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Abstract

We used the methods of electrochemical indicators and the quartz crystal microbalance (QCM) for detection of thrombin–aptamer interactions.
We analyzed how the method of immobilization of aptamer to a solid support, the aptamer configuration as well as variation in ionic strength and
pH will affect the binding of thrombin to the aptamer. The immobilization of aptamer by means of avidin–biotin technology revealed best results
in sensitivity in comparison with immobilization utilizing dendrimers of first generation and in comparison with chemisorption of aptamer to a
gold surface. Linear and molecular beacon aptamers of similar structure of binding site revealed similar binding properties to thrombin. Increased
concentration of NaCl resulted in weakening of the binding of thrombin to the aptamers, probably due to shielding effect of Na+ ions. The binding
of the thrombin to the aptamer depends on electrolyte pH, which is presumably connected with maintaining the three dimensional aptamer
configuration, optimal for binding the protein.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There exists a growing interest to the applications of nucleic
acids as recognition elements [1–3]. The implementation of
nucleic acids (DNA and RNA) in the biosensor assembly makes
it possible to create affinity biosensors with controlled selec-
tivity and sensitivity toward various chemical and biological
compounds, especially proteins. These DNA sensors can be
employed for testing structural changes of proteins as well as for
diagnosis of human diseases related to gene mutations, auto-
immune syndrome and cancer.

The main feature of these DNA sensors is in fact that the
oligonucleotides are directly enriched with the binding sites
adapted to a specific analyte. One of the novel technology pro-
viding this in vitro selection is the SELEX (Systematic Evo-
lution of Ligands by Exponential enrichment) [4]. The stability
of the complexes is characterized by the apparent dissociation
constants which are typically in 1–100 nM range for aptamer–
protein complexes. This is near the affinity range of antibody–
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antigen complexes. Unbound DNA/RNA molecules are eluted
from the column while the bound aptamers are isolated from the
complex and then amplified by PCR.

The aptamer based approach makes it possible to create a
wide variety of high affinity artificial receptors against proteins
or small molecules and is considered as a real alternative to the
conventional immunoassay techniques in the nearest future due
to higher stability of aptamers in comparison with natural anti-
bodies and due to their wider variety and specificity toward
target molecules [3,5–8].

Although the first SELEX-related patent was filed in 1989 [9],
the potentialities of the aptamer based biosensors have not been
realized in a full scale due to the problems with aptamer stability
during immobilization and signal registration. Several problems
related to the practical application of aptamer based recognition
are still under solutions, for example how immobilization of
aptamers to the supported films and the their microenvironment
will affect the aptamer structure and aptamer–ligand interactions.
Problems are connected with application of aptamers in a com-
plex biological systems, where interferences with other molecules
could take place. Currently, radio labeled aptamers are used for
quantification of protein kinase [10] and in vivo detection of
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clots [11]. However, to be widely employed in clinical practice,
aptamers must be detected via a nonradioisotope method with a
comparable sensitivity, e.g. aptamers can be covalently linked to
an enzyme [12], or fluorescently labeled aptamers can be ex-
ploited [13]. However most reliable and cost effective would be
the exploitation of the direct physical methods that do not require
labeling of aptamers by additional chemical ligands. This highly
promising direction route has not been exploited so far in suf-
ficient details. It is highly advantageous to explore the possibility
of immobilization of aptamers onto novel materials for biosen-
sing, e.g. dendrimers. Among various aptamers used so far in
laboratory experiments for thrombin are most explored [13,14].
Two types of aptamerswere used—“linear” aptamer and aptamer
beacon. Linear aptamer maintains in certain physico-chemical
conditions (pH, ionic strength) typical three dimensional con-
formation with specific binding site for thrombin. Molecular
beacon initially forms a loop that changes conformation following
binding of the protein [13]. It is, however, not known whether
these different forms of aptamers have similar or different binding
properties. Additional problem consists in maintaining highest
binding affinity of the aptamer. This affinity should depend on
ionic strength and electrolyte pH.

In this work we applied the method of electrochemical indi-
cators to elucidate the effect of the method of aptamer immo-
bilization, ionic strength and pH on the binding affinity as well
as the mass detection method based on quartz crystal micro-
balance (QCM) to study the interaction of thrombin with DNA
aptamer of two different configurations “linear” (APTA) and mo-
lecular beacon (LOOP).

2. Experimental

2.1. Materials and immobilization of aptamers

We used 32-mer DNA aptamer (APTA) modified by either
thiol group or by biotin at 3′ end as well as molecular beacon
aptamer (LOOP) modified at 3′ end by biotin. The sequence of
APTA and the LOOP was as follows: 3′-GGG TTT TCA CTT
TTG TGG GTT GGA CGG GAT GG-5′ (APTA) and 5′-GGT
TGGTGTGGT TGGCAACC-3′ (LOOP). Both aptamers have
at its 5′ end typical motif with high affinity to the heparin
(APTA) or fibrinogen (LOOP) binding sites of thrombin [13].
The aptamers were synthesized by Thermo Electron GmbH
(Germany) and used as obtained.

For preparation of aptamer biosensor we used either gold
electrode of 2 mm diameter or AT cut quartz of a fundamental
frequency 9 MHz (CH Instruments Inc., USA). The electrodes
were carefully cleaned as follows: first they were immersed in
chloroform (Merck) and for 3 min extensively cleaned in an
ultrasound sonicator bath (Tesla). After washing in double dis-
tilled water, the gold surface was cleaned with a hot mixture of
piranha solution (a 1:3 mixture of 30% (v/v) H2O2/conc.
H2SO4) for 5 min and then washed in double distilled water (the
piranha solution represents potential hazard, therefore it has to
be handled with special care). Cyclic voltammetry (voltage
range 0.5–1.4 V vs. SCE, scan rate 170 mV/s) was applied for
final electrochemical cleaning in 0.2 M H2SO4 until an
oxidation peak at approximately +0.9 Vappeared and remained
unchanged.

TheDNAaptamer was immobilized to an electrode surface by
avidin–biotin technology as described elsewhere [5]. For this
purpose the gold surface was first modified by 3,3′-dithiopro-
pionic acid-di(N-succinimidylester) (DSP) (Fluka) and incubated
at room temperature for 15 min. The electrode was then washed
three times with buffer (140mMNaCl, 5 mMKCl, 1 mMCaCl2,
1mMMgCl2, 20mMTRIS, pH 7.4) and then immersed in buffer
containing 2 mg/mL avidin (Molecular Probes Inc.) and
incubated at 4 °C overnight. After protein incubation the elec-
trode was washed 2 times with buffer and incubated for 1 h in
buffer solution of 0.025% bovine serum albumin (BSA). This
approach was used to block free binding site on the activated
surface. The electrode was then immersed in 2 μM aptamer
solution in buffer for 1 h at 20 °C. After this the electrode was
used immediately or kept at 4 °C for less than 1 week.

Aptamers were immobilized also to a dendrimerized gold
surface as follows. After cleaning the gold electrode was rinsed
by deionised water, then by absolute ethanol and after this pro-
cedure it was immediately immersed into a mixture of hexa-
decanethiol (HDT) (Fluka) and G1 PAMAM dendrimer (G1)
(Aldrich) dissolved in ethanol in the molar ratio 1:1.5 for 22 h.
The concentration of HDT was 1 mM and that of G1 1.5 mM.
Then the layer was rinsed by absolute ethanol, then by millipore
water and finally by absolute ethanol and then dried under air at
room temperature (approximately 20 °C). After drying the layers
were stored in small containers in a refrigerator at 4 °C. G1
dendrimer served as a source of the amine-terminated groups for
immobilization of avidin. This immobilization was performed as
follows. 15 μL drop of avidin dissolved in a phosphate buffer
(concentration 1 mg/mL) was added to an electrode surface
covered by HDT-G1 layer. After the water was evaporated, the
avidin molecules were crosslinked with glutaraldehyde. For this
purpose the electrode was placed in a vacuum compartment
(volume 10 mL) for 30 min (the pressure in a compartment cor-
responded to 30 mm of Hg). The compartment contained small
amount (1 mL) of 5% glutaraldehyde in water. Electrode was then
rinsed with deionised water and immersed into the buffer con-
taining the 2 μM aptamer for 1 h at 20 °C.

Direct chemisorption of aptamer to a gold surface was per-
formed as follows. After careful cleaning (see above) the gold
electrode was immersed into the water solution of 5 μM aptamer
for 30 min and then rinsed with deionised water and immersed
in 1 mM ethanol solution of 6-merkapto-1-hexanol (MCH)
(Fluka) for 30 min. MCH was used in order to remove aptamer
molecules that were only physically adsorbed to a gold support.

Proper folding of aptamer in each case has been provided by
heating the buffer containing aptamer to 95 °C for 3 min and
then cooling by immersion into the ice bath [5]. The above
mentioned immobilization procedures were used in experiments
utilizing electrochemical indicator methylene blue (MB) (see
below). This indicator was added into the buffer in which ex-
periments were performed in a concentration 2 μM.

In the case ofQCMexperimentswe used both type of aptamers
(APTA and LOOP) modified by biotin. These aptamers were
immobilized to a gold surface bymeans of neutravidin (Molecular
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Fig. 1. The plot of the relative changes of charge transfer ΔQ /Q0 (ΔQ=Q−Q0,
where Q0 is the charge transfer without thrombin and Q at certain thrombin
concentration) as a function of thrombin concentration and for different method of
aptamer (APTA) immobilization: 1 — chemisorption of thiolated aptamer; 2 —
dendrimer surface covered by avidin; 3 — surface covered by avidin. Results
represent mean±SD obtained in three experiments for each system.
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Probes Inc). Neutravidin was dissolved in deionised water (con-
centration 0.2 mg/mL). In contrast with avidin, neutravidin does
not contain polysaccharides, therefore thiol groups at certain
amino acids have better access to the gold. Thus, the neutravidin
can be chemisorbed to the surface directly without additional
chemical step. The solution of neutravidin was allowed to flow in
a flow cell to one side of the crystal with a flow rate 35 μL/min for
15–25 min. This time was sufficient to reach saturation in cov-
erage of the crystal surface. Then the deionised water was allowed
to flow in order to remove physically adsorbed neutravidin. Fi-
nally 1 μM aptamer in buffer (140 mM NaCl, 5 mM KCl, 1 mM
CaCl2, 1 mMMgCl2, 20 mM TRIS, pH 7.4) was allowed to flow
in a flow cell. In experiments we used human thrombin (Fluka).
The concentration of thrombin was determined spectrophotomet-
rically using UV 1700 (Shimadzu, Japan).

2.2. Experimental methods

2.2.1. Electrochemical indicator
The method of detection of thrombin–aptamer interactions

using methylene blue (MB) was described in our recent paper
[15]. Briefly, MB can be reduced at the electrode surface by two
electrons to a leucomethylene blue (LB). This reduction results
in charge consumption, that can be determined, e.g. by cyclic
voltametry (CV) or by differential pulse voltammetry (DPV).
MB is positively charged, it will therefore bind both to proteins
and to DNA. Higher concentration of MB at surface resulted in
higher current between working and reference electrode. Be-
cause the electrode with aptamer was immersed in a buffer
containing MB, the aptamer was saturated by this indicator.
Addition of thrombin into the buffer resulted in a binding of MB
to a protein surface as well as binding of protein to the aptamers.
Increased concentration of thrombin at the electrode surface
resulted in an increase of the current. The reduction of MB was
observed at −0.28 V vs. Ag/AgCl electrode. The DPV was
measured using potentiostat CHI 410 (CH Instruments, USA).
A three-electrode configuration was used. Gold electrode with
immobilized aptamers served as working electrode, while Ag/
AgCl and Pt electrodes (CH Instruments, USA) were used as
reference and counter electrodes, respectively. The DPV was
measured in the following conditions: voltage range −0.5 to
−0.1 V, pulse amplitude 50 mV; step potential 5 mV.

2.2.2. QCM
In piezoelectric microgravimetry, the changes of the resonant

frequency of the quartz crystal due to changes of its mass load
are measured. In our experiments, a standard set-up, comprising
a 74LS320 oscillator circuit of Analog Devices (Norwood MA,
USA) was used. According to Sauerbrey [16], the change of
resonant frequency of the crystal, Δf, is related to its mass
change, Δm,

Df ¼ −2:26� 10−6f 20 Dm=A ð1Þ

where A is the surface area of the working electrode, f0 being
fundamental frequency of the crystal (in our case, A=0.28 cm2,
f0=9 MHz) and Δm are expressed in g. Therefore, the changes
of the resonance frequency of the crystal indicate the changes of
its mass, e.g., here caused by binding of thrombin molecules to
the aptamers. The oscillation frequency changes were measured
with the UZ 2400 frequency meter (Grundig, Germany) con-
nected through an RS232 interface with an IBM Pentium com-
puter. The frequency was measured with 1 Hz accuracy.

The crystal was mounted between two silicon rubber o-rings,
in the flow-through cell such that, the analyte solution wetted
only one side of the crystal. The effective detection volume of
the flow-through cell was 100 μL. The cell was constructed in
University of Toronto, Canada and was generously gifted by
Prof. M. Thompson. The analyte solution stream was intro-
duced into the latter by means of Genie Programmable Syringe
Pump (Kent Scientific, USA) with a flow rate 35 μL/min.

3. Results and discussion

3.1. Influence of the method of immobilization of the APTA for
sensor sensitivity

In the first series of experiments we studied how the method
of immobilization of the APTA will influence the sensor sen-
sitivity. The experiments were performed by means of DPV
using MB. We determined first the DPV for various concentra-
tions of thrombin (see Ref. [15]) and then using the DPV
records calculated the amount of charge transferred from the
electrode surface to MB. This amount is proportional to the area
under the DPV peak [17]. The plot of relative changes of charge
transfer as a function of the thrombin concentration and for dif-
ferent methods of immobilization of aptamer is shown in Fig. 1.
We can see that in all cases the charge transfer increases with the
increasing concentration of thrombin. The sensitivity of the
sensor is highest for the method of immobilization of aptamer to
a gold surface covered by avidin, medium for that using den-
drimer layers and minimal for aptamer chemisorbed directly to a
gold. The minimal sensitivity in the later case can be probably
due to higher density of aptamers on a surface that restrict the
maintaining optimal configuration of aptamer binding site to the
thrombin. The differences between immobilization of APTA to
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Fig. 3. The plot of the relative changes of charge transfer ΔQ /Q0 (ΔQ=Q−Q0,
where Q0 is the charge transfer at [NaCl]=0 and Q at certain NaCl
concentration) as a function of NaCl concentration for electrode covered by
aptamer and at presence of 2 μM MB: 1 — without; 2 — at presence of 10 nM
thrombin. Aptamer (APTA) was immobilized to the gold surface covered by
avidin.
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G1 surface and to avidin surface could be connected with higher
flexibility of aptamers immobilized to an avidin surface, that is
in addition linked to the gold support through a flexible linker.
In contrast, when G1 is used as a support, avidin is relatively
rigidly attached to this surface by glutaraldehyde. Similar re-
sults were recently obtained by SPR method [18].

3.2. Influence of ionic strength and pH for sensor sensitivity

In order to check whether ionic strength and electrolyte pH
affect the sensitivity of binding thrombin to the aptamer we used
the method of electrochemical indicator to detect the binding of
thrombin to aptamer in the electrolyte of different concentration
of NaCl as well as for three different pH. Fig. 2 shows the plot
of relative changes of charge transfer as a function of throm-
bin concentration for various concentrations of NaCl (X=0–
500 mM) in a buffer. Aptamer was immobilized by avidin–biotin
technology, that provided best sensitivity of sensor response
(see Fig. 1, curve 3). In order of comparison, we included curve 3
from Fig. 1 corresponding to 140 mM NaCl also to Fig. 2. We
can see that with increasing the concentration of NaCl the
sensitivity of the sensor decreases. This effect could be con-
nected with either the shielding of the negative charges at DNA
aptamer as well as at protein surface or with changes of the
conformation of the binding site of the aptamer. For more un-
derstanding of the mechanisms of the influence of Na+ ions on
the binding properties of the thrombin to the aptamer, we com-
pared the effect of the ionic strength on charge transport between
electrode with immobilized aptamer and MB without and with
thrombin. Fig. 3 shows the dependence of the relative changes of
charge transport as a function of the concentration of NaCl at
presence of 2 μM MB without thrombin (curve 1) and at pres-
ence of 10 nM thrombin (curve 2). We can see that in both cases
the charge transport decreases with increasing the ionic strength.
It is likely, that the shielding effect is a dominant process that
affect the charge transport. The shielding of negative charges of
DNA aptamer and protein could result in a decrease of binding of
positively charged MB to DNA or to protein molecules and
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Fig. 2. The plot of the relative changes of charge transferΔQ /Q0 as a function of
thrombin concentration and for various concentration of NaCl (X=0–500 mM)
in a buffer (X NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM TRIS, pH
7.4). The concentration of NaCl in mM is showed at the curves. Curve with
symbols ▪ is curve 3 from Fig. 1 for 140 mM NaCl (for immobilization of
aptamer by avidin–biotin method). Aptamer (APTA) was immobilized to the
god surface covered by avidin.
consequently the charge transport should decrease. It has been
shown, that cations Li+, Na+ and Cs+ formweak complexes with
antithrombin aptamer [19], and thus probably weakly influence
the aptamer conformation. On the other hand it cannot be ex-
cluded that at higher concentration of Na+ thrombin could ag-
gregate, which may cause its lower affinity to the aptamer.

The electrolyte pH influences substantially the sensor sen-
sitivity. It is seen on Fig. 4 when the plot of relative changes of
the charge transfer as a function of thrombin concentration is
showed for three different electrolyte pH. The pH was adjusted
by addition of small amount of 0.1 M NaOH or 0.1 M HCl to
the electrolyte (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM
MgCl2). We can see that maximal response of the sensor took
place for pH 7.5, while for lower and higher pH the sensitivity
was lower. It is likely, that pH affects the structure of aptamer
binding site and is not connected with protonation or depro-
tonation of the protein. The isoelectric point of human throm-
bin is 7.0–7.6 [20]. Therefore, if protonation or deprotonation
would be crucial for binding of the thrombin to the aptamer,
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Fig. 4. The plot of the relative changes of charge transferΔQ /Q0 as a function of
thrombin concentration and for various electrolyte pH. The pH was adjusted by
addition of small amount of 0.1 M NaOH or 0.1 M HCl into the electrolyte:
140 mM NaCl+5 mM KCl+1 mM CaCl2+1 mM MgCl2. The pH values are
showed at the curves. Aptamer (APTA) was immobilized to the gold surface
covered by avidin. Results represent mean±SD obtained in three experiments
for each pH.
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Fig. 7. The scheme of the binding of ligand B (thrombin) to its receptor A
(aptamer), that is immobilized at the solid support. ka and kd are association and
dissociation constants, respectively.
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then the sensitivity of the sensor should be different for rela-
tively low and high pH, which was not the case.

Thus, ionic strength and pH have substantial influence on the
binding effectivity of the thrombin to the aptamer binding site
and should be taken into account in practical application of the
sensor.

3.3. QCM study of the binding the thrombin to aptamers of
different configurations

In order to check how important is the configuration of apt-
amer for binding the thrombin, we used the QCM method and
analyzed the binding of the thrombin to the linear aptamer
(APTA) and to the molecular beacon aptamer (LOOP). Both
aptamers have been immobilized to a surface of AT-cut crystal
covered by neutravidin. Flow of the neutravidin through the cell
in a concentration of 0.2 mg/mL resulted in substantial decrease
of the frequency of the crystal oscillations. The changes of fre-
quency at saturation (i.e. after approximately 25 min from start-
ing the flow) were 150±19 Hz (13 independent experiments).
The decrease of resonance frequency following addition of neu-
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Fig. 6. The plot of the changes of the frequency as a function of thrombin
concentration for aptamer sensors based on APTA and LOOP, respectively (see
legend). Results represent mean±SD obtained in three experiments.
travidin is a known phenomena [1] and is connected with increas-
ing of the mass of the crystal due to chemisorption of neutravidin.
According to Sauerbrey [16] (see Eq. (1)) from changes of Δf
it is possible to calculate the changes of mass,Δm, and knowing
the molecular weight of neutravidin (60 kD) it is possible to
estimate the number of neutravidin molecules chemisorbed at a
gold surface of the crystal. Thus, according to Eq (1) the changes
of Δf=150 Hz correspond to the changes of mass Δm=229 ng.
This means that number of neutravidin molecules at the sur-
face is 2.3×1012. We should, however, note that changes of
the frequency could not be directly transformed into the mass
changes. This is connected with the peculiarity of Sauerbrey
equation, which is valid for dry crystal. In the solution, a con-
tribution of viscoelasticity between the layer adsorbed at the
crystal and surrounding electrolyte should be taken into ac-
count. The effect of viscoelasticity certainly exists as it follows
from complex changes of motional resistance Rm (see Ref. [1]).
In addition, water molecules that entrap into the layer could
also contribute to the increase of the mass. One simple solution
would be the detection of oscillation frequency of dry crystal.
However, drying of the crystal with neutravidin layer resulted its
denaturation, which is not desirable. It has been however estab-
lished that correction factor approximately 2 could be applied
to correct changes of frequency connected with viscoelasticity
[21]. Thus, considering this correction, the number of neutra-
vidin molecules at the surface will be approximately 1.15×1012.
After the frequency was stabilized, the biotinylated APTA or
LOOP aptamers dissolved in deionised water were allowed to
flow through the cell. Due to strong affinity of biotin to the
neutravidin the frequency of the crystal decreased. The result
of this experiment is shown in Fig. 5. We can see that kinetic
changes of the frequency for APTA and LOOP are different. The
changes of the frequency for APTA are faster than that for
LOOP. This may be connected with more bulky structure of the
LOOP. Also the steady state value of frequency changes for
APTA are higher than for LOOP. This is however connected
with higher molecular weight of APTA (10576 D) in comparison
with LOOP (6791 D). Using analogical approach like above,
including correction factor from the obtained frequency changes
for APTA and LOOP (40±8.6 and 30±5.6 Hz, respectively), we
obtained that approximately 1.74×1012 molecules of APTA and
Table 1
The kinetics constants of association, ka, and dissociation, kd, aswell as equilibrium
constants of association, KA, and dissociation, KD, for the interaction of the
thrombin with the aptamers of different configuration: APTA and LOOP

Aptamer ka, nM
−1 s−1 kd, s

−1 KA, nM
−1 KD, nM

APTA 0.97±0.45 86±73 0.011±0.006 88±52
LOOP 3.27±1.22 127±100 0.026±0.018 39±27

Results obtained from three independent experiments.
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2.03×1012 molecules of LOOP were adsorbed to a neutravidin
surface. Both values are higher than the number of neutravidin
molecules at the surface. The neutravidin, like avidin, is a tetra-
mer. Each monomer contains one binding site for biotin [22].
Because the neutravidin is a symmetric molecule we can assume
that due to its immobilization to a solid support at least 2 biotin
binding sites should be exposed to the solution. Thus, the above
obtained number of aptamer molecules is evident that the surface
of the crystal is covered by APTA and LOOP on approximately
76% and 88%, respectively.

Addition of thrombin to a sensor surface resulted in decrease of
the resonance frequency for both APTA and LOOP based sensors.
The plot of the dependence of the changes of the frequency as a
function of thrombin concentration is shown in Fig. 6. We can see
that this plot is similar for bothAPTAandLOOP. In the case of SPR
method, however, the sensor based on APTA revealed approxi-
mately 1.5 times higher sensitivity in comparison with LOOP [18].

In order to analyze quantitatively the kinetics of the binding of
thrombin to the aptamers of different configuration (APTA and
LOOP) we determined the kinetic constants of the binding reac-
tion. The analysis was based on known peculiarities of binding
of the ligand to the receptor [23]. The binding of the ligand
(thrombin) to the receptor (aptamer) immobilized at the surface is
schematically shown in Fig. 7 and is characterized by association
ka and dissociation kd constants, respectively. Having these con-
stants, it is possible to determine the equilibrium constants of
association and dissociation, respectively:KA=ka /kd,KD=1/KA.
For determination of the kinetic constants we used an approach
already published elsewhere [23]. Briefly, the rate of the forma-
tion of the complex AB can be expressed by the equation:

d
½AB�
dt

¼ ka½A�½B�−kd½AB� ð2Þ

The formation of the complexes is accompanied by changes
of the resonance frequency f(t). The binding capacity of the
surface is proportional to the changes of the signal correspond-
ing to the occupation of all binding sites. During binding the
concentration of free binding sites will be proportional to the
difference ( fmax− f ), where fmax is the binding capacity of the
crystal. The initial signal f0, (prior binding) is usually taking into
as 0. The Eq. (2) is then:

df
dt

¼ kacð fmax−f Þ−kd f ð3Þ

and after transformation:

df
dt

¼ kacfmax−f ðkacþ kdÞ ð4Þ

where c is the concentration of free ligand in solution. By
integration of the Eq. (4) we obtain:

f ¼ kacfmax

kacþ kd
ð1−e−ðkacþkdÞtÞ ¼ feqð1−e−kobstÞ ð5Þ

where kobs=kac+kd. The binding curve can be fitted by Eq. (5),
so the parameters feq and kobs can be obtained. By measuring the
binding curves for different concentrations of ligand it is
possible to construct plot of kobs as a function of concentration.
This is the straight line, from which the kinetic constants ka and
kd can be determined. By removing ligand B from the solution
(e.g. by flowing the buffer through the cell), it is possible to
observe dissociation of the complexes:

df
dt

¼ −kd f ð6Þ

This approach allows to determine independently the dis-
sociation constant kd. If the initial number of complexes at the
sensor surface is characterized by signal f0, then by integration
of the Eq. (6) we obtain:

f ¼ f0e
−kdt ð7Þ

The kinetics constants ka and kd can be obtained from
association reaction, however for kdb10

− 4 s− 1 this approach
resulted to an inaccuracy. Therefore it is more correct to deter-
mine kd from dissociation curve. Kinetics constants as well as
equilibrium constants determined for APTA and LOOP using
the procedure described above for 5 different concentrations of
thrombin are presented in Table 1. The kinetics and equilibrium
constants in average differ for APTA and LOOP, however these
differences are statistically not significant. The obtained results
are in good agreement with that obtained by SPR method [18].
Thus, the kinetics of the binding of the thrombin to the aptamers
of different configuration is similar.

4. Conclusion

The method of the immobilization of aptamer to a solid
support affects the sensitivity of the aptamer for the proteins. Best
results were obtained by immobilization of aptamer to a gold
support by means of avidin–biotin technology. The configuration
of the aptamer-linear or molecular beacon revealed similar
properties in respect to sensitivity and kinetics of binding of the
thrombin. Increased ionic strength resulted in a decrease of the
sensitivity of the aptamer to the thrombin. This is probably
connected with shielding effect of Na+ ions on the aptamer
binding sites. Electrolyte pH has also significant effect on the
aptamer sensitivity. Best sensitivity was obtained for pH 7.4–7.5,
while increase or decrease of pH resulted in decrease of sensitivity
of the aptamer sensor. This effect can be connected with
maintaining optimal structure of binding site of the aptamer.
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