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Abstract. Guanine quadruplex (G-quadruplex) structures are one of a number of structures which are
capable of adopting aptamers. G-rich DNA or RNA has an increased propensity to form quadruplex
structures which have unusual biophysical and biological properties. G-rich aptamers which form
G-quadruplexes have several advantages over unstructured sequences: G-quadruplexes are non-im-
munogenic, thermodynamically and chemically stable and they have both higher resistance to various
serum nucleases and an enhanced cellular uptake. These advantages have led to a number of synthetic
oligonucleotides being studied for their potential use as therapeutic agents for cancer therapy and in
the treatment of various other diseases. In addition to their suitability in the fields of medicine and
biotechnology, these, highly specified, aptameric G-quadruplexes also have great potential in the further
development of nano-devices; e.g. basic components in microarrays, microfluidics, sandwich assays
and electrochemical biosensors. This review summarizes the biophysical properties of G-quadruplexes
and highlights the importance of the stability and recognition properties of aptamers. Examples of the
application of aptamers in medical therapy and in biosensors are also discussed.
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Abbreviations: CD, circular dichroism; DCR, double-chain reversal loop; DSC, differential scan-
ning calorimetry; EW, edge-wise loop; Fc, ferocene; FET, field effect transistors, IRMPD, infrared
multiphoton dissociation; LOD, limit of detection; ISFET, ion-sensitive FET; MB, methylene blue;
NMR, nuclear magnetic resonance; PQQGDH, pyrroquinoleine quinine glucose dehydrogenase;
PSMA, proteins such as nucleolin prostate-specific membrane antigen; QCM, quartz crystal mi-
crobalance; SELEX, systematic evolution of ligands by exponential enrichment; SLE, systemic lupus
erythemathosus; SPR, surface plasmon resonance; TBA, thrombin binding aptamer; VEGE, vascular
endothelial growth factor.

Introduction

DNA and RNA aptamers are single stranded oligonu-
cleotides which, under certain conditions, fold into 3D
structures containing specific binding sites for low or macro
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molecular compounds of various types, including cells,
cell surface proteins, bacteria and viruses. Their specificity
is comparable to and, in certain cases, even higher than
those of antibodies. In contrast to antibodies, aptamers
are prepared by an in vitro selection procedure developed
independently in the early 1990s by three separate groups
of investigators. Robertson and Joyce (1990) have described
the method of RNA selection with improved enzymatic
activity to cleave DNA. Tuerk and Gold (1990) patented
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the process of the selection of DNA ligands as a target for
T4 RNA polymerase. This method is known as SELEX (sys-
tematic evolution of ligands by exponential enrichment).
Ellington and Szostak (1990) reported a method of in vitro
selection of RNA which binds specifically to organic dyes.
This paper also introduced the term “aptamer” (from the
Latin aptus, meaning “to fit” and Greek meros, meaning “the
part”). The identification of aptamers is based on a com-
binatorial approach. Specific oligonucleotides are isolated
from complex libraries of synthetic nucleic acids. For this
purpose, random sequence DNA libraries are obtained by
automated DNA synthesis. The size of a randomized region
can vary from 30 to 60 nucleotides, flanked on both sides
with a specific, unique DNA sequence for polymerase chain
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Figure 1. A. Scheme of G-quartet structure. B. G-quadruplex of
thrombin binding aptamers (TBA). Possible localization of K* (C,
D) and Na* (E) ions in TBA.

reaction (PCR) amplification. The theoretical diversity of
individual oligonucleotides in these random DNA librar-
ies is relatively wide; for example, 4** = 1.2 x 10%* in the
case of oligonucleotides composed of 40 bases. In practice,
however, a considerably smaller library of approximately
1013- 10" molecules is used (Jayasena 1999). The selec-
tion consists of DNA binding with immobilized ligands,
such as proteins or other compounds. The stability of
complexes is characterized by the apparent dissociation
constant, Kp. For aptamer-protein complexes, Kp usually
varies within the 1-100 nM range, which is similar to that
of antibody-antigen complexes. However, some aptamers
bind to target protein with pM order of Kp, value, e.g. Kp
of PDGF-B DNA aptamer is 100 pM (Green et al. 1996)
and Kp of VEGF RNA aptamer is 49 pM (Ruckman et al.
1998). Unbound DNA/RNA molecules are eluted from
the column, while bound aptamers are isolated from the
complex and then amplified by PCR. This cycle is repeated
several times (around 6 to 10) and as a result the DNA or
RNA sequence with a high affinity to the target ligand is
obtained. The SELEX technique has been discussed in detail
in a number of papers and reviews (see, for example Keefe
and Cload 2008; Strehlitz and Stoltenburg 2009).

Initially the aptamers were based on RNA and were
selected against bacteriophage T4 DNA polymerase
(Tuerk and Gold 1990) or fluorescent dyes (Elington and
Szostak 1990). However, then Bock et al. (1992) selected
a DNA aptamer specific to human a thrombin (TBA).
TBA is a 15-mer guanine rich aptamer of the sequence
d(GGTTGGTGTGGTTGG) which selectively binds to the
fibrinogen binding site of thrombin. This binding site is
responsible for the cleavage of the fibrinogen which results
in the formation of fibrin clots in blood. In fact the work by
Bock et al. (1992) was the first successful practical applica-
tion of aptamers. The binding of TBA to thrombin inhibits
the cleavage of fibrinogen and thus protects its coagulative
function and prevents the formation of thrombus. TBA
derivative named Nul72 has recently undergone the first
phase of clinical trials (Becker at al. 2010). This aptamer is
currently being evaluated in Phase II of the clinical trials
for anticoagulation in heart disease treatments by ARCA
Biopharma (Ni et al. 2011).

NMR studies have revealed that TBA in the presence of
K" ions folds into guanine quadruplexes (G-quadruplex)
composed of two guanine tetrads connected by one TGT and
two TT loops. Each tetrad is stabilized by Hoogsteen bonds
(Fig. 1) (Wang et al. 1993; Adrian et al. 2012).

G-quadruplexes have been found also in other DNA
aptamers (Table 1), although some aptamers do not contain
these structures, for example aptamers sensitive to cellular
prions (Ogasawara et al. 2009). The importance of G-quadru-
plexes lies in the stability of their 3D aptamer structure and in
the improvement of electrostatic interactions to the positively
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Table 1. Examples of DNA aptamers contained G-quadruplexes

Target/name

Sequence of Aptamer (5" > 3")

References

Protein targeted DNA aptamers

Thrombin (TBA), sensitive to fibrinogen

Bock et al. 1992; Padmanabhan et al.

binding site GGTTGGTGTGGTTGG 1993
Thrombin, sensitive to heparin binding site  GGTAGGGCAGGTTGG* Tasset et al. 1997

Jing and Hogan 1998; Jing et al. 2000;
HIV integrase 93del GGGGTGGGAGGAGGGT De Soultrait et al. 2002; Phan et al. 2005;

Chou et al. 2005

HIV-1 reverse transcriptase

GGGGGTGGGAGGGTAGGCCTTAGG
TTTCTGA

Andreola et al. 2001

HIV-1 reverse transcriptase

CGCCTGATTAGCGATACTCAGCGTT

Michalowski et al. 2008

GGGGGGGGGGGG
HIV-1 nucleocapsid protein GGTTGGTGTGGTTGG Kankia et al. 2005
Anti HIV activity
Unknown specific target T30177 GTGGTGGGTGGGTGGGT Mukundan et. al. 2011
Anti HIV activity GGGTGGGGTGGGTGGGT
Unknown specific target T30695, T40214, GGGCGGGCGGGCGGGC Do etal. 2011
J19 GIGTGGGTGGGTGGGT
HIV-1 gp120 V3 loop TTGGGTT Wyatt et al. 1994
HIV-1 gp120 V3 loop/CD4 binding site TGGGAG Hotoda et al. 1998; Olieviero et al. 2010;

D' Antri et al. 2012

VEGEF Vap7

GCACTCTGTGGGGGTGGACGGGCC
GGGT

Nonaka et al. 2010

Nucleoin AS1411

GGTGGTGGTGGTTGTGGTGGTGGTGG

Reyes-Reyes et al. 2010

Signal transducer and activator of transcrip-
tion STAT3

GGGCGGGCGGGCGGGC

Zhu and Jing 2007

Human RNase H1

CGGTCGCTCCGTGTGGCTTGGGTTG
GGTGTGGCAGTGAC

Pileur et al. 2003

Protein tyrosine phosphatase Shp2

AGCGTCGAATACCACACGGGGGTTT
TGGTGGGGGGGGCTGGGTTGTCTTG
GGGGTGGGCTAATGGAGCTCGTGGT
CAT

Hu et al. 2011

Hepatitis C virus HCV RNA dependent
RNA polymerase

GGGCGTGGTGGGTGGGGTACTAAT
AATGTGCGTTTG

Jones et al. 2006

SARS - CoV helicase

AGCGGGCATATGGTGGTGGGTGGT
ATGGTC

Shum and Tanner 2008

M. tuberculosis polyphosphate kinase 2

AACACATAGGTTTGGTTAGGTTGGT
TGGTTGAATTA

Shum et al. 2011a

Sclerostin

TTGCGCGTTAATTGGGGGGGTGGGT
GGGTT

Shum et al. 2011b

Insulin

GGTGGTGGGGGGGGTTGGTAGGGT
GTCTTC

Yoshida et al. 2009

Tumor necrosis factor (TNF) VR11

GGTGGATGGCGCAGTCGG

Orava et al. 2013

Non-protein targeted DNA aptamers

GATCGGGTGTGGGTGGCGTAAAGG

Ochratoxin A GAGCATCGGACA Cruz-Aguado and Penner 2008
Hematoporphyrin IX ATGGGGTCGGGCGGGCCGGGTGTC Li et al. 1996; Okazawa et al. 2000
Hemin GTGGGTAGGGCGGGTTGG Travascio et al. 1998

Potassium ions GGGTTAGGGTTAGGGTAGGG Ueyama et al. 2002

ATP

CCTGGGGGAGTATTGCGGAGGAAGG

Huizenga and Szostak 1995

* Flanked sequence stabilizing G-quadruplex of heparin/binding aptamers is not shown.
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charged binding side at the ligands. This is largely due to
the fact that the negative charge density of G-quadruplexes
is twice as high as that of linear DNA (Gatto et al. 2009),
although other forces, such as Van der Waals, n-m stacking
and hydrophobic interactions are also important. The stabil-
ity of the G-quadruplex is crucial in providing a high affinity
of aptamers to the ligands. G-quadruplexes have been found
also in RNA (Bugaut and Balasubramanian 2012).

The discovery of G-quadruplexes long predates that
of DNA and RNA aptamers. In 1910 Bang published his
observations of gel formations developing in high concen-
trations of guanylic acid in aqueous solutions (Bang 1910).
Many years later, X-ray diffraction methods were used to
determine that this gel was the result of the formation of
guanine tetrameric units, so-called G-quartets (Gellert et
al. 1962). G-quartet is formed by four guanines and is of
planar square shape, and each guanine is both a donor and
an acceptor of two hydrogen bonds (Fig. 1A). Several G-
quartets then form G-quadruplexes which are stabilized by
77 interactions and, typically, the presence of K* or Na*
ions. G-quadruplexes became the subject of considerable
interest after the discovery that the ends of human chromo-
somes — the telomeres — are composed of tandem repeats
of guanine rich sequences d(TTAGGG) (Moyzis et al. 1988;
Wang and Patel 1993). Studies using NMR revealed that
these sequences fold into G-quadruplexes in vitro (Wang
et al. 1993), and further work suggested that these struc-
tures are crucial in chromosome elongation by telomerase
(Zahler etal. 1991). Further studies focused on the potential
anti-cancer implications of G-quadruplexes; the overexpres-
sion of telomerase in cancer cells was targeted by blocking
enzyme binding to G-quadruplexes using low molecular
compounds which bind to quadruplexes (see Mondragon-
Sanchez et al. 2011; Bugaut and Balasubramanian 2012 and
references herein). The discovery of end-telomere binding
proteins suggests that G-quadruplexes are formed in vivo
(Paeschke et al. 2005).

Recent years have also seen an increased interest in the
use of aptamers in the development of drugs for treatment of
various diseases. The RNA aptamer Macugen is one example
of the successful application of aptamers in the treatment of
neovascular age-related macular degeneration (Gragoudas
et al. 2004). This aptamer was approved for clinical use in
2004. Other examples are DNA aptamers for treatment
of HIV (Wyatt et al. 1994) and short guanine rich DNA
aptamers which could potentially be used in the treatment
of Huntington’s disease (HD) connected with neuronal tissue
degeneration (Skogen et al. 2006).

Aptamers have also attracted attention as potential bio-
sensors which could replace more expensive and less stable
antibodies (Hianik and Wang 2009; Lv et al. 2012; Tucker et
al. 2012), in addition to acting as receptors for targeted drug
delivery. In this second case, polymeric nanoparticles can

be modified by aptamers specific to cancer markers which
increase the affectivity of drugs which can be transported
exclusively to the cancer cells (Farokhzad et al. 2004; Lee et
al. 2011). Aptamers are also structurally flexible and simple
molecular engineering can produce aptamer dimers which,
similar to antibodies, contain two binding sites (Hianik et
al. 2008; Ponikova et al. 2011).

In this review, we summarize recent developments in
biophysical studies of the structural polymorphism and
stability of guanine quadruplexes in DNA aptamers and in
their application as receptors in biosensors, medical therapy
and in drug delivery.

Structural polymorphism of guanine quadruplexes and
their physical properties

G-quadruplexes can be formed by one, two or four single
stranded oligonucleotides, known also as monomers, dim-
ers and tetramers respectively. Interlocked G-quadruplexes
can also consist of an odd number of oligomers, e.g. three,
five, etc. Monomers and dimers have been further classified
based on the loop regions into chair (lateral loop) or basket
(diagonal loop). The relative oligonucleotide orientation (5'
to 3' polarity) can be parallel or antiparallel (Fig. 2) (Dapic
et al. 2003). Circular dichroism (CD) is one of the most ef-
ficient methods for the identification of the polymorphism
of G-quadruplexes (Gray et al. 2008; Viglasky et al. 2011).
CD spectra of G-quadruplexes are significantly different
in comparison to the single-strand, duplex and other struc-
tural motifs of nucleic acids. A significant positive peak at
265 nm is the main feature for parallel strand arrangements,
with positive peak at 295 nm being typical for antiparallel
strand arrangements (Fig. 2H). However, we should exer-
cise caution in data interpretation because the CD spectra
tends to reflect the conformation of glycosidic bonds of
guanines, anti, and syn configurations in G-tetrads rather
than the entire strand orientation (Figs. 2A-G) (Masiero
etal. 2010; Virgilio et al. 2012). Nonetheless, in most cases
in which unmodified sequences are used, CD spectroscopy
allows for discrimination between topological conformers
of G-quadruplexes on the basis of strand orientation. For
example, the overall G-quadruplex is composed of three
stacked G-tetrads, and all tetrad guanines adopt anti con-
formation in parallel-stranded folding topology for many
G-rich sequence repeats in K* e.g. promoter sequences
c-Myc, HIV aptamers, the four-repeat human telomeric
d[AGGG(TTAGGG)3] sequence, the two-repeat human
telomeric [ TAGGGTTAGGGT] sequence (Mukundan et
al. 2011; Tong et al. 2011; Trajkovski et al. 2012). But once
again, it is not a general rule that parallel G-quadruplexes
are composed only of anti guanines; for example a RET
promoter sequence forms a parallel structure in which one
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G-tetrad consists of four syn guanines (Tong et al. 2011).
The CD signal of a molecule in which syn guanines also
occur shows a slight positive peak at 295 nm. This peak
increases and appears to be more dominant with an in-
creasing ratio of syn/anti for each G-quadruplex. A typical
antiparallel structure reaches the ratio of 1.0; e.g. thrombin
binding aptamer d[GGTTGGTGTGGTTGG], and human
telomeric repeat d[AGGG(TTAGGG)3] in Na* (Macaya et
al. 1993; Lim et al. 2009; Russo Krauss et al. 2011). In this
conformer clear positive and negative peaks to be observed
at 295 nm and 240 nm respectively. In the case of the so-
called hybrid structure of the promoter Bcl-2 sequence and
human telomeric sequence, in which one DCR (double-
chain reversal) and two EW (edge-wise) loops are present,
the ratio reaches value 5/7 and both positive peaks at 295
and 265 nm are observed with CD. Recent studies have
described G-quadruplex structures in which all three types
of loops are present; EW, DCR and diagonal (Fig. 2E, Ma-
rusic et. al. 2012). In cases when more than one topological
state is present in a solution, any signals will consist of all
of the contributing states; similarly, the result of CD signal
represents a mean value derived from all the contributing
conformers dissolved in the solution.

Studies using differential scanning calorimetry (DSC)
(Kankia and Marky 2001; Ponikova et al. 2011) and CD
spectroscopy have shown that G-quadruplexes undergo
significant temperature phase transitions; indeed, the am-
plitude of the selected peak in CD spectra is measured as
a function of temperature. For antiparallel G-quadruplexes,
a peak at 295 nm is typically selected (Kankia and Marky
2001; Fialova et al. 2006; Ponikova et al. 2008). This transition
can be considered as a two-state transition for antiparallel
G-quadruplexes, i.e. unfolded and folded, an expectation
which was confirmed by DSC studies in which a clear
maximum in heat capacity as a function of temperature was
observed at transition temperature (approx. 50°C for TBA
aptamers at presence of 50 mM KCl, (Kankia and Marky
2001)), CD studies which demonstrated a sigmoidal shape
of the amplitude of the elipticity at 295 nm. This amplitude
decreased with increasing temperature confirming that this
band disappears in the unfolded state of the quadruplex.
However, when different structures of the same sequence are
present, the melting profile may differ from the sigmoidal.
Recent studies have shown that the melting of the human
telomeric sequence is not a two-state process and is charac-
terized by several semi-transitions (Chaires 2010; Viglasky
etal. 2010).

Research by Mergny et al. (1998) used a relatively sim-
ple method based on UV-spectroscopy to investigate the
thermodynamic properties of some aptamers containing
G-quadruplexes, and found that the absorbance of single
stranded oligonucleotides containing G-quadruplexes has
a positive signal at 295 nm and decreases with increasing

temperature. When the plot of absorbance against tempera-
ture shows a sigmoidal shape, an analysis of the thermody-
namic properties of the quadruplexes becomes possible. The
shape of this dependence is similar to the plot of ellipticity
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Figure 2. A. Syn and anti conformations of the guanine base relative
to the sugar in nucleotides. B-F. Known G-quadruplex conformers
that could be adopted by various aptamers consisting of G-rich
DNA; basket (B), chair (C), hybrid-2 (D), hybrid-1 (E) and propeller
structures containing double/triple quartet forms (F, G). The arrows
indicate the parallel or anti-parallel orientation of DNA strands.
Guanosine residues are colored according to the configuration of
the glycosidic bond; anti and syn guanosines are colored aqua and
red, respectively. A single DNA strand can fold upon itself to form an
intramolecular G-quadruplex, while two DNA strands can assemble
into a dimeric arrangement. G. Schematic representation of parallel
interlocked conformers. H. CD spectra that correspond to various
G-quadruplex conformers depicted in panels A-E
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at 292 nm against temperature obtained in CD experi-
ments (Ponikova et al. 2008). In contrast, the absorbance
at wavelength ~260 nm rose with increasing temperature
for intramolecular G-quadruplexes, althought the results
suggesting G-quadruplex melting at this short wavelength is
disputed and may result from inaccuracies in measurements
(Mergny et al. 1998). Wallimann et al. (2003) were the first
researchers to apply a dual-wavelength parametric test to
verify a two-state melting mechanism for protein systems;
improvements to this method resulted in the more advanced
singular value decomposition method which was recently
applied to the study of G-quadruplex melting mechanisms
(Haq et al. 1997; Gray and Chaires 2011).

The analysis of the melting curves governed by a two-state
mechanism yielded results which allowed the determination
of phase transition temperature, T}, and van't Hoft enthalpy
changes (AH,p) using a two-state approximation (Marky
and Breslauer 1987). The melting curves can be extrapolated
using the following equation:

A .+ 4 e(AHV,_,/R)*(l/T—l/Tm)
- F1_|_eE/AHvH/R)*(1/T71/Tm) (1)

A

where A is normalized absorbance, A and Ay are normal-
ized absorbances of folded and unfolded states respectively.
This approach has been used in the study of the thermody-
namic properties of G-quadruplexes (mostly TBA) both in
the presence of mono and divalent cations (Mergny et al.
1998; Kankia and Marky 2001) and also when nucleotides
were substituted in the quadruplex loop (Ohsen et al. 2009).
The loop part of the G-quadruplex has a considerable influ-

Absorbance

10 20 30 40 50

T(°C)
Figure 3. Normalized plot of absorbance at wavelength 297 nm vs.
temperature for all aptamers studied (see legend). The full lines are

fits according to Eq. (1) (according to Lamberti et al. (2011) with
permission of Springer).

ence on the stability and binding properties of aptamers, and
several studies have focused on the stability and binding
properties of TBA aptamers depending on the substitution
of nucleotides in two lateral TT and central TGT loops (see
Tucker et al. 2012 and references herein). The modification
of TGT loops have a substantial effect on the stability and
binding properties of TBA aptamers; although substitution
in T3 and T, had little effect on TBA properties, the effect
on T, and T3 was remarkable (Coppola et al. 2008) (see
Fig. 1B for TBA structure). Ohsen et al. (2009) studied the
thermodynamic properties of TBA aptamers and showed
that the substitution of nucleotides in TT loops by U and
substitution of G in TGT loops by A, C or T increased the
stability of the G-quadruplex. UV-spectroscopy was used to
study the effect of the substitution of thymines by adenines
in T3T4 and TGT loops of the G-quadruplex on the ther-
modynamics and binding properties of aptamers (Lamberti
etal. 2011). The following aptamers were used TT: 5’- GGT
TGGTGT GGT TGG T 5- 3’5 AT: 5- GGT TGG TGT GGA
TGG Tys - 3’ AA: 5- GGT TGG TGT GGA AGG Ty5 - 3%
AGA: 5- GGT TGG AGA GGT TGG Tjs - 3° All aptamers
were extended by 15-mer thymine chains modified by biotin
at the 3’-end in order to immobilize the aptamers on a solid
support, and avidin-biotin technology was used to study the
affinity interaction on the surfaces. The TT is a conventional
TBA aptamer which is sensitive to fibrinogen binding site
at thrombin. The other aptamers (AT, AA and AGA) differ
from the TT aptamer through the substitution of thymines
by adenines in the position marked with underlined bold
in the description above. The plot of absorbance against
temperature for all studied aptamers is presented in Fig. 3.
It can be seen that the absorbance has the sigmoid shape
which is typical in a two-state transition. The results obtained
in the experiment can be input to Eq. (1) to determine of
thermodynamics values of the aptamers (Table 2).

Table 2 shows that the substitution of nucleotides resulted
in a decrease of T;,, and that the Gibbs energy changes

Table 2. The thermodynamics parameters of studied aptamers

T, AH AGY TAS
Aptamer o Gl (/o)
TT 353+05 -404+04 -2.00%+0.02 -38.40+0.40
TA 342404 -31.6+0.6 -146%003 —30.14+060
AA 268+10 456459 103013 44574590
AGA 296+08 -405+28 -128+0.09 -39.22+2.80

T, , melting temperature; AHyy, Van Hoff enthalpy changes;
AGO(ZO), changes of standard Gibbs energy at 20°C; AS, entropy
change (AG’T _ AH,., (1-T/T,,) = AHyy; (1-T/T,,) = AHyy - TAS;
where AH_ ;s calorimetric enthalpy. AH,,//AHyp = 1 for two-state
transition (Ohsen et al. 2009). Results are mean + SD (n = 3). (Ac-
cording to Lamberti et al. 2011).
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which took place were less favorable in comparison with
TT aptamers. The AA aptamers demonstrated the highest
level of instability; the favorable changes in enthalpy are in
this case compensated by entropy contribution, changes
which may be due to the uptake of ions or water into the
G-quadruplex (Ohsen et al. 2009).

The lower values of T,,, in comparison with those reported
by Ohsen et al. (2009) are due to the lower KCI concentra-
tion used, the presence of NaCl and the use of a thymine
spacer.

The results of acoustic measurements obtained through
the interaction of thrombin with aptamers immobilised on
an acoustic thickness shear mode (TSM) transducer corre-
lates with the thermodynamic properties of aptamers. The
changes in the series resonant frequency (fs), responsible
for mass changes and in motional resistance (R,,), which
reflects the viscosity contribution, were the most remark-
able following the addition of thrombin to TT and AA
aptamers. The fs value for both aptamers decreased with
increasing thrombin concentrations, but these changes
were substantially larger in TT aptamers which suggests
a higher sensitivity to thrombin. Substantial differences
were observed in changes of R,, for these aptamers. While
motional resistance rose with increasing thrombin concen-
trations in T'T aptamers, opposite changes in R, took place
for AA aptamers (Lamberti et al. 2011). This suggests the
existence of different conformation-surface properties of
the thrombin-aptamer complexes for these aptamers and,
as a result, changes in the coupling of the surface and liquid.
The data suggests a higher coupling for TT (increase in R,,),
and a higher decoupling for AA (decrease in R,,;) (Ellis and
Thompson 2004). AGA aptamers had a lower sensitivity to
thrombin in comparison with AA, but AT aptamers revealed
comparable sensitivity with that of TT.

It is interesting to note that thymines are major nucle-
otides in the loops of telomeric sequences. The substitution of
thymines in the loop TTA in the human telomeric sequence
by adenines AAA resulted in destabilization of the quadru-
plex (Ristano and Fox 2003). One possible explanation for
this is that pyrimidines (T) which contain only one aromatic
ring are more flexible in comparison with purines (A) which
are composed of two rings.

The substantial structural polymorphism of G-quadru-
plexes has already been mentioned above; this polymor-
phism could be due to the length and composition of loop
sequences, but other conditions, such as the ionic composi-
tion of the buffer solution and the aptamer concentration,
could also affect quadruplex topography. TBA aptamers can
be used as an example of this polymorphism. Most research
has demonstrated that this aptamer is in an antiparallel
chair conformation, although CD studies made at relatively
high concentrations of aptamers (0.01-1 mM) have shown
that G-quadruplexes of TBA sequence might form dimers

(Fialova et al. 2006). Similarly, aptamers sensitive to the
heparin binding site have shown evidence of concentration
dependent transition temperatures, which would reflect
intermolecular interactions (Ponikova et al. 2008).

DNA aptamers composed of G-quadruplexes usually
contain supporting sections which allow them to be immobi-
lized on solid substrates and serve as recognition elements in
biosensors (see below). This supporting part has resulted in
a wider structural diversity of aptamers through the forma-
tion of aptamer dimers, as was discussed simultaneously by
Hasegawa et al. (2008) and Hianik et al. (2008). Hasegawa
et al. (2008) described two aptamers sensitive to fibrinogen
and heparin binding sites of thrombin which contained poly
dT linkers connected by DNA ligase. A similar approach
was also used for the preparation of dimers from two iden-
tical aptamers against vascular endothelial growth factor
(VEGF45). In our study, two identical TBA aptamers, from
which one was modified by dT5 and dA 5 linkers were used,
and the dimer was formed by the hybridization of supporting
dTy5-dAq5 parts (Hianik et al. 2008). This work introduced
the term ,,aptabody” for the aptamer dimer, suggesting an
analogy between this structure and those of antibodies,
as both contain two binding sites for the target. The same
method was later applied to fibrinogen and heparin sensi-
tive thrombin aptamers (Hianik et al. 2009). In these papers,
we showed that the affinity of aptamer dimers to thrombin
is superior to that of aptamer monomers which contain
only one binding site. CD and gel electrophoresis studies
including temperature gradient gel electrophoresis showed
that G-quadruplexes are preserved in both binding sites of
aptamer dimers. In addition, these dimers demonstrated
levels of fibrinogen cleavage inhibition in thrombin which
were almost twice as high as that of monomolecular aptam-
ers (Ponikova et al. 2011). The existence of two binding sites
in the dimers was also confirmed by single molecule force
spectroscopy (Neundlinger et al. 2011), emphasizing that the
substantial structural flexibility of aptamers is an additional
advantage that makes these molecules excellent candidates
for use as recognition elements in biosensors.

Stability of guanine quadruplexes in DNA aptamers at
presence of ions and the binding ligands

It has already been mentioned that G-quadruplexes are
stabilized by monovalent cations such as K* and Na*. The
stabilizing effect of cations on G-quadruplex was most ex-
tensively studied in G-quadruplexes of TBA aptamers and
it was shown that the formation of quadruplex structure
in this aptamers requires the presence of K* ions (Kankia
and Marky 2001; Trajkovski et al. 2009). Potassium is also
required for the inhibition of thrombin-clotting (Wang et al.
1993; Tsiang et al. 1995). Aptamer quadruplex conformation
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is also stabilized in the presence of other cations (Wang et al.
1995; Smirnov and Shafer 2000; Kankia and Marky 2001);
the presence of Sr2*, Ba** and Pb?* was found to have
a powerful stabilizing effect on G-quadruplexes (Smirnov
and Shafer 2000; Kankia and Marky 2001), while sodium
ions were shown to form markedly weaker binds to the
aptamer (Kankia and Marky 2001; Nagatoishi et al. 2007).

The effect of cations on the stability of G-quadruplexes
has been studied primarily through CD, UV spectroscopy,
DSC and NMR methods. The TBA sequence is among most
studied aptamers, and it has been shown that the stabilizing
effect is reflected in the increasing melting temperatures
of the quadruplexes. The monovalent cations stabilize the
quadruplex in the order: K > Rb* > Na* > Cs* > Li*. Di-
valent cations bind to quadruplexes with higher constants
of association (K, ) and the following order in stabilization
was observed: Sr?* > Ba?* > Ca?* > Mg?" (Hardin et al.
2000; Tucker et al. 2012). However, the localization of ions
in the quadruplex and the stoichiometry of binding are not
yet fully clear and, in certain cases, controversial results
have been reported. Researches using NMR (Marathias and
Bolton 2000), infrared multiphoton dissociation (IRMPD)
and CD methods (Hong et al. 2010) to study the TBA se-
quence have shown that the most likely form of 1:2 (TBA
to K*) stoichiometry is that which is depicted schematically
in Fig. 1C. The first K" ion binds between TT loops and the
second is localized at the TGT loop; in contrast, recent NMR
studies suggest that K* is localized between the G-quartet
planes (Fig. 1D) (Trajkovski et al. 2009). Interestingly, this
localization had been proposed previously for Pb** which
also induces TBA folding (Smirnov and Shafer 2000). In
contrast with K* ions, smaller cations like Na™ are localized
at the plane of G-quartets (Fig. 1E) (see Schultze et al. 1999
and a recent review by Tucker et al. 2012). It is likely that
cation localization correlates with the ionic radius (Kankia
and Marky 2001).

It should be noted that G-quadruplex folding can also
be induced by the binding of the target, e.g. thrombin in
the case of TBA, a process which has been confirmed us-
ing CD spectroscopy. The presence of 5 uM of thrombin
induced the formation of G-quadruplexes even without the
presence of stabilizing ions. Quadruplex folding can also
be influenced by crowding with the dehydrating agents, e.g.
polyethylene glycol (PEG200) and ethanol (Renciuk et al.
2009). A decrease in temperature also supports the forma-
tion of G-quadruplexes in the absence of cations (Nagatoishi
et al. 2007).

The issue of the high sensitivity of the TBA sequence to
various cations is raised in research focused on the detection
of K* (Choi et al. 2009; Cai et al. 2010), Pb** and Hg?* (Liu
et al. 2009; Li et al. 2010) using various physical methods.
TBA sequences were also incorporated in nanopores formed
by a-hemolysin (a HL) in bilayer lipid membrane; the addi-

tion of cations, especially K, resulted in the folding of TBA
into quadruplexes and reduced the current flowing through
the nanopore (Shim et al. 2009). In the detection of ions by
aptamers it is important to determine their binding affinity,
which can be usually characterized by the constant of disso-
ciation Kp (Kp = 1/K,). The lower Kpp value corresponds to
a higher affinity or stability of the ion-quadruplex assembly.
The Kp value can be determined from the binding isotherm
using CD spectroscopy and measuring the amplitude of the
corresponding band as a function of ion concentration; in
the case of TBA or other antiparallel G-quadruplexes, the
band at around 295 nm can be used. In our study (Ponikova
et al. 2008), we determined Kp values connected with both
the binding of K to TBA G-quadruples and to the quad-
ruples in which T4 was substituted by A4 and in which the
TGT loop was replaced by a GCA sequence (see Fig. 1B for
the nucleotide sequence of TBA). The structure of this modi-
fied aptamer (HEPA) contains a heparin-sensitive binding
site at thrombin (Tasset et al. 1997). In contrast with TBA,
the properties of HEPA have not yet been studied in great
detail. Simultaneously, it has been pointed that the above
mentioned substitutions of nucleotides in the loops of HEPA
are likely to have a detrimental effect on the structure of the
quadruplex. Since it is no longer possible to form base pairs
between thymines at positions 4 and 13 in HEPA, some ad-
ditional stabilizing factors are needed (Macaya et al. 1993),
and it has therefore been suggested that flanked sequences
of spacers and duplex of 29-mer should be included in order
to improve the stability of the quadruplex core (Tsiang et al.
1995; Tasset et al. 1997). However, we have shown that even
without the flanking sequence the G-quadruplex of HEPA is
stable in the presence of K" ions, and it has also been proven
that potassium has a similar effect on both TBA and HEPA
aptamers and that it can also stabilize the G-quadruplex
structure. However, weaker binding of potassium to HEPA
can be observed in the presence of sodium ions, whereas
the TBA-K* complex is only slightly affected (Ponikova et
al. 2008).

In the K" binding studies, the analysis of our CD ex-
periments based on Hill equation showed that K binds
to the aptamers not co-operatively, i.e. the Hill coefficient
m =1 (see Dovinova and Hianik 1990; Weiss 1997). The
plot of normalized ellipticity at 292 nm as a function of K*
ion concentration took the shape of a Langmuir isotherm
(Fig. 4) and thus can be described clearly using a Langmuir
equation:

0,./0,-1) [K']
AH/HOZ( . °+[K)+]

)

where A0 = 0 - 0, 0is ellipticity at 292 nm and at cor-
responding equilibrium concentration of potassium ions,
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[K*], 6y is ellipticity of initial state, 0,4, is ellipticity of
final state of titration (at saturation). The free energy of
potassium binding can be calculated using a standard Gibbs
equation AG = -RTInK,. The binding curves for TBA and
HEPA were similar (Fig. 4), although the broader curve for
HEPA suggests weaker binding of potassium ions to the
quadruplexes.

Based on Eq. (2) we estimated dissociation constants and
determined changes in Gibbs energy (AG). These values are
presented in Table 3. As can be seen from this table, at T =
25°C the dissociation constant for TBA is approx. four times
lower than that recorded for HEPA, which suggests that
TBA-K* may enjoy higher stability than HEPA.

AG values determined for the TBA aptamer correspond to
data published by Kankia et al. (2005) in which isothermal
titration calorimetry was used to determine the thermo-
dynamic parameters for TBA quadruplex folding. For the
HEPA aptamer, the AG value was estimated at —18.0 kJ/mol
and reflects a more subtly hindered K -mediated formation
of quadruplex in comparison with TBA. As can be seen in
the table, lower temperatures have a favorable effect on the
formation of aptamer-potassium complexes as is shown
by the increase in AG absolute value for both aptamers. In
the presence of sodium ions, the changes in AG were more
remarkable. The affinity of the TBA aptamer to K* at 15°C
was only slightly affected by Na*. However, HEPA exhibited
unfavorable changes in the presence of Na* both in terms of
Kpand of AG. Table 3 demonstrates that sodium ions inhibit
interaction with K*, which in turn results in an increase in
Kp and a decrease in the absolute value of AG. This obser-
vation supports previous studies which have suggested that
the presence of adenosines in telomeric sequences affects
quadruplex formation and its affinity to sodium and potas-
sium ions (Guo et al. 1992).

G-quadruplex DNA aptamers

Aptamers display a wide range of structural arrangements
which account for their binding efficiency and selectiv-
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Figure 4. The Langmuir plot of normalized amplitude of CD
spectra at 292 nm as a function of concentration of K* for TBA (e)
and HEPA (O) aptamers. The symbols represent experiments and
the full lines represent fit according to Eq. (2). The concentration
of aptamers was 10 uM (according to Ponikova et al. (2008) with
permission of Gen. Physiol. Biophys.).

ity for unrelated targets. As with several architectures of
G-rich short nucleic acids, the G-quadruplex is adopted
by a number of aptamers. Certain G-rich oligomers may
associate between themselves and form inter-molecular
G-quadruplex structures. One common feature of G-quad-
ruplexes is that they can exhibit high conformational stabil-
ity and resistance to various nucleases (Dapic et al. 2003),
which indicates that these novel G-quadruplex-based
molecules have great potential for use in medicine and
biotechnology. G-quadruplexes are particularly interesting
in this respect because it has been suggested that G-rich
sequences in the human genome, such as telomere ends
(Parkinson et al. 2002; Neidle and Parkinson 2003), onco-
genic promoters (Siddiqui-Jain et al. 2002; Ambrus et al.
2005) and many other regions associated with human dis-
eases (Fry and Loeb 1994) may form such structures in vivo.
Despite the intense speculation over the physiological role

Table 3. The constant of dissociation, Kp, and changes of Gibbs energy, AG, connected with formation of guanine quadruplexes of TBA
and HEPA aptamers in the presence of potassium and sodium ions determined from Langmuir isotherms according to Eq. (2) and Gibbs

equation AG = -RT InK,, where K4 = 1/Kp

T TBA HEPA
Buffer composition o
(°C) Kp (uM) AG (kJ/mol) Kp (uM) AG (kJ/mol)
10 mM Tris-HCl 25 130 £ 1.0 -22.1£0.2 540 £5.0 -18.0 £ 0.2
10 mM Tris-HCI 15 30.0+1.0 -24.9+0.8 180 + 10.0 -20.6 £ 1.1
20 mM Tris-HCl+140 mM NaCl 15 35.0+0.3 -24.5+0.2 3350 + 250 -13.6+ 1.0

The pH of buffers was 7.4. Results represent mean + SD obtained from 3 independent experiments in each series (according to Ponikova

et al. 2008 with permission of Gen. Physiol. Biophys.)
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of G-quadruplex formation in vivo, there is considerable
interest in the therapeutic potential of quadruplex oligo-
nucleotides as aptamers or non-antisense anti-proliferative
agents. Many authors have demonstrated that several short
G-rich oligomers can inhibit cell proliferation and induce
apoptosis in cancer cell lines; the activity of these oligom-
ers was related to their ability to bind to specific cellular
proteins (Dapic et al. 2002, 2003; Bates et al. 2009).

The intrinsic properties of G-quadruplexes containing
aptamers make them one of most efficient sensing elements
for target molecule recognition. It has been suggested that
DNA aptamers with high affinity and specificity for tumor
marker proteins could be of use in the sensitive and accu-
rate diagnosis of a number of diseases. Furthermore, some
aptamers inhibit the activities of their target molecules,
a trait which could be used as a tool for the control of any
molecular process (Hirao et al. 2000; Noma et al. 2006; Al-
lali-Hassani et al. 2007). Aptamers based on G-quadruplex
structures have great diagnostic and therapeutic potential for
the detection and treatment of severe pathologies including
vascular, cancer and viral diseases (Ruckman et al. 1998;
Keefe et al. 2010).

Although a large number of aptamers have been identi-
fied, only a few of them belong to the very small group which
can form G-quadruplex motifs. The best known of these
aptamers is the thrombin binding aptamer (TBA) (Pad-
manabhan et al. 1993), an aptamer which exhibits inhibitory
properties towards pharmacologically relevant proteins. To
date many sequence variants of the TBA aptamer have been
developed, e.g. modified TBAs carrying uridine (U), 20-de-
oxy-20-fluorouridine (FU), North-methanocarbathymine
(NT) residues and thio-modifications in the loop regions
or dimeric variants containing double stranded connective
stems (Hianik et al. 2008; Zaitseva et al. 2010; Ponikova et
al. 2011; Avind et al. 2012). The aptamer-target complex
is often more stable than an individual aptamer; recently
published research shows that the TBA-thrombin complex
is more stable than TBA itself (Russo Krauss et al. 2012).
G-quadruplex aptamers may also inhibit functions of other
proteins such as HIV1-integrase (HIV1-in) (Jing and Hogan
1998; Jing et al. 2000; De Soultrait et al. 2002), VEGE, (Vap7)
(Nonaka et al. 2010) and nucleolin (AS1411) (Reyes-Reyes et
al. 2010). Their DNA sequences are summarized in Table 1.
For example, the DNA aptamer AS1411 is currently under-
going clinical evaluation for use in the treatment of acute
myeloid leukemia.

DNA aptamers in medical therapy and drug delivery

Both DNA and RNA aptamers have great potential for use in
medical therapy and may eventually replace the antibodies
which are currently used in immunotherapy. Aptamers have

a number of distinct advantages over antibodies; they can be
reliably duplicated in vitro in the precise volumes required,
and, through the use of simple chemical modification, they
can be protected from degradation by nucleases and have
their lifespan in blood extended by up to 24 hours without
major side effects. Aptamers can also be used as carriers of
a wide range of medical drugs through their ability to be
attached to various nanoparticles; aptamers which are sensi-
tive to, for example, cancer markers on the surface of cancer
cells can provide targeted delivery of chemotherapeutic or
other drugs (Cerchia and de Franciscis 2010). The RNA
aptamer Macugen, which was approved for clinical use in
2004, is very effective in the treatment of the devastating
disease of age-related macular degeneration. This chemically
modified RNA aptamer binds specifically to VEGE, thereby
protecting the binding of VEGF to its receptor and inhibit-
ing the growth of the blood vessels (Foy et al. 2007; Potty et
al. 2009). Other aptamers are currently in clinical trials. The
application of DNA and RNA aptamers in medical therapy
was recently reviewed by Bunka et al. (2010). Although not
all aptamers which show potential for use in therapy contain
G-quadruplexes, DNA aptamers containing G-quadruplexes
have the advantage of the added stability provided by these
structures. The various applications of G-rich aptamers in
medical therapy have been reviewed recently (Tucker et al.
2012), and therefore this review will limit itself to a brief
summary of the most important applications.

The aptamers which are currently undergoing clinical
trials or which show potential for use as therapeutic agents
are listed in Table 1. TBA was among the first aptamers
to be specially developed for medical application in 1992
and could eventually replace heparin as a new type of
anticoagulant; as was mentioned above, TBA specifically
binds to the fibrinogen binding site at thrombin thereby
inhibiting fibrinogen cleavage (see Becker et al. 2010 for
detailed review).

A second group of aptamers have been developed for the
treatment of infectious diseases with particular focus on HIV.
Aptamers include those which exhibit sensitivity to envelope
Gp120 protein (Wyat et al. 1994), HIV integrase (Chou et al.
2005 and references herein) and HIV reverse transcriptase
(Michalowski et al. 2008 and references herein). The disso-
ciation constant of these aptamers was in the nM range (see
Table 1 for nucleotide sequence of aptamers). Guanine-rich
DNA aptamers were also selected for Hepatitis C virus (Jones
et al. 2006), SARS coronavirus (Shum and Tanner 2008)
and against polyphosphate kinase 2 from Mycobacterium
tuberculosis (Shum et al. 2011a).

Aptamers can be selected not only for proteins or other
ligands dissolved in a buffer, but also to proteins which
are connected to the cell surface. Cancer cells are known
to have specific proteins in their membranes and certain
proteins are overexpressed in cancer cells. Proteins such as
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nucleolin, prostate-specific membrane antigen (PSMA) and
others (see Phillips et al. 2008; Orava et al. 2010 for detailed
review) can serve as cancer markers. Several DNA and RNA
aptamers which selectively bind to cancer markers have been
developed, although not all of them contain G-quadruplexes.
Among these G-rich cancer marker-sensitive aptamers is
AS1411, which selectively binds to nucleolin,and which is
currently in phase II of clinical trials for use as an anticancer
drug for the treatment of renal cell carcinoma and myeloid
leukemia (Bates et al. 2009). AS1411 may also be used for the
targeted delivery of drugs to cancer cells through nucleolin-
mediated internalisation (Shieh et al. 2010).

A G-rich aptamer which selectively binds to sclerosin, an
extracellular negative regulator of bone growth and a major
therapeutic target for osteoporosis, has also recently com-
pleted phase II of clinical testing. This DNA aptamer which
contains a parallel quadruplex structure could eventually
be used in the treatment of skeletal diseases (Shum et al.
2011b).

DNA aptamers containing G-quadruplexes in biosensors

Aptamers are also of great use in the development of biosen-
sors (aptasensors). A biosensor can be defined as a device
which contains a recognition element of a biological nature
or as a transducer which can transform a biochemical reac-
tion into a measureable physical signal, usually optical or
electrical (Eggins 2004). A biosensor is connected to an
analyzer, such as an electrochemical, optical or acoustical
unit, which can allow the determination of a quantitative
relation between the concentration of the analyte and the
measurable physical signal. The first generation of biosen-
sors was based on enzymes such as glucose oxidase which
served as recognition elements; the amperometric glucose
sensor is currently the most successful practical biosensor
in use. The presence of a substrate, e.g. glucose, results in its
catalytic degradation into species which can be reduced or
oxidized at the sensing electrode. A new generation of the
biosensors is currently in development, for example, affinity
biosensors which utilize various recognition elements, such
as antibodies, nucleic acids and natural or synthetic receptors
such as calixarenes.

The recognition molecule - the receptor - is the most
important part of the biosensor. Receptors should have suf-
ficient affinity to the analyte (usually in pM to nM range),
and should also be stable and regenerable; they should also
have the ability to be immobilized on the transducer surface
without loss of recognition properties. Antibodies are cur-
rently the most widely used receptors in affinity biosensors,
but they have a number of drawbacks. They are unstable,
usually requiring replacement after only one analysis, and
they require special care in immobilization. They also ex-

hibit a somewhat random attachment to surfaces which may
block some binding sites and thus reduce the sensitivity of
measurements. The regeneration of antibodies on the sensor
surface is rather complicated and after treatment with glycine
or other regeneration protocols usually results in reduced
sensitivity. Perhaps the most serious drawback of antibod-
ies is laborious animal-derived production process which
is both costly and renders impossible the development of
antibodies sensitive to certain analytes such as, for example,
toxins. Other systems such as natural receptors could be an
alternative, but their low stability and specific environmental
requirements are problematic. Synthetic receptors such as
calixarene can overcome the above mentioned difficulties,
but their sensitivity to the analyte relative to that of antibodies
is disappointingly low.

Aptamers have a number of distinct advantages over other
types of biosensors. They exhibit a high affinity level which is
comparable to and in some cases even higher than those of
antibodies; they also demonstrate high levels of stability, and
can be easily regenerated in specific conditions, for example
in high ionic strength. The flexibility of aptamers is a huge
advantage and they can undergo a wide range of chemical
modifications without any appreciable loss of affinity; for
example, aptamer sensing sequences can be extended by
a oligonucleotide spacer the end of which can be modified by
thiol, amino, carboxyl group or by biotin, allowing their im-
mobilization on various surfaces, such as gold, carbon nano-
tubes, graphene, biomimetic lipid membranes and others.

In terms of signal transduction, biosensors can be divided
into 3 major groups: electrochemical, optical and acoustical.
Electrochemical aptasensors are based on the immobilization
of aptamers on a conducting surface, such as gold, carbon
nanotubes, graphene, conductiong polymers, etc. The bind-
ing of analyte to aptamer is monitored by measuring current,
potential or impedance. The main advantage of this approach
lies in the possibility of label-free detection (Mairal et al.
2008; Cheng et al. 2009; Ferapontova and Gothelf 2011).
Optical aptasensors utilize aptamers labeled with optical
probes (for example, fluorescence) or are attached to opti-
cally active nanoparticles. Label free detection is also possible
using surface plasmon resonance method (SPR) (Tombeli et
al. 2005; Shevchenko et al. 2011). Acoustical biosensors are
highly convenient label-free detection systems. The aptam-
ers are immobilized on an acoustical transducer, the most
popular of which is the AT cut quartz (Bini et al. 2007).
The interaction of the analyte with the aptamers results in
changes to the properties of surface layers, typically mass
and surface viscosity, which in turn cause changes of series
resonant frequency, fg, which reflects the mass changes and
motional resistance, Ry, responsible for surface viscosity
effect (Snejdarkova et al. 2008). The main advantage of this
technique is its relative low cost in comparison with that of
other methods.
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Although the use of aptamers in biosensing started only
recently (Scheller et al. 2001), the field is currently growing
very rapidly and a wide range of DNA and RNA aptamers
have been developed for use as biosensors. Not all of these
aptamers feature G-quadruplexes (for example aptamers sen-
sitive to cellular prions, IgE, cocaine and others), but none-
theless G-rich aptamers are of special interest for a number
of reasons. Firstly, G-quadruplexes increase the resistance of
aptamers to nucleases. Secondly, twice higher charge density
of quadruplex in comparison with unfolded single stranded
DNA facilitates interaction of analyte containing positive
patches. Thirdly, the ability of ions or analytes to induce
folding of quadruplexes provides additional assay (Shim et
al. 2009). Finally, G-quadruplexes can bind to various small
molecules such as cholesterol (Li et al. 2012) or fluorescence
dyes thus widening the range of potential analytical appli-
cations (Shi et al. 2011). Reviews of aptasensors based on
G-rich aptamers have been published recently by Lv et al.
(2012) and by Tucker et al. (2012); therefore our study will
restrict itself to electrochemical and acoustical aptasensors
based on G-quadruplex containing DNA aptamers sensitive
to human thrombin. Aptasensors for thrombin detection
are among the most studied of aptasensors and can serve as
a model system for optimization of aptamer immobilization
on surfaces and of detection strategies for other targets.

As was discussed above, thrombin is a multifunctional
serine protease that plays an essential role in pro-coagu-
lant and anti-coagulant functions. High concentrations of
thrombin induce thrombosis, while thrombin deficiency can
cause excessive bleeding (Berliner 1992). Aptasensors which
function as alternative diagnostic tools for thrombin analysis
or blood coagulation using nanomolar detection could be

Analyte '1
e

Aptamer

of great use in medical research. DNA aptamers sensitive to
fibrinogen and heparin binding sites of thrombin have been
used successfully in the development of biosensors and in
signal amplification. In the sandwich assay reported by Ike-
bukuro et al. (2005), thiolated capture 15-mer TBA aptamers
were immobilised on a gold surface through chemisorption.
Another reported 29-mer aptamer sensitive to heparin bind-
ing site at thrombin was linked to pyrroquinoleine quinine
glucose dehydrogenase (PQQGDH). The addition of the
substrate (glucose) resulted in a current being detected by
chronoamperometry, and a limit of detection (LOD) of 10
nM with a 40-100 nM linear range was achieved. Three
methods of electrochemical assay for thrombin detection
were proposed by Mir et al. (2006), and the best LOD re-
corded (5 nM) was achieved using a sandwich competitive
assay which involved aptamers labeled with the enzyme
horseradish peroxidase (HRP) (Mir et al. 2006). It has been
pointed out that this LOD would be sufficient for the clinical
diagnosis of metastatic lung cancer in which the concentra-
tion of thrombin is 5.4 nM. However, the drawbacks of this
method could be the non-specific binding of thrombin to the
gold surface and the difficulties involved in applying this as-
say format in blood due to the presence of other proteins.
Several aptasensors intended for use in the direct elec-
trochemical detection of thrombin have been based on
electrochemical redox indicators, such as methylene blue
(MB) or ferocene (Fc). The indicator undergoes an oxida-
tion and reduction transition due to electron transfer from
the electrode surface to a probe. This simple and effective
approach is based on the fact that positively charged MB
interacts with negatively charged proteins or other negatively
charged analytes (Fig. 5A). In the presence of MB which

Figure 5. Schematic representation of the aptasen-
sor design that utilize electrochemical indicators
(I) as aredox probe. A. Positively charged indi-
cator (for example methylene blue (MB)) forms
d —  complexes with analyte. Binding of analyte to the
aptamer caused the appearance of redox current.

B. Binding of analyte caused conformational
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changes of the aptamers and increase of the dis-
tance of the probe from the electrode surface. C.
Aptasensor is formed by aptamers and comple-
mentary DNA strand modified by indicator. Ad-
dition of analyte resulted in partial disintegration
of the double helix, which deliberates the DNA end
modified by redox probe. D. Aptasensor is based
on intercalation of MB into double helix. Addition
of analyte resulted in double helix disintegration
and in decrease of the redox current. E. Sandwich
assay utilizing specially designed aptamers with
intercalated MB as a probe. A, analyte; I, electro-

D E

chemical indicator (according to Hianik and Wang
| (2009) with permission of Wiley-VCH).
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forms complexes with the analyte, an increased redox cur-
rent is observed when the analyte binds to the aptamers
immobilized on the electrode surface. In experiments, the
current corresponding to a reduction of MB is measured by
differential pulse voltammetry (DPV). The peak integration
allows for calculating the changes in the charge transfer. The
plot of the relative charge transfer as a function of protein
concentration is determined and it serves as a calibration
curve. An example of this calibration curve and DPV plot
is presented in Fig. 6; the data is taken from an aptasensor
based on thrombin specific DNA aptamers utilizing MB as
indicator. This approach allowed detection thrombin with
a LOD of 10 nM (Hianik et al. 2005).

Another approach is based on the ability of aptamers to
switch conformation in the presence of the analyte which
allows rapid label-free electrochemical detection. The
process of binding an analyte to the oligonucleotide probe
changes its structure and dynamics thereby influencing the
efficiency of electron transfer to the electrode surface. MB
has also been integrated into a “signal oft” design which
has been described by Xiao et al. (2005a). In the absence
of an analyte, a redox current was observed due to random
configurations of aptamers and the close proximity of MB
to the gold surface. The addition of the analyte (thrombin)
resulted in changes in aptamer conformation, which caused
an average increase in the distance of MB from the elec-
trode surface and a decrease of the current with increasing
thrombin concentrations (Fig. 5B). This sensor was capable
of detecting at least 6.4 nM of thrombin in addition to a dy-
namic linear response of up to 768 nM, a range which would
allow detection of the physiologically relevant thrombin
concentrations which range from a few nM (resting blood)
to several hundred nM (when the clotting cascade is acti-
vated). The same laboratory has also reported a “signal on”
design for a thrombin aptasensor (Xiao et al. 2005b) in which
a thiolated thrombin binding aptamer was immobilized on
a gold support. The addition of complementary DNA strand
modified at one end with MB resulted in a double helix con-
struction. The addition of thrombin caused conformational
changes in the aptamer and the partial disintegration of the
double helix, which release the DNA end modified by MB.
Due to this conformational change, the MB approaches the
sensor surface and an increased current was recorded (Fig.
5C). The LOD for this sensor was around 3 nM (see also
Hianik and Wang (2009) for a review of aptasensors based
on electrochemical indicators).

MB is also known as a DNA intercalator (Boon et al.
2000). MB intercalation into DNA enhances electron
transport through the double helix, a peculiarity which has
been exploited in aptasensor design. The extension of one
end of an aptamer with a oligonucleotide sequence which
is complementary to a specific part of the second end of the
aptamer resulted in the formation of a so-called molecular
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Figure 6. Example of calibration plot for thrombin sensitive apta-
sensor based on electrochemical indicator methylene blue (MB):
The relative changes of the maximum charge transfer, AQ/Qg, (Qq
is the charge transfer without thrombin and Q is the charge trans-
fer at certain thrombin concentration) are plotted as a function of
thrombin concentration. Full line is the fit constructed by nonlinear
least squares algorithm. According to the Langmuir equation. The
dissociation constant determined from the fit. Kp =36 + 5 nM.
Inset: example of DPV for aptasensor without thrombin and at
presence of two concentrations of thrombin: 28 nM and 114 nM
(according to Hianik et al. (2005) with permission of Elsevier).

beacon. The addition of an analyte resulted in the depletion
of the double helix, a process which stabilized the molecular
beacon and transformed the aptamers into a 3D hairpin
conformation. If the molecular beacon contains interca-
lated MB, the transition of the aptamers in the presence of
the analyte will result in a decrease in electron transport
(Bang et al. 2005) (Fig. 5D). MB intercalation has been used
also in a sandwich format aptamer biosensor (Kang et al.
2008). The thrombin-specific antibody was immobilized on
a nanoparticle-chitosan composite film. After the addition
of thrombin and system stabilization, the thrombin specific
aptamers containing double helical sections with intercalated
MB at its terminal region were added. The presence of MB
resulted in an increase in the redox current which rose with
increasing thrombin concentrations (Fig. 5E). An LOD of
0.5 nM was recorded for this aptasensor.

Another highly sensitive method of amperometric
thrombin detection is based on the redox indicator neutral
red (NR) being covalently attached to specially synthesized
polycarboxylated thiacalix[4]arene (Evtugyn et al. 2012). The
calixarenes were immobilized on an electropolymerized layer
of NR which, together with a TBA aptamers, were modified
by an amino group and covalently attached to an EDC/NHS
(1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydro-
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Figure 8. The calibration curve of thrombin detection by biosensor
based on DNA aptamers immobilised on thiacalixarenes (Fig. 7)
in a complex biological fluids: 1, in 10 times diluted blood plasma;
2, in the presence of 30 mM bovine serum albumin (BSA) in 0.05
M TRIS buffer solution, pH 7 (according to Evtugyn et al. (2012)
with permission of Wiley-VCH).

Incubation in
Thrombin Solution

NR + Aptamer
Carbodiimide Binding

Figure 7. A. The scheme of the aptasensor assembling by
means of electropolymerised layer of neutral red (NR) at
glassy carbon electrode and thiacalixarenes. B. Principles
of amperometric detection of thrombin (according to Ev-
tugyn et al. (2012) with permission of Wiley-VCH).

due to the limitation of the electron exchange on the surface
layer (Fig. 7B). The aptasensor allows the determination of
0.1-50 nM of thrombin (limit of detection 0.05 nM). The
aptasensor could be used for the direct determination of
thrombin in blood serum as it does not exhibit any altera-
tion of response in the presence of a 100 fold excess of serum
proteins (Fig. 8).

Impedance spectroscopy has also been used as a technique
for the label-free detection of ligand-aptamer interactions.
Rodrigez et al. (2005) and Radi et al. (2006) simultane-
ously reported the application of electrochemical impedance
spectroscopy (EIS) in the detection of interactions between
proteins and DNA aptamers. The detection method is based
on the measurement of charge transfer resistance, R, in the
presence of a redox mediator [Fe(CN)6]'3/ 4 In the absence
of the target protein, the negatively charged aptamer repels
the redox mediator molecules from the sensor surface (Fig.
9A). The protein binding resulted in attraction (for positively
charged proteins such as lysozyme) or repulsion (for nega-
tively charged proteins such as thrombin) of the mediator to
the surface and the decrease or increase, respectively, of R.
The value of R ¢ can be determined from the analysis of the
Nyquist plot using a corresponding equivalent circuit. This
plot for bare gold with immobilized aptamers and at presence
of 20 nM of thrombin is shown on Fig. 9B. It can be seen in
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typical semicircles and linear part. The diameter of semicircle
is proportional to Ry, while the linear part corresponds to
the diffusion/limited process. Radi et al. (2006) described
a process, in which a thiol modified anti-thrombin aptamer
and 2-mercaptoethanol were immobilized on a gold electrode
thereby blocking the surface from non-specific adsorption.
This sensor was capable of detecting 2 nM of thrombin with
a linear range of 5-35 nM; the sensor could also be regenerated
through the application of 2 M of NaCl. Rodrigez et al. (2005)
used a similar process in the detection of lysozyme using
a modified aptamer; in this case, the charge transfer resistance
decreased with increasing lysozyme concentrations resulting
from the positively charged protein. Xu et al. (2006) reported
another strategy for the development of an impedimetric
aptasensor. DNA aptamers were immobilized through a self-
assembly process on a gold electrode. The specific interaction
of thrombin with the sensor surface increased the electron
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transfer resistance which was then amplified by means of
guanidine hydrochloride in order to denature the captured
thrombin. This increased the hydrated radius of thrombin and
blocked electron transport to the electrode, and could detect
thrombin with a sensitivity of 0.01 pM. A newer approach
using pyrolyzed carbon as a support for immobilized DNA
aptamers sensitive to thrombin has also been reported as a tool
for the impedimetric detection of thrombin with a sensitivity
of 0.5 nM (Lee et al. 2008). EIS method for thrombin detection
was also demonstrated in our recent paper in which aptam-
ers were immobilized on fabricated gold electrodes based on
compact discs (CD trodes) (GCDT) with a LOD of 5 nM. The
sensitivity of detection was comparable with the aptasensor
based on commercial gold screen-printed electrode (GSPE)
(Fig. 9C) (Castillo et al. 2012).

The combination of perspective biosensing strategy and
aptamers is based on the application of field effect transistors
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Figure 9. A. Schematic illustration of the electrochemical impedance
spectroscopy (EIS) based detection of protein using a [Fe(CN)é]'3/ -4
redox marker. Without the target protein the negatively-charged
marker is repelled from the surface and its redox reaction is hindered
(a). When the negatively charged protein binds to the aptamer probe,
due to increased negative charge, further repealing of the redox marker
takes place (b). B. Nyquist plot of fitted data for a bare gold (a), gold
modified by TBA (b) and TBA-thrombin (c). Upper inset: The Randle s
equivalent circuit used for fitting: electrolyte resistance RS, interfacial
capacity C, charge transfer resistance Ret, and Warburg impedance W.
C. Plot of relative changes of charge transfer resistance, AR./R0, as
a function of thrombin concentration obtained on CD disc (GCDT)
and gold screen printed electrode (GSPE) based aptasensors, respec-
tively. Dashed and solid lines indicate fitted results for GSPE and GCDT
based sensors, respectively, according to Langmuir isotherm equation.
Results represent mean + SD obtained at 5 independent measurements
(according to Castillo et al. (2012) with permission of Wiley-VCH).
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Aptamer

Figure 10. Schematic representation of aptasensor based on field
effect transistor. Sensing layer composed of aptamers immobi-
lised on the surface (ion-sensitive membrane, carbon nanotubes,
graphene, etc) is localized on the insulating layer at the top of the
p-type silicon. The electrical contact is provided by n-type silicon
(for explanation see the text).

(FET), highly responsive microdevices which integrate sens-
ing and transducing elements into one compact unit. The
principles of FET and ISFET (Ion-Sensitive FET) operation
have been outlined in a number of publications, for example
Eggins (2004). Described briefly, the chemically sensitive
surface of ISFET is in contact with analyte solution (Fig. 10).
The processes which take place on the sensing surface usually
affect the potential of the sensing layer, V-, which in turn
affects the value of the drain current Ip. The drain current is
proportional to the difference Vg — V1 - Vgg, where Vg is
the gate voltage and Vg is the reference electrode potential.
The drain current is therefore measured at constant Vg, or
Vg is measured at constant Ipy. In order to sense the inter-
action on the FET surface it is important that the analyte
interacts with the surface or surface covered by receptors
in a framework based on so-called Debye lengths, which is
approx. 3 nm for 10 mM ionic concentrations. This rule is
especially true for aptamers with dimensions of 1-2 nm; as
the interaction of small molecules or proteins with aptamers
on the surface of FET takes place in a layer with a thickness
comparable to Debye length, the sensitivity of detection is
high. The direct detection of thrombin using a single walled
carbon nanotube field effect transistor (SWNT-FET) was
reported by So et al. (2005). In this study, the aptamer was
covalently immobilized on carbon nanotubes modified by
Twin 20. The addition of thrombin resulted in a drop in
the conductivity of the device. This could be explained by
screening the negative charge of DNA due to presence of
thrombin, which was positively charged at pH 5.4 under
experimental conditions. Certainly, the isoelectric point
of thrombin is rather high: 7.0-7.6. The lowest LOD of the
sensor was 10 nM. The sensor was selective to thrombin, as
was proved by a subsequent experiment in which elastase

was used in place of thrombin. Elastase is a serine protease
with an isoelectric point and molecular weight similar to
that of thrombin. The addition of elastase resulted in cur-
rent changes which were considerably lower than those
recorded with thrombin. It was possible to regenerate the
sensor by removing the bound thrombin molecules using
6 M of guanidine hydrochloride solution.

Potentiometry is an additional label-free detection tech-
nique which is used in biosensing applications, and our re-
search adopted this method to develop a new procedure for
thrombin detection (Evtugyn et al. 2008a). The sensor was
created by electrochemically depositing polymeric phenothi-
azine dyes MB and methylene green (MG) onto a glass carbon
electrode and then applying double stranded DNA (dsDNA)
as a target for antibodies (DNA sensor) or DNA aptamers
specific to human a-thrombin (aptasensor). The biosensors
were incubated first at pH 7.5 and then at pH 3.0 and the dif-
ference in potentials, AE, was used as a measure of protein
concentration. The potentiometric DNA-sensors were tested
in a standard serum of autoimmune disease patients (systemic
lupus erythemathosus (SLE) and autoimmune thyroidites). It
was shown that the AE value of DNA-sensor is dependent on
the dilution of serum in the range of 1:1 to 1:100. Non-ther-
mostated serum exhibited a bell-shape dependence of AE on
serum dilution due to the interfering effect of serine proteins
at a maximum dilution of between 1:20 and 1:50. In the case
of SLE serum thermostated at 56°C, the AE showed a linear
decrease as a function of serum dilution and reached satura-
tion at dilution 1:20. Similarly the changes in the potential of
aptasensor allowed us to determine thrombin in the range
of 1 nM to 1 pM. These potentiometric biosensors demon-
strate a sensitivity which is comparable to that of traditional
methods, and could be used for preliminary diagnosis of
autoimmune diseases and thrombin. The developed method
is, however, simpler and cheaper in comparison with most
commonly used methods.

Mass detection using the quartz crystal microbalance
(QCM) method has proven to be very useful in the develop-
ment of aptasensors (Bini et al. 2007). The principle of QCM
is based on immobilization of the aptamers or other recep-
tors on the gold electrodes sputtered at the AT-cut quartz
crystal. The resonant frequency (typically 5-10 MHz) of
the crystal oscillations is sensitive to the thickness or mass
of the sensing layer. According to Sauerbrey, the increase of
the layer mass on the top of the crystal resulted in decrease
of the resonant frequency that can be used as an analytical
signal (Sauerbrey 1959) (Fig. 11). In the solution, however,
also the viscosity affects the resonant frequency. This should
be taken into account in a more detailed study of affinity
interactions at surfaces using QCM (Ellis and Thompson
2004). Moreover, the existence of aptamers sensitive to fi-
brinogen and heparin binding sites is of great advantage in
sensing strategies using QCM. This has been demonstrated
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by Pavlov et al. (2004) who used an aptamer modified with
gold nanoparticles for detection amplification; this complex
was then bound to thrombin which had previously been
bound to a surface modified by another thrombin-sensitive
aptamer. Catalytic enlargement of the nanoparticles resulted
in a 90 fold amplification of signal, allowing the detection
of sub nM concentrations of thrombin. Electrochemical
quartz crystal microbalance (EQCM), the combination of
QCM with electrochemical measurements, has also been
shown to be very effective. We applied EQCM to thrombin
specific aptasensors based on MWCNTs-MB (multi-walled
carbon nanotubes-methylene blue) composite (Evtugyn et al.
2008b) (Fig. 12A). Fluctuations in the oscillation frequency
of the quartz crystal which reflect both mass and viscosity
changes at the crystal surface were measured during cycling
of the voltage in the range of -0.7 to + 0.6 V (vs. Ag/AgCl
reference electrode) a process which aided the interaction
between thrombin and the DNA aptamers. This method has
substantially improved the thrombin detection limit; while
conventional QCM methods with aptamers immobilized
by avidin-biotin technology resulted in thrombin detection

Figure 11. A. Schematic representation of QCM biosensor. The
sensing layer is formed at one site of the AT-cut quartz crystal at
the sputtered gold layer. The oscillation of the crystal is initiated
by external oscillation circuit and the frequency is measured by
frequency counter. B. The kinetics of the frequency changes of
the crystal with immobilised TBA aptamers following addition of
thrombin at various concentrations.

with a LOD of 10 nM (Hianik et al. 2005), the immobiliza-
tion of aptamers on the MWCNTs-MB composite layer
and simultaneous cycling of the voltage resulted in a LOD
of 0.3 nM (Evtugyn et al. 2008b; Hianik et al. 2008). In
our work (Hianik et al. 2008) we showed higher sensitiv-
ity of aptasensor based on aptamer dimers (aptabodies) in
comparison to the conventional single-stranded aptamers
(Fig. 12). Other approaches for thrombin detection have
recently been reviewed in a paper by Tucker et al. (2012),
and a novel approach for the optical detection of thrombin
by multiplexed aptasensors using functionalized graphene
oxide and logic gate operations have recently been reported
by Liu et al. (2012).

Conclusion

The high significance of G-quadruplexes and their role in
cancer diseases and in the molecular recognition of various
targets suggests that they will become the subject of increased
academic interest in the foreseeable future, with particular
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Figure 12. A. Scheme of the aptasensor based
on multiwalled carbon nanotubes (MWCNTs)
and methylene blue (MB) composites with im-
mobilised aptamers of two configurations: con-
ventional single stranded aptamers and aptamer
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of human serum albumin (HSA) to the sensing
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focus being placed on their polymorphism and on the mecha-
nism of their interaction with various molecules. DNA and
RNA aptamers containing quadruplexes are also the focus of
research which aims to develop them as a potential replace-
ment for antibodies, and their development as biosensors is
also of considerable interest. However, with the exception of
the widely-studied thrombin-binding aptamer, our knowledge
of the mechanisms which govern the binding of proteins and
small molecules to aptamers is still relatively limited. The joint
efforts of experimental and computational approaches could
help in understanding these phenomena including the binding
of cancer therapeutics to G-quadruplexes.
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