence-controlled nucleobases. Moreover, in the
herein prepared artificial ODN, the DNA sugar-phosphate backbone was replaced by
the hexa[bis(2,2’-bithien-5-yl)] backbone, thus resulting in a stable DNA analogue.
Phosphate residues of the 5’-TATAAA-3" template were left unbound during the
imprinting. Thus, their bond vibrations were identified in the PM-IRRAS spectra.
Although the artificial TATA box was prepared in the MIP, it could mimic activity of
the natural TATA box because it contained the 5’-TATAAA-3’ hybridized with the
artificial hexa[bis(2,2’-bithien-5-yl)] TTTATA.

The main TBP moiety interacting with the phosphate moiety of the natural 5°-
TATAAA-3’ contains Ser and Lys.’>>* Both directly and indirectly, these amino acids
interact with six 5’-TATAAA-3’ phosphate residues to form six direct hydrogen bonds
and one water-mediated hydrogen bond.”?> In case of our present artificial TATA box,
one spherical Ser molecule and six elongated Lys molecules interacted with one and six
phosphate residues, respectively, similarly as in the natural TATA box (Table 3.1-5).

Taking into account the amino acid molecule diameter and assuming tight face-
centered cubic (fcc) packing of the 5’-TATAAA-3" molecules on the electrode surface,
we estimated the number of amino acid moles per one 5’-TATAAA-3" monolayer
(Table 3.1-5). Then, we evaluated the depth of amino acid penetration into the MIP
film (Figure 3.1-14a). The 5’-TATAAA-3’ concentration in the 140-nm thick MIP film
was 2.1 mM, as determined using the earlier developed procedure.'*® The MIP film
roughness, expressed as the relative surface area, Rsa =2.8(+0.2) nm, was relatively

10W 145

The number of MIP monolayers, which the studied amino acid molecules
penetrated, well correlated with the mass of the amino acid interacting with the MIP
(Table 3.1-5). That is, the resonance frequency change of the Au-QCR electrode coated
with the MIP-(5’-TATAAA-3’) film increased for the amino acid more, the deeper the
amino acid molecule penetrated into the MIP film (Figure 3.1-14a). Apparently, the Ser
molecule permeated as deeply as through over ten MIP monolayers (Table 3.1-5) while
the Lys molecule permeated merely through less than one-and-a-half monolayer.

Chemical properties of the amino acids govern their affinity toward the TATA box
(Table 3.1-5). Polar interactions of Thr are afforded by the hydrogen bond involving
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the N3 atom of A.>* This atom is not engaged in the Watson-Crick nucleobase
pairing.  Vibrations of the C=N3 bond are seen in the PM-IRRAS spectra
(Figure 3.1-8). In the natural TATA box, two Thr molecules donate one hydrogen bond
to the N3 atoms of two A moieties of TATA 5%

Furthermore, molecules of amino acids are mainly inserted between dsDNA base
pairs, thus distorting the DNA duplex.>*® This is because of a large surface contact of
the amino acid molecules with this duplex. Prevailingly, the DNA is hydrophobic with
the van der Waals contact to sugar moieties. Among the amino acids interacting
through non-polar forces are Val, Phe, and Leu. Their non-polar sites are in contact not
only with the deoxyribose moieties but also with polar nucleobases of the dsDNA.
Similarly as for the natural TATA box, one monolayer of the (5’-TATAAA-3’)-
templated MIP interacted herein with six hydrophobic Val molecules. Thus, the
resonance frequency decrease was substantial for this interaction (Table 3.1-5). On the
contrary, the hydrophobic isobutyl substituent of Leu hindered interaction of this amino
acid with the adjacent nucleobases in the central part of the artificial TATA box.
Therefore, the resonance frequency did not change much (not shown).

Structural studies of the TATA box have indicated conserved kinks.>* However,
stability of these deformations upon nucleobase stacking is not well known. Therefore,
we explored stacking interactions of nucleobase steps of our artificial TATA box with
the aromatic ring of Phe.

In the natural TATA box, four Phe molecules wedge between the first two and the
terminal two nucleobase pairs of the TATA box without hydrogen bond formation. >3
Herein, we assumed that Phe can interact only with the 3’- end of 5’-TATAAA-3’ of
the artificial TATA box, similarly as with the natural TATA box. Surprisingly, Phe
strongly interacted with the artificial TATA box (Table 3.1-5) although it permeated
only through four outermost MIP monolayers (Figure 3.1-14a). This result is in
agreement with those of earlier studies indicating that the Phe aromatic ring did not
penetrate deeply into the stacked base pair of the TA/TA step.!*® Two Phe molecules
interactions with nucleobases distort stacking at two dinucleotide step sites.!'*®
Herein, structure of the artificial TATA box containing the TA/TA step was modeled
(Figure 3.1-15). Apparently, it was similar to that of the natural dsDNA containing
nucleobases steps. Our calculations confirmed that the Phe aromatic ring'*® interacted
via stacking with nucleobases of the artificial TATA box embedded in the MIP
(Figure 3.1-16a). Moreover, the TA/TA step of the artificial TATA box with two Phe
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Table 3.1-5. Interactions of amino acids with an artificial TATA box.

Amino acid QCM Mass of amino acid Number of Number of amino

resonance  interacting with the amino acid acid molecules per
frequency MIP-(5’-TATAAA-3’) molecules one MIP-(5’-

change, film, per one TATAAA-3’)
Hz ng natural  monolayer (x 10'?)
TATA box*

L-Glutamic acid -22 19.1 1 4.4

(Glu)

L-Serine (Ser) -17 14.7 1 8.8
L-Lysine (Lys) -22 19.1 6 31
L-Threonine (Thr)* -7.5 6.5 3 13
L-Valine (Val)* -15 13.0 6 26
L-Phenylalanine -20 17.3 2 17

(Phe)

*Inter-nucleobase pair hydrogen bonds between thymine and adenine of both strands for the TA/TA step.
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Figure 3.1-14. Histograms of amino acids interaction with the artificial TATA box. The signal
of (a) PM and (b) SPR for one TATA box molecule of the MIP-(5’-TATAAA-3’) film
interacting with one molecule of L-glutamic acid (Glu), L-serine (Ser), L-lysine (Lys),
L-threonine (Thr), L-valine (Val) and L-phenylalanine. (a) Numbers in columns indicate how
many outermost MIP monolayers the amino acids molecules penetrated through. (b) The MIP-
(5’-TATAAA-3") film was deposited on (a) the Au-QCR electrode or (b) the Au-coated glass
slide by potentiodynamic electropolymerization of functional monomers 10 and 11 and the
cross-linking monomer 14 in the presence of the 5>-TATAAA-3’ template in the solution of the
acetonitrile-to-water-to-toluene-to-isopropanol volume ratio of 7.5 : 1.0 : 1.0 : 0.5, respectively.
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L-Phenylalanine (Phe)

Figure 3.1-15. The artificial TATA box structure visualized using Avogadro program
package.'* 1In the red frame, the green circles represent two L-phenylalanine (Phe) molecules
inserted in the TA/TA step of the artificial TATA box.

molecules inserted was optimized (Figure 3.1-16b). This was accomplished to
demonstrate distortion of stacking interaction between nucleobases of our artificial
TATA box. Thus, the Phe ring was intercalated between two nucleobase pair stacks,
1.e., between nucleobase pair steps. If this assumption holds, then Phe can serve as a
hydrophobic anchor of the (transcription factor)-TBP interaction, thus effectively
stimulating the transcription,>*136:144.146-148

In the natural TATA box, one Glu molecule indirectly interacts with the A moiety
of the 5’-TTTATA-3’ strand of the TATA box.'*!'* Herein, also the Glu molecule was
found to interact strongly with the A moiety of the hexa[bis(2,2’-bithien-5-yl)]

TTTATA analogue in our artificial TATA box (Table 3.1-5). Moreover, the Glu
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molecule penetrated as deeply as through nearly ten MIP monolayers (Figure 3.1-14a).
Thus, these results agree with results of previous studies of dSDNA-protein interactions
at the molecular level.'*? Apparently, the artificial TATA box embedded in the MIP
was available for compartmentalization of amino acids, similarly to that of the natural

TATA box.
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Figure 3.1-16. The optimized structure of the TA/TA step with intercalated (a) one and (b) two
L-phenylalanine (Phe) molecules. The modeled structure of the TA/TA step of the artificial
TATA box is similar to that of nucleobases steps of natural dSDNA. The ultrafine geometry
optimization was performed using the dispersion-corrected DFT with wb97xd'** potential,
which describes n-r stacked structures and the standard base 3-21g.

Conformably, SPR results for the chip coated with the MIP-(5’-TATAAA-3’) film

interacting with these amino acids were in accord to the PM results (Figure 3.1-14b).
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The PM and SPR results were encouraging, especially those related to the Glu
molecule penetration into the MIP. Introduction of a single-negatively charged Glu
residue into a potentially hydrophobic membrane-lytic peptide selectively perturbs the
endosomal membranes and facilitates the cytosolic release of endocytosed
1

biomacromolecules.!?

For this, the Glu interface with the MIP-(5’-TATAAA-3") was examined using the XPS

Therefore, Glu penetration was examined into the MIP film.

depth profiling. Moreover, relative elemental composition of the MIP-(5’-TATAAA-
3’) film after 24-h soaking in 20 mM Glu was determined using this analysis. The
artificial TATA box interactions with Glu were readily recognized by following the
relative content of nitrogen (N 1s) and phosphorus (P 2p) as a function of the Ar®
sputtering time (Table 3.1-6).

Table 3.1-6. Elemental depth-dependent composition of the MIP-(5’-TATAAA-3") film after
24-h immersing in 20 mM L-glutamic acid (Glu), determined from the high-resolution XPS
spectra recorded using the depth-profiling analysis.”

Elemental composition, atomic %

Element  yip (5 TATAAA3)  MIPL(5-TATAAA-3’)  MIPL(5’-TATAAA-3")
at the depth of 0 nm at the depth of 10 nm at the depth of 20 nm

C 80.1 79.7 79.9

0 9.8 8.4 8.7

S 7.6 8.4 8.1

N 2.2 3.2 3.1

P 0.2 0.1 0.1

“The MIP-(5’-TATAAA-3’) film was deposited on the Au-coated glass slide by potentiodynamic
electropolymerization of the functional monomers 10 and 11 and the cross-linking monomer 14, in the
presence of the 5’-TATAAA-3’ template, in the solution of the acetonitrile-to-water-to-toluene-to-
isopropanol volume ratio of 7.5 : 1.0 : 1.0 : 0.5, respectively.

The nitrogen-to-phosphorus atomic per cent ratio on the surface of the MIP-(5’-
TATAAA-3’) film increased by ~1.6 times after film immersing in the Glu solution
(Figure 3.1-17). Furthermore, this ratio was 4.7 and 5.7 times larger in the 10-nm and
20-nm depth of the film, respectively, than those at these depths for the MIP film before
exposing it to Glu (Figure 3.1-17). Apparently, Glu permeated through the examined
layers of the homogeneous MIP-(5’-TATAAA-3’) film. Noteworthy, the phosphorus

and nitrogen relative content slightly decreased and significantly increased,
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respectively, with the increase of the depth of penetration. Hence, clearly, any
contribution to the nitrogen content increase arose from the amine group of Glu and not
from the nucleobases. Evidently, the Glu presence in the MIP-(5’-TATAAA-3) was
significant. So, we have successfully demonstrated that high-resolution XPS combined
with depth profiling offered a valuable nanoscale tool for analysis of the depth
dependent Glu interactions with the artificial TATA box in the multilayered MIP-(5’-
TATAAA-3’) film.

Two types of interactions, namely, hydrogen bonding and aromatic ring stacking,
determine the nucleic acid structure. Hydrogen bonding is important in the DNA-
protein recognition. In DNA-protein complexes, most of hydrogen bonds are formed
with the Hoogsteen edge of nucleobases. Typically, this is because, the Watson—Crick
edges are unavailable, being engaged in nucleobase pairing.!®> Small aromatic
molecules, which intercalate into the dsDNA helix, can impart this helix damage.
Intermolecular interactions involving aromatic rings are of paramount importance in

biological recognition.!

Their understanding is essential for rational drug design in
medicinal chemistry. Different investigations, such as biological studies, molecular
recognition studies using artificial receptors, crystallographic database mining, gas-
phase studies, and theoretical calculations, are pursued to gain a profound understanding
of the structural and thermodynamic parameters of individual recognition modes

involving aromatic rings.'>?

Herein, the analytical approach using a stable artificial
DNA fragment, namely, an artificial TATA box, was proposed for understanding the
principle role of nucleobase sequence specificity. Besides, DNA sequence-specific
recognition is critical in DNA repairing, especially in the context of DNA-protein

interaction.
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Figure 3.1-17. The nitrogen-to-phosphorous atomic % ratio for the MIP-(5’-TATAAA-3’) film
before and after 24-h immersing in 20 mM L-glutamic acid (Glu), labeled as MIP-Glu, at
different depths of profiling.
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3.2 MIP chemical sensor for selective 5’-GCGGCGGC-3’

determination

3.2.1 Complexation of the PNA H:N(CO)GCGGCGGC-NH: template and

functional monomers via guanine-cytosine nucleobase pairing

For synthesis of the (PNA H>N(CO)GCGGCGGC-NH;)-templated MIP film, PNA
H>oN(CO)GCGGCGGC-NH; 7 (Table 2.1-2) was used as the template, around which 4-
bis(2,2’-bithien-5-yl)methylphenyl-2-guanine ethyl ether 12 (Table2.1-3) and 2-
(cytosin-1-yl)ethyl 4-bis(2,2'-bithien-5-yl)methylbenzoate 13 (Table 2.1-3) functional
monomers arranged by assuming positions governed by the complementary nucleobase
pairing Watson-Crick rule. To confirm experimentally the stoichiometry and
thermodynamics of arrangement of 12 and 13 around 7, ITC measurements were
performed.

First, 0.030 mM 7 in DMSO was titrated with 0.70 mM 12 in DMSO (Figure 3.2-
la). The heat evolved during complexation was relatively small (AH = -3.7 kJ mol
). An independent model was chosen and a theoretical isotherm was fitted to the ITC
data acquired (Figure 3.2-1b) yielding the complex stability constant (Ks = 1.5x10° M)
and the entropy change (AS=86.7J mol!'K') as well as the expected complex
stoichiometry (12 :7=3:1). From the enthalpy and entropy changes, the Gibbs free
energy change of complex formation was calculated (AG = -29.5 kJ/mol).

In the second ITC experiment, 0.075 mM 7 in DMSO was titrated with 4.0 mM
13 in DMSO (Figure 3.2-2a). Then, the ITC data acquired were fitted with a
theoretical isotherm of the multiple sites model (Figure 3.2-2b). Apparently, there
were two distinct steps in the isotherm derived (Figure 3.2-2b). These steps indicated
that, first, three, and then two molecules of 13 were consecutively attached to the
PNA molecule. First, three molecules of 13 strongly bound one molecule of 7
(Figure 3.2-2b) forming a relatively stable complex (Ks= 10" M"). The negative
entropy change determined, (AS=-206.0 Jmol!K"), corresponding to this
complexation, was most likely due to the PNA pre-organization induced by the
formation of nine strong hydrogen bonds of three complementary G-C pairs.
Fortunately, the negative enthalpy change (AH =-102.0 k] mol™') was sufficiently

high to overcompensate for the strongly unfavorable loss in conformational entropy,

101



thus resulting in the negative Gibbs free energy change because of this complexation

(AG = -40.61 kJ mol™).
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Figure 3.2-1. (a) The ITC raw heat rate change with time involving addition of 8-puL aliquots
of 0.70 mM guanine functional monomer 12 in DMSO to 30 uM PNA H>N(CO)GCGGCGGC-
NH: 7 in DMSO at 3-min intervals. (b) The binding isotherm for this titration; the curve
represents the least-square fit of an independent model to the experimental data acquired.

Next, two more molecules of 13 were attached to PNA H2N(CO)GCGGCGGC-
NH; 7 (Figure 3.2-2b) incurring additional adjustment of conformation of the G
binding sites of the PNA. This PNA structure reorganization yielded only slightly
negative entropy change (AS= -1.0 J mol! K!), thus leading to formation of the
considerably stable complex (Ks = 8.96x10° M™!). Apparently, the six more hydrogen
bonds formed between 13 and two G binding sites of PNA in the 7-13 complex were
also energetically favorable, although they were formed with a slightly lower
negative enthalpy change (AH = -34.3 kJ mol™!). Owing to these enthalpy-dominated
effects, all five available guanine binding sites of 7 were recognized by the cytosine
moieties of 13, thus successfully forming the pre-polymerization complex.

However, quite different results brought the ITC experiment of the 7 titration
with the C nucleobase (Figure 3.2-3). In this experiment, 0.075 mM 7 in DMSO was
titrated with 4.0 mM C in DMSO (Figure 3.2-3a). After fitting the independent
model to the ITC data acquired (Figure 3.2-3b), thermodynamic parameters and
stoichiometry of the complex formed were calculated. Surprisingly, the molar ratio
of 7 to cytosine appeared to be 1 : 3. The entropy change was positive (AS =17.0 J
mol™! K1), thus favorably contributing to the Gibbs free energy change of complex

formation (AG = -28.77 kJ mol™!). Moreover, this positive entropy change revealed
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that, most plausibly, C did not induce any conformational changes at the binding sites
of 7. Therefore, only three C molecules could bind one molecule of 7 with
a relatively high stability constant (Ks = 10° M™!). However, this constant was lower

than that of the complex of 7 with C functional monomer 13.
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Figure 3.2-2. (a) The ITC raw heat rate change with time involving addition of 8-uL aliquots
of 4.0 mM cytosine functional monomer 13 in DMSO to 75 uM PNA 7 in DMSO at 3-min
intervals. (b) The binding isotherm for this titration; the curve represents the least-square fit of
a multiple sites model to the data points acquired.
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Figure 3.2-3. (a) The ITC raw heat rate change with time involving addition of 8-uL aliquots
of 4.0 mM cytosine in DMSO to 75 uM PNA in DMSO at 3-min intervals. (b) The binding
isotherm for this titration; the curve represents the least-square fit of an independent model to
the data acquired.

The ability of the C moiety of 13 to recognize G selectively was further verified
by titrating the mismatched PNA octamers, namely, PNA HoN(CO)GCTGCTGC-
NH: 8 (Table 2.1 2) and PNA H2N(CO)GCGATCGC-NH2 9 (Table 2.1-2), with 13,

as shown in Figure 3.2-4 and Figure 3.2-5, respectively. In each of these titrations,
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the determined 3 : 1 stoichiometry of the complex corresponded to the number of G

substituents in the mismatch PNA octamer equal to 3.
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Figure 3.2-4. (a) The ITC raw heat rate change with time involving addition of 8-uL aliquots
of 4.0 mM cytosine functional monomer 13 in DMSO to 75 uM PNA H,N(CO)GCTGCTGC-
NH; 8 in DMSO at 3-min intervals. (b) The binding isotherm for this titration; the curve
represents the least-square fit of an independent model to the data acquired.

To conclude, the designed and synthesized 2,2’-bithien-5-yl functional monomers
bind the PNA HoN(CO)GCGGCGGC-NH: 7 template according to the complementary
nucleobase pairing rule, however, through different equilibrium states. Surprisingly, 13
can accelerate activation of PNA H>N(CO)GCGGCGGC-NH; by inducing its
conformational changes. PNA HoN(CO)GCGGCGGC-NH: bound by 13 slowly
rearranged  structurally, thus resulting in equilibrium between two main
PNA H2N(CO)GCGGCGGC-NH2 conformations. This reorganization was necessary
to bind all possible G sites of the PNA HoN(CO)GCGGCGGC-NH2 by C functional
monomers as well as to obtain a high stability constant of the resulting complex.
This extraordinary mechanism of PNA complexation by the C functional monomer
can promote the latter complex oligomerization to more stable 2,2’-bithien-5-yl ODN

analogue in the MIP.

3.2.2 Preparation of the (PNA H:N(CO)GCGGCGGC-NH2)-templated MIP film

and its deposition on different electrodes by electropolymerization

According to the complex stoichiometry determined by ITC measurements, a mixed
solvent solution for potentiodynamic electropolymerization of 0.02 mM

PNA H:N(CO)GCGGCGGC 7, 0.06 mM 12, 0.1 mM 13 0.1 mM 14, and 0.1 M
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(TBA)CIO4 at the acetonitrile-to-water volume ratio of 9 : 1 was prepared. By taking
advantage of electroactivity of the bis(2,2-bithen-5-yl) moiety, the pre-
polymerization complexes were transferred from solution into the MIP film,
deposited on the electrode surface, via five potential cycles, within a few minutes.

The Pt disk, Au-glass slide, and SPR
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Figure 3.2-5. (a) The ITC raw heat rate change with time involving addition of 8-pL
aliquots of 4.0 mM cytosine functional monomer 13 in DMSO to 75 puM PNA
H2N(CO)GCGATCGC-NH; 9 in DMSO at 3-min intervals. (b) The binding isotherm for
this titration; the curve represents the least-square fit of an independent model to the data
acquired.

Au-glass disk electrodes were used. Two anodic peaks appeared during the initial
positive potential scan (solid curve in Figure 3.2-6a). The less positive peak,
originally present at ~1.02 V, vanished in the two last cycles. The more positive
peak, initially present at ~1.13V, shifted positively in subsequent cycles.
Apparently, the initially deposited MIP layer played the role of a resistive barrier for
deposition of subsequent MIP layers, thus hindering further electro-oxidation of the
monomers present in the solution.

However, none of  these anodic peaks corresponded to
PNA HoN(CO)GCGGCGGC 7 template electro-oxidation. Although the 7 template is

154 the G moiety stayed in its

rich in G, which is the most redox-active nucleobase,
intact form during present potential cycling (dash curve in Figure 3.2-6a).
Apparently, the recorded herein anodic peaks originated from electro-oxidation of
thiophene moieties of functional monomers 12 and 13, and the cross-linking
monomer 14. This is because they were also present in multi-cycle potentiodynamic
curves of all cycles corresponding to electropolymerization in the 7 absence

(Figure 3.2-6b), which led to deposition of the corresponding NIP film.

105



Current, pA

Current, pA

0.6 0.8 1.0 1.2
Potential, V vs. Ag/AgCI

Figure 3.2-6. (Panela, dash curve) The potentiodynamic curve for 0.05 mM PNA
H>N(CO)GCGGCGGC-NH; in 0.1 M (TBA)CIO, in the acetonitrile-water, 9 : 1 (v : v), solution
recorded at the I-mm diameter Pt disk electrode. (Panel a, solid curve) The multi-cycle
potentiodynamic curve for simultaneous electropolymerization and deposition on the Pt disk
electrode of the (PNA HoN(CO)GCGGCGGC-NH,)-templated MIP film from 0.02 mM PNA
HoN(CO)GCGGCGGC-NHz, 0.06 mM 12, 0.1 mM 13 and 0.1 mM 14 in 0.1 M (TBA)CIOs, in
acetonitrile-water 9 : 1 (v : v), solution. The potential scan rate was 50 mV s, (b) The multi-
cyclic potentiodynamic curve for simultaneous electropolymerization and deposition of the
corresponding NIP film from 0.06 mM 12, 0.1 mM 13 and 0.1 mM 14 in the 0.1 M (TBA)CIO4
acetonitrile-water, 9 : 1 (v : v), solution.

3.2.3 Efficiency of programmable PNA templating, and then extracting from the
MIP film

After electropolymerization, the PNA H>N(CO)GCGGCGGC-NH, 7 template was
extracted from the MIP film in order to vacate imprinted cavities and make them
available for the 5’-GCGGCGGC-3" analyte molecules. For that,
PNA HoN(CO)GCGGCGGC-NH; 7 was extracted at a relatively high temperature of
60 °C. In a relatively basic solution of pH > 10, G is deprotonated to form its
negatively charged conjugated nucleobase. Hydrogen bonding in the G-C pair is then

ruptured, thus leading to  dehybridization @ of the  duplex  of
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PNA HoN(CO)GCGGCGGC-NH; with the cavity ligand. Moreover, the temperature
increase of 25 to 60 °C accelerated this dehybridization, thus allowing the template
removal time shortening from 3 to 1 h, respectively. This dehybridization was
verified by the XPS, DPV, and EIS measurements described below.

In the XPS core-level spectra of the (PNA HoN(CO)GCGGCGG-NH»)-templated
MIP film before, and then after template extraction as well as of the corresponding
NIP film, the nitrogen-to-sulfur (N-to-S) atomic per cent ratio was estimated
(Table 3.2-1). The nitrogen-rich PNA template additionally enriched the MIP film
with nitrogen. Therefore, the N-to-S ratio, expectedly higher than that in the NIP
film, confirmed PNA H>N(CO)GCGGCGGC-NH: templating in the MIP film during
electropolymerization. The determined N-to-S ratio for this film (Table 3.2-1) was
close to that of 2.0 expected for the pre-polymerization complex. Then, after
template extraction, the determined ratio decreased (Table 3.2-1) to the value
corresponding to both the determined and calculated N-to-S atomic per cent ratio for
the NIP film of ~0.5 (Table 3.2-1). Apparently, PNA HoN(CO)GCGGCGGC-NH»
was entrapped in the MIP during the electropolymerization, and then released during

the extraction.

Table 3.2-1. Surface content of the nitrogen and sulfur eclements in the
(PNA HoN(CO)GCGGCGGC-NHy)-templated MIP film before and after template extraction,
and in the NIP film, as well as the nitrogen-to-sulfur (N-to-S) ratio determined using the high-
resolution XPS analysis.

Polvmer film Nitrogen content Sulfur content Nitrogen-to-sulfur ratio
y atomic % atomic % atomic %

MIP“ before extraction 4.47 2.58 1.7

MIP“ after extraction 3.46 9.27 04

NIP? 4.92 10.08 0.5

“ The (PNA H,N(CO)GCGGCGGC-NH,)-templated MIP film was deposited on the Au coated glass slide
by potentiodynamic electropolymerization of the functional monomers 12 and 13, and the cross-linking
monomer 14 in the presence of the PNA GCGGCGGC template in the solution of the
acetonitrile-to-water volume ratio of 9 : 1.

®The NIP film was deposited on the Au coated glass slide by potentiodynamic electropolymerization of
the functional monomers 12 and 13 and the cross-linking monomer 14 in the solution of the
acetonitrile-to-water volume ratio of 9 : 1.

Moreover, DPV  was used for indirect estimation of the

PNA HoN(CO)GCGGCGGC-NH: presence, and then absence, in the MIP film before
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and after extraction, respectively. In this measurements, the redox marker of 0.1 M
[Fe(CN)s]*/[Fe(CN)s]> was used. The DPV experiments resulted in different heights
of the oxidation peaks of the marker, which depended upon ability of the marker
diffusion through the film (Figure 3.2-7).

In the first experiment, the template molecules occupying cavities prevented
diffusion of the marker to the electrode surface through the film. Therefore, the DPV
peak for the marker was hindered (curve / in Figure 3.2-7). Then, it increased more
the more cavities were emptied in the course of template extraction (curves 2-4 in
Figure 3.2-7). Apparently, the redox marker diffused fast through the MIP film with
empty  cavities. Next, after immersing this film in 20 uM
PNA HoN(CO)GCGGCGGC-NH for 15 min, the DPV peak decreased because PNA
molecules entered the cavities, thus hindering diffusion of the marker (curve 5 in

Figure 3.2-7).

Current, pA

Potential, V vs. Ag/AgCI

Figure 3.2-7. Differential pulse voltammograms for 0.1 M [Fe(CN)g]* and 0.1 M [Fe(CN)s]*
in 0.1 M PBS (pH=7.4) at the 1-mm diameter Pt disk electrode coated with the (PNA
H,N(CO)GCGGCGGC-NHy)-templated MIP film (/) before and after (2) 15, (3) 45, and (4) 60
min of template extraction with 0.1 M trimethylamine (pH = 12.0) at 60 °C, and then (5) after
immersing the electrode in 20 uM PNA H,N(CO)GCGGCGGC-NH: for 15 min. The film was
prepared by potentiodynamic electropolymerization in the potential range of 0.50 to 1.25 V vs.
AglAgCl at a 50 mV s! scan rate. The potential step, pulse amplitude, and pulse duration in the
DPV experiments was 5 mV, 50 mV, and 100 ms, respectively.
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The (PNA HoN(CO)GCGGCGGC-NHy)-templated MIP film before and after
template extraction as well as the corresponding NIP film were imaged with AFM in
order to unravel their morphology and determine their thickness (Table 3.2-2).
Apparently, the MIP film before extraction was composed of well-defined grains, 30 to
60 nm in diameter. This film was much thicker than the corresponding NIP film.
Thickness of the MIP film higher than that of the NIP film may evidence the presence
of the template in the former film. Moreover, it may indicate facilitated
electropolymerization of the functional and cross-linking monomers in the template
presence. After extraction of the template, the MIP film thickness decreased but the
size of the grains was not much affected. Apparently, the film slightly shrank, most
likely because of low content of the cross-linking monomer 14 in its structure.
However, high cross-linking of MIPs imprinted with macromolecules is not

recommended because it may result in undesired hindering of the template removal.”®

Table 3.2-2. Atomic force microscopy (AFM) images of different polymer films as well as the
determined film thickness and grain size. Image size is (2 X 2) um?.

Polymer film AFM image Film thickness, nm Grain size, nm

MIP before extraction 151 +£3 30-60
MIP after extraction 125+3 50-70
NIP 114+ 4 30-60
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3.2.4 EIS determination of the 5°-GCGGCGGC-3’ with the MIP chemosensor

The (PNA HoN(CO)GCGGCGGC-NH)-templated MIP film, deposited on a Pt disk
electrode, was used for EIS determination of 5’-GCGGCGGC-3’ under stagnant-
solution conditions. After removal of the template from MIP cavities, the electrode was
immersed in 0.1 M PBS (pH = 7.4), which was 0.1 M in the [Fe(CN)s]*/[Fe(CN)s]*"
redox marker, and then the impedance spectrum was recorded. The constructed Nyquist
plot (Figure 3.2-8) consisted of a small semicircle in the high frequency range (inset I in
Figure 3.2-8), which partially overlapped with a semicircle in the intermediate
frequency range, and a straight line in the low frequency range. For experimental data
interpretation, a modified Randles equivalent circuit was used (inset II in Figure 3.2-8).
Two partially superimposed semicircles in the complex plane plot were ascribed to a
porous structure of the MIP film and redox reaction of the marker, similarly as
postulated in earlier studies.!>>"13 Herein, the film was treated as a porous membrane
containing a matrix formed by the conducting polymer and pores filled with an
electrolyte solution. Hence, it was assumed to consist a mixture of two phases
conducting two different species, electronic and ionic. The ionic species in the pores,
flooded with an electrolyte solution, can freely be exchanged with the bulk solution at
the pore’s mouth. Resistance of this pore phase, marked at the equivalent circuit as Ry,
corresponds to the resistance of ion transport in pores. The smaller semicircle
represents this process. A negligibly small resistance of the solution-filled pores is
constant during the measurements. The interface between the porous and continuous
phase is modeled as the double-layer capacitance in parallel with the kinetically
controlled charge-transfer resistance, Re... The redox reaction at the pore’s wall can be
described by the charge-transfer resistance, which is controlled by diffusion represented
by the Warburg impedance, . The larger semicircle is responsible for this process.
Other parameters of the equivalent circuit correspond to ohmic resistance of the
electrolyte solution and cell components, Rs, and the constant phase element, CPE,
which describes both pseudocapacitance in a high frequency range and double-layer
capacitance generated because of inhomogeneity of the phases.

Nyquist plots were constructed for the MIP chemosensor immersed for 5 min in
analyte solutions of different concentrations (Figure 3.2-9a). The experimental data
were fitted with electric parameters of the equivalent circuit, and then the R values

were determined. The R.: was dependent upon the extent of the analyte occupation of
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the MIP cavities, as demonstrated by the R. dependence on the ODN analyte
concentration in solution (inset in Figure 3.2-9a). The chemosensor response was
proportional to the analyte concentration in the 3.0 to 80 nM range (curve / in inset
to Figure 3.2-9a). The linear regression equation and the correlation coefficient of
the calibration plot was

(Rett — Reri) [Q] = 780(£9.0) [Q] + 55.53(£0.28) [Q nM-'] canaiyte [NM]  and  0.99,
respectively, where R and Rc.r is the charge-transfer resistance of the MIP film
before and after 5’-GCGGCGGC-3’ sample injection, respectively. The sensitivity
and LOD at §/N=3 was 53(£0.002) Q nM™! and 200 pM, respectively.

N
T

-(Imaginary impedance component), kQ
N
T

o
T

I . I . I . I . I
0 1 2 3 4

Real Impedance component, KQ

Figure 3.2-8. The Nyquist plot of the impedance spectrum for 0.1 M [Fe(CN)s]*/[Fe(CN)s]*
in 0.1 mM PBS (pH=7.4) at the (PNA H.N(CO)GCGGCGGC-NH;)-templated MIP film
coated Pt disk electrode. The fitted curve is solid. The applied potential was equal to the open
circuit potential, Eocp = 0.20 V vs. AglAgCl. Frequency was varied in the range of 200 kHz to
100 mHz at the ac amplitude of 10 mV. Inset I is a magnified small semicircle in the high
frequency range. Inset II shows the equivalent circuit applied to fit the impedance spectrum.

The chemosensor selectivity with respect to interferences was determined by
dividing sensitivity of the MIP film to the 5’-GCGGCGGC-3’ analyte by that of the
two-nucleobase mismatches, vis. 5’-GCGATGGC-3" or 5’-GCTGCTGC-3’ (lines 2’
and 3’ in Figure 3.2-9b) as well as the three-nucleobase mismatch, namely,
PNA HoN(CO)GCGATCGC-NH: (line 4’ in Figure 3.2-9b). Apparently, the MIP
chemosensor was ~3.0 and ~3.8 times more sensitive to the 5’-GCGGCGGC-3’

analyte than to its two- and three-nucleobase mismatches, respectively. Moreover,
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the analyte was determined at the corresponding NIP film (line 2’ in inset to Figure
3.2-9b). Its sensitivity to the analyte, 15(£0.70) Q nM™!, was nearly four times lower
than that of the MIP film, thus signifying that the apparent imprinting factor was,
[F~4.0.

To conclude, the PNA HoN(CO)GCGGCGGC-NH; template programmed and
transferred the 5°’-GCGGCGGC-3’ sequence information into the MIP film allowing for
controlled preparing the 2,2’-bithien-5-yl GCCGCCGC oligomer inside the molecular
cavities. This immobilized in the MIP cavity ODN analogue was used as the probe for

selective determination of the complementary 5’-GCGGCGG-3’ analyte.
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Figure 3.2-9. (a) Nyquist plots of impedance spectra for a 1-mm Pt disk electrode coated with
the (PNA HoN(CO)GCGGCGGC-NH,)-templated MIP film after template extraction, and then
immersion for 5 min in solution of the 5’-GCGGCGGC-3’ analyte of different concentrations
indicated at curves. Measurements were performed for 0.1 M [Fe(CN)¢]* and 0.1 M
[Fe(CN)¢]* in 0.1 M mM PBS (pH = 7.4) at the applied potential equal to the open circuit
potential, Eocp =020V vs. AglAgCl. Inset shows calibration plots for the (/) 5’-
GCGGCGGC-3’ analyte at the (PNA H,N(CO)GCGGCGGC-NH,)-templated MIP film and (2)
the corresponding NIP film. (b) Calibration plots, constructed using the data obtained by fitting
electric parameters of the equivalent circuit to experimental data, for (/) the 5’-GCGGCGGC-
3> analyte, (2°) two-nucleobase mismatched 5’-GCGATGGC-3’, (3’) two-nucleobase
mismatched 5’-GCTGCTGC-3°, and ) three-nucleobase mismatched
PNA H,N(CO)GCGATCGC-NHa.

In view of results presented in the thesis, it can be postulated that molecular
imprinting provides means to utilize the sequence programmability of ODN or PNA to
prepare a stable 2,2’-bithien-5-yl oligomer designed to reveal properties of a stable

ODN analogue fabricated in molecular cavities of the MIP.
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3.2.5 (PNA H:N(CO)GCGGCGGC-NH?)-templated MIP chemosensor with the
2,2’-bithien-5-yl probe for the SPR spectroscopy selective determination of 5’-
GCGGCGGC-3

The 5’-GCGGCGGC-3’ analyte binding by the (PNA H2N(CO)GCGGCGGC-NH»)-
templated MIP film was also monitored by SPR spectroscopy under FIA conditions
(Figure 3.2-10a). The analyte, dissolved in 0.1 M PBS (pH = 7.4), was passed over the
SPR chip coated with the (PNA HoN(CO)GCGGCGGC-NH»)-extracted MIP film. This
film interacted with the analyte of different concentrations in the 50 to 750 nM range.
From the equilibration region (Figure 3.2-10a), the SPR signal for each analyte was
measured, and then the calibration plot constructed (Figure 3.2-10b). This plot for the
5’-GCGGCGGC-3’ analyte (line / in Figure 3.2-10b) obeyed the linear regression
equation of AR [m°]=15.77(£0.67) [m°] + 0.032(x0.002) [m°nM] canaiyte [NM],
where AR is the reflectance angle change. The sensitivity, correlation coefficient,
and LOD determined at S/N=3 was 0.032(x0.002) m°® nM, 0.98, and 50 nM,
respectively. The MIP chemosensor was ~2.5 and ~2.7 times more selective to the
matched 5’-GCGGCGGC-3’ analyte than to the two- (5’-GCTGCTGC-3") and three-
nucleobase (PNA HoN(CO)GCGATCGC-NH;) PNA mismatches. From the SPR
chemosensor ratio of the slopes of calibration plots for the MIP (line / in Figure 3.2-
10b) and the corresponding NIP film (line 4 in Figure 3.2-10b), the imprinting factor
was calculated. It was as high as, IF =11, thus largely exceeding the IF value
determined for the EIS chemosensor, above. Presumably, the reason for this
discrepancy is that the SPR signal does not have to be strictly mass induced but can
also be conformationally induced.'””  Hence, the measured signals could be
accompanied by conformational changes of the resulted 2,2’-bithien-5-yl ODN
analogue and the analyte upon hybridization.

From the SPR spectroscopy and ITC studies it may follow that the MIP cavity
enhanced the conformational changes in the analyte molecule necessary for its
hybridization with the recognizing complementary 2,2’-bithien-5-yl ODN analogue
immobilized in the cavity. Apparently, the MIP exhibited enzyme-like behavior but
simultaneously it was invulnerable to the surrounding conditions, such as pH,

temperature, and the mass transfer of substrates or products.
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Figure 3.2-10. (a) The SPR spectroscopy signal vs. time transients, recorded under FIA
conditions, for the 5’-GCGGCGGC-3’ analyte of different concentrations indicated at curves.
The SPR chip was coated with the (PNA HoN(CO)GCGGCGGC-NH»)-templated MIP film.
(b) The calibration curves for the (/) 5’-GCGGCGGC-3’, (2) 5’-GCTGCTGC-3’,
(3) PNA HoN(CO)GCGATCGC-NH, at the MIP film coated SPR chip, and (4) 5’-
GCGGCGGC-3’ at the NIP film coated SPR chip. 0.1 M PBS (pH = 7.4) served as the carrier
solution. Its flow rate was 33 pL min™..
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Figure 3.2-11. The dependence of the experimental rate constant, kexp, on the 5’-GCGGCGGC-
3’ analyte concentration. The kexp values were determined after non-linear fitting of kinetic
parameters to association curves recorded by SPR spectroscopy.

The real-time SPR spectroscopy measurement of the analyte-analogue

hybridization revealed a relatively fast kinetics (ka=10* M s, kg =107 s!) of the
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analyte binding and a relatively high stability constant (Ks= 107 M) of the analyte-
[bis(2,2’-bithien-5-yl) ODN analogue] complex (Figure 3.2-11). Moreover, this
measurement provided data for calculation of hybridization efficiency (Equation 2.3-
38), which was as high as ~90%. In comparison to octamers of nucleic acid analogues,
the resulted MIP cavity bound complementary analyte by far faster and stronger and,

most importantly, at room temperature.

3.2.6 Determination of the 5’>-GCGGCGGC-3’ analyte in real samples

In the polymerase chain reaction free (PCR-free) DNA or RNA detection, sample
preparation usually involves three steps, i.e., extraction of the DNA from cells,
isolation of the nucleic acids from the extract obtained by removing other cell
components, and digestion of the extracted and isolated DNA to ONs by restriction
enzymes. The second step often requires a time-consuming treatment including
centrifugation, precipitation, chromatographic separation, or protein digestion.
Therefore, development of an analytical procedure providing a response signal

independent of the matrix components is important.

Table 3.2-3 The EIS determined matrix effect of the (PNA H.N(CO)GCGGCGGC-NH,)-
templated MIP chemosensor for the 5’-GCGGCGGC-3’ analyte in Dulbecco’s Modified
Eagle’s Medium (DMEM).

C5-GCGGCGGC-3 1N

SO MM i, CSe BT
I. 2.68 2.99 89.63
2. 7.56 7.93 95.33
3. 38.82 33.81 114.81
4. 54.61 52.13 104.76
5. 71.10 69.77 101.90
Average 101.29 + 8.56

The matrix effect was studied for the (PNA HoN(CO)GCGGCGGC-NH»)-templated
MIP chemosensor by EIS determination of the 5’-GCGGCGGC-3’ analyte in the

medium with possible cell content. For that, first, the EIS measurements were
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performed for the analyte of the known concentration added to the Dulbecco’s
Modified Eagle’s Medium (DMEM). Then, this EIS signal was compared with that
for the analyte of the same concentration dissolved in PBS (pH = 7.4). From the ratio
of these EIS signals, the matrix effect was determined (Table 3.2-3).
Advantageously, the MIP chemosensor appeared to be nearly independent of the

matrix effect.
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Chapter 4

Conclusions

By combining the PM, SPR spectroscopy, EIS, or CI signal transduction techniques
with the MIP film recognition, we devised, fabricated, and characterized two chemical
sensors for selective determination of short AT- and GC-rich oligonucleotides. Using
these chemosensors, we successfully developed procedures of simple, inexpensive,
rapid, and label-free chemosensing of the 5’-TATAAA-3’ and 5’-GCGGCGGC-3’
analytes under FIA conditions within 2 min. These determinations were possible
because, inside MIPs, novel class of nucleobase-containing polymers with a very high
affinity for complementary nucleic acid targets at room temperature served as probes.
Similarly to syntheses of other nucleobase-containing polymers, the concept of
polymerizing monomers aligned along a template to result in a preformed artificial
oligomer using hydrogen bonding interactions was herein utilized for controlling the
sequence of nucleobase units along a polymer chain. Stability of the complexes of
functional monomers with selected templates was quantum-chemistry calculated and
ITC determined. Molecular imprinting with electrochemical polymerization provided
means of a simple, fast, and catalyst-free synthesis of stable bis(2,2’-bithien-5-yl)
oligomers designed to reveal properties of DNA analogues.

One TTTATA probe, constrained in MIP cavities, vacated after template extraction,
strongly hybridized the 5’-TATAAA-3’ analyte with the complex stability constant,
K TTIATATATAAA — | /ka = 10 M1, i.e., as high as that characteristic for longer-chain
DNA-PNA hybrids. Moreover, this probe was invulnerable to non-specific interaction
and capable of discrimination of single purine-nucleobase mismatch, thus making it
uniquely suited for hybridization-based SNP genotyping. Under carefully chosen FIA
conditions, i.e., at a relatively low flow rate of the carrier solution and a large volume of
the injected sample solution, the concentration limit of detection, determined by
capacitive impedimetry, was as low as ~5 nM 5’-TATAAA-3’, quite appreciable as for
the hexadeoxyribonucleotide.  Molecular imprinting increased the chemosensor
sensitivity to the 5’-TATAAA-3’ analyte over four times compared to that of the non-
imprinted polymer.

The other sequence-defined bis(2,2’-bithien-5-yl) DNA probe was prepared
according to the procedure same as that described above That is, it involved molecular

imprinting with a sequence-programmable template. The combination of
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electrochemical or SPR spectroscopy transduction technique with the synthesis of a
new DNA analogue allowed fabricating an MIP chemosensor for determination of
genetically relevant 5’-GCGGCGGC-3’ oligonucleotide. In accordance with
literature,” ITC measurements confirmed that the stability constant of the G-C pairs
of the functional monomers with PNA template was by two orders of magnitude
higher than that of the A-T pairs. Despite the strong interaction between recognizing
sites and the analyte, the chemosensor was selective to two- and three-nucleobase
mismatches and discriminative to Dulbecco’s Modified Eagle’s Medium sample
interferences. With highly sensitive and simple to operate EIS and SPR transductions
under stagnant-solution and FIA conditions, respectively, the analyte was determined
using EIS with the 200 pM limit of detection. Molecular imprinting increased the
chemosensor sensitivity to the 5’-GCGGCGGC-3’ analyte over four times compared to
that of the non-imprinted polymer. The real-time SPR spectroscopy measurement of
analyte-analogue hybridization revealed a relatively fast kinetics (ko= 10* M's™,
ka=107 s7!) of the analyte binding to the MIP cavity and releasing from this cavity,
respectively, as well as a high stability constant (Ks= 10" M!) of the (analyte)-(2,2’-
bithien-5-yl) DNA analogue complex. Moreover, the SPR measurement provided data
for calculation of hybridization efficiency, which was as high as ~90%. In comparison
to octamers of other nucleic acid analogues, the MIP cavity bound the
complementary DNA analyte much faster and stronger and, importantly, at room
temperature.

The developed strategy of MIP preparation enables utilization of the self-
recognizing properties and sequence programmability of DNA to generate tailored

artificial oligomers.
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