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Abstract We developed a biosensor based on the surface
plasmon resonance (SPR) method for the study of the bind-
ing kinetics and detection of human cellular prions (PrP©)
using DNA aptamers as bioreceptors. The biosensor was
formed by immobilization of various biotinylated DNA
aptamers on a surface of conducting polypyrrole modified
by streptavidin. We demonstrated that PrPC interaction
with DNA aptamers could be followed by measuring the
variation of the resonance angle. This was studied using
DNA aptamers of various configurations, including con-
ventional single-stranded aptamers that contained a rigid
double-stranded supporting part and aptamer dimers contain-
ing two binding sites. The kinetic constants determined by the
SPR method suggest strong interaction of PrP® with various
DNA aptamers depending on their configuration. SPR apta-
sensors have a high selectivity to PrP“ and were regenerable
by a brief wash in 0.1 M NaOH. The best limit of detection
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(4 nM) has been achieved with this biosensor based on DNA
aptamers with one binding site but containing a double-
stranded supporting part.
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Introduction

The diagnosis and treatment of neurogenerative diseases,
such as Alzheimer’s or Creutzfeldt—Jakob, are priorities
under consideration for health institutions. It is assumed that
these diseases are caused by transformation of cellular prions
(PrP®) into their infectious isoform PrP° [1, 2]. PrP®¢ differs
from PrP* in its insolubility, high content of B sheets, partial
resistance to protease digestion, and tendency to form large
aggregates [3]. Therefore, the development of a rapid and
sensitive method for the detection of PrPS¢ is crucial for early
diagnostics of these diseases. Especially useful would be a
point-of-care assay that can be used even by physicians out-
side of specialized clinical laboratories [4]. So far, mostly the
immunodiagnostic procedure [5] and postmortem histopatho-
logical identification of brain tissues were applied [6—13].
However, in contrast with cerebrospinal fluid, the concentra-
tion of PrP%° in the blood is down to the pM level, which
makes the measurement difficult to achieve. Therefore, a
special analytical approach is required. Biosensor technology
can be a possible option. According to the WoS database, the
first attempt to construct such a biosensor for the detection of
prions was made by Cuccioloni et al. [14]. They developed the
resonant mirror biosensor using plasminogen for the detection
of recombinant (PrP® (25-242)) and natural cellular prions.
The detection was based on the affinity of PrP to a plasmin-
ogen—a serum protease which is a natural component in the
blood [15]. The binding of recombinant PrP€ to plasminogen
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was characterized by higher kinetic association constant
in comparison with that for natural cellular prions. The
possible reason is due to the presence of carbohydrate
moieties in natural prions that sterically hinder intermo-
lecular protein-protein interactions. Recently, detection
of recombinant PrP¢ by electrochemical quartz crystal
microbalance (EQCM) biosensor was reported [16]. The
detection was based on the sensitivity of quartz crystal
transducer to a mass loading. The monoclonal antibod-
ies or specific DNA aptamers were immobilized on the
multiwalled carbon nanotubes. PrP® can be detected
with high sensitivity and specificity down to 20 pM
for antibodies and 50 pM for DNA aptamers. Surface
plasmon resonance (SPR) method has been used for
label-free detection of the affinity interactions (see [17,
18] and reference herein) including the kinetic of both
association and dissociation processes. This method has
been used in immunosensing assay for detection of
bovine prion protein [19] using specific single-chain
antibody (scFv-Z186-SPB) immobilized on streptavidin
layer. However, the equilibrium dissociation constant
(Kp) was relatively low (0.4 uM). Substantial progress
in application of SPR in detection of prions such as
PrP and PrP%° was reported recently by Wan et al.
[20], within sandwich assay. The monoclonal antibodies
were immobilized on the sensor surface and after the
complex formation of prion proteins, the signal was
amplified by addition of polyclonal anti-prion antibod-
ies. This approach allowed detection of PrP® with a
limit of detection (LOD) of 1.4 nM. Despite high
sensitivity of this assay, the amplification step by an-
other antibody is needed. Measurement in real time with
SPR method requires both suitable platform for the
immobilization and sensitive bioreceptor for molecular
recognition. We demonstrated previously that modified
conducting polypyrroles bearing biotin streptavidin sys-
tem are a good platform for antibody immobilization
and for the study of antigen—antibody interaction by
SPR method [21]. Aptamers as bioreceptors were suc-
cessfully used for detection of human IgE [22], human
thrombin [23], and retinol binding protein [24] by SPR
measurements. High-affinity DNA aptamers to PrP¢ has
been developed previously by Takemura et al. [25]. In
this work, we developed sensitive biosensor based on
conducting polypyrroles modified by streptavidin for
immobilization of PrP“-sensitive DNA aptamers. We
demonstrated that the structure of the spacer of DNA
aptamers (single or double strand) served for aptamer
immobilization significantly affects the sensitivity of
PrP€ detection. The aptamer dimers containing two
binding sites were also applied. The sensitivity of PrP®
detection and binding kinetics were determined by SPR
method and compared for various aptamers.
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Materials and methods
Chemicals

The recombinant human PrP¢ protein (Human PrP (103—
231)) molecular weight 15.1 kDa and the PrP¢ (23-124)
molecular weight 11 kDa used as nonspecific control were
purified in INRA Jouy-en-Josas, France, by Dr. Human
Rezaei and Jasmina Vidic. BSA was obtained from Sigma-
Aldrich (USA). The DNA aptamers specific for PrP were
designed according to Takemura et al. [25] and purchased
from Thermo Fisher Scientific (Ulm, Germany) together with
oligonucleotide dAs. DNA aptamers contained dT;s spacer
(5'-CGGTGG GGCAAT TTC TCCTACTGT dT5-3"-biotin)
and bearing biotin in 3'-position, the other aptamers constituted
with dA;s as spacer 5'-dA;s-AGTCATCCTTTCAATG
GCTGGCGG-3".

The formation of aptamer dimers (Biopri-Compri) and
conventional aptamers Biopri containing double stranded
supporting part (dsA;5T;s) have been obtained by mixing
equal volumes (0.5 ml) of equimolar concentrations (2 uM)
of respective single stranded oligonucleotides (see Table 1),
incubating them at 35 °C during 1 h with subsequent cool-
ing to room temperature (20 °C).

The biotinylated DNA aptamers were immobilized on a
polypyrrole bearing streptavidin (see Section 2.2. for the
method of sensor preparation). For this purpose, the fol-
lowing reagents were used. Pyrrole (py) was purchased
from Sigma-Aldrich, and distilled under argon before use.
Biotin hydrazide and streptavidin were purchased from
Sigma-Aldrich. The 3-(N-hydroxyphthalimidyl ester) py
was synthesized according to a method described else-
where [21, 26]. Other chemicals used were of p.a. grade.
Phosphate-buffered saline (PBS) composed of 10 mM
Na,HPO,, 1.8 mM KH,PO,, 2.7 mM KCI, and 137 mM
NaCl, pH=7.4, has been used as a binding buffer. The
Millipore water (Millipore, El Paso, USA) was used for
preparation of buffers.

Preparation of aptamers-based biosensor on conducting
copolypyrrole

The copolymer film, poly[pyrrole, 3-N-hydroxyphthalimido
pyrrole] (copoly(py-pyNHP) was grown on a gold surface
(of prism or quartz crystal) in an electrochemical cell con-
taining 50 ul of a 10-mM solution of py and 3-N-hydrox-
yphthalimido pyrrole (pyNHP) monomers and 0.5 M
LiClOy in acetonitrile. We used the ratio of the py/pyNHP
8:2 that has been previously reported as optimal for detect-
ing antigen-antibody interactions and avoiding a steric effect
[21]. Electropolymerization was performed by cycling the
potential from —0.4 to 1.2 V vs. Ag/AgCl reference elec-
trode and the reaction was stopped when the current reached
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Table 1 The structure of DNA aptamers

Name Structure of DNA aptamer

Biopri
Biopri-Comp
Biopri-Compri

5'-CGG TGG GGC AAT TTC TCC TAC TGT dT,s-3"-biotin
5'-CGG TGG GGC AAT TTC TCC TAC TGT ds A;5T;s-3"-biotin
5'-CGG TGG GGC AAT TTC TCC TAC TGTS'-CGG TGG GGC AAT TTC TCC TAC TGT ds A,5T,5-3'"-biotin

40 pA. The modified surface was rinsed with acetonitrile
and three times with PBS in order to remove any trace of
monomers. The kinetic of polymerization reaction demon-
strating the variation of the angle vs. time was recorded
during the polymerization reaction. The sensogram present-
ing the variation of reflectivity vs. angle was recorded in
PBS before and after the polymerization reaction.

The aptasensor was constructed as follows. Biotin was
covalently bounded on copoly(py-pyNHP) at the surface of
electrode in SPR cell by adding 50 ul of a 2-mgml ™’
solution of biotin hydrazide in PBS and incubation during
15 min at room temperature. The resulting biotinylated py
film was washed five times with the same buffer followed
by the addition of 50 il of 100 pgml ™' streptavidin solution
during 15 min. Afterwards, 50 pl of 2 uM biotinylated
aptamer in buffer was added to this surface and incubated
for 30 min. Then the electrode was carefully washed five
times with PBS. The PrP“ was deposited on a sensor sur-
face. After addition of PrP“ in a respective concentration
and reaching steady-state value of the angle, the surface was
washed by flow of PBS. The regeneration of the sensor was
performed by washing its surface with 0.5 M NaOH during
3 s and then with PBS. Each step in the aptasensor prepara-
tion was directly monitored by SPR method. Scheme 1
shows the main steps of the preparation of sensing layer.

For QCM measurement, the polymerization was per-
formed with the same procedure on the quartz crystal with
sputtered gold electrodes (area, 0.2 cm?). Only one side of
the crystal was used for preparing the sensing layer. The
same steps as described above were used for preparation of
aptasensor in the flow cell with flow rate 50 plmin .

SPR and QCM measurements

An AUTOLAB ESPRIT double-channel instrument (Eco
Chemie, Utrecht, The Netherlands) was used to perform opti-
cal detection of the SPR angle and electrochemical measure-
ments with an incorporated auto-sampler. A polarized laser
light (A=670 nm) was directed to the bottom side of the sensor
via a hemispheric lens placed on a prism (BK7 with a refrac-
tive index of 1.52) and the reflected light was detected using a
photodiode. The standard electrochemical cell allowed meas-
urements using a three-electrode system containing a fixed
contact point to the gold layer of the sensor disk that served as
working electrode, a replaceable Ag/AgCl reference electrode

and a fixed platinum counter-electrode. The active electrode
surface was 0.06 cm?”. Electrochemical polymerization was
performed using an AUTOLAB PGSTAT 12 monitored by
GPES by means of the above mentioned electrochemical cell
(see Lé et al. [21] for more details).

QCM measurements were performed using a home-made
apparatus based on SN74LS320 crystal-controlled oscilator
(Texas Instruments, USA) and constructed according to
Skladal and Horacek [27]. The changes in oscillation frequen-
cy were measured by means of UZ 2400 frequency meter
(Grundig, Germany) connected to IBM PC Pentium through a
RS232 interface. The frequency was measured with 1 Hz
accuracy. For the preparation of the affinity biosensor we used
AT-cut quartz with a fundamental frequency of 8 MHz (CH
Instrumnets, USA), covered on both side by polished gold
electrodes (working area, 0.2 cm?). The crystal was cleaned in
ultrasound bath type sonicator (DT-31, Bandelin Electronic,
Germany) during 30 min in 0,1 % sodium dodecyl sulphate,
then 15 min in Millipore water, 5 min in acetone, 5 min in
ethanol, and 5 min in methanol. After cleaning, the crystal was
dried in a stream of nitrogen and then immersed into the
EQCM cell (CH Instrument) in which the copoly(py-pyNHP)
layer was formed according to procedure described in Section
2.2. Then the crystal was mounted in the flow-through cell
(the cell was a gift from prof. M. Thomson, University of
Toronto and is described in Ref. [28]). The buffer and analytes
were introduced into cell by means of a Genie Plus syringe
pump (Kent Scientific, USA).

Results and discussion

The SPR method was applied to study the biosensors for-
mation as well as kinetics of binding and detection of
PrP¢ with DNA aptamers of various configurations. The
aptamer’s selectivity was also examined. The biotinylated
DNA aptamers were immobilized on a sensor surface com-
posed of conducting co-polymer(py-pyNHP) with immobi-
lized biotin/streptavidin layer.

Copolymer film formation
The copoly(py-pyNHP) film was formed at a gold support

by cycling the potential from —0.4 to 1.2 V (vs. Ag/AgCl
reference electrode). Figure 1 shows the increase of current
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Scheme 1 Schematic representation and synthetic procedure for the
construction of the aptasensor: (a) electropolymerization of copoly(py-
pyNHP) film at the electrode surface, (b) covalent grafting of biotin on

of redox signal of polypyrrole as well as the increase of the
angle during the polymerization reaction. The increase of
peak current after each scan (Fig. 1a) demonstrates that the
conductive film is formed on the gold surface. The poly-
merization reaction was monitored simultaneously also by
SPR method (Fig. 1b, c). The kinetic of the variation of the
angle vs. time during the polymerization reaction demon-
strates an increase of the refractive angle after each CV scan.
The variation of the angle is related to the changes of
refractive index of the gold layer due to the deposition of
polypyrrole on the gold surface of the prism (Fig. 1b). The
kinetics of reaction shows a continuous increase of the angle
after each cycle demonstrating that the polymerization of the
two monomers leads to homogenous copolymer film. The
plasmon resonance curve (Fig. 1c) obtained at open circuit
potential before (curve a) and after (curve b) polymerization
in the same PBS shows an increase of the resonance angle
from 69.4° to 70.2°, respectively. The fitting of the experi-
mental curve to theoretical one allows calculating the thick-
ness of the polypyrrole layer determined to be 8§ nm. The
fitting was performed by winspall program using the same
parameters as reported previously [21].

Formation of aptamers sensing layer

Immobilisation of DNA aptamers bearing biotin group was
performed similarly to the method reported recently for
antibodies [21]. The analysis of all steps necessary for
immobilization of DNA aptamers on a poly(py-pyNHP)
surface was performed by both SPR and QCM methods.
Both methods allow determining the binding kinetic. In SPR
method, the change in the angle is related to the amount of
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copoly(py-pyNHP) layer and immobilization of streptavidin via biotin,
and (c¢) anchoring of biotinylated aptamer on polypyrrole-biotin—strep-
tavidin double layer

molecules immobilized on the film. The changes in angle, A©,
of reflected light following various modification of the py-
pyNHP surface are shown in Fig. 2a. Addition of 2 mgml ™
of biotin leads to a change in the SPR angle by 61 m° indicating
a covalent attachment of biotin hydrazide to the pyNHP unit
and the formation of a stable amide link in the poly(py-py-
Bio) surface. When 100 pugml ™' of streptavidin was added,
the SPR angle increases considerably (246.9m°), which is
in good agreement with larger size of streptavidin and thus
with thicker layer formed in comparison with that of biotin.
Thus, due to high affinity of streptavidin to biotin a stable
streptavidin film was formed poly(py-py-Bio-Strep). The
injection of 2 uM of biotinylated DNA aptamers increases
the SPR angle by 23m°® confirming their immobilization via
the biotin—streptavidin interactions.

Similar behavior was observed during the formation of
sensing layer using QCM technique. This method allows
evaluation of the change in mass by measuring the frequen-
cy after such reaction on the surface 1 of polypyrrole layer.
The decrease in frequency is connected with increase of the
mass, Am, of the quartz crystal surface in accordance with
Sauerbrey equation [29]:

Af =—2.26 x 107°°(2( Am/A) (1)

Where A is the area of the working electrode (0.2 cm?)
and f; is the fundamental frequency of the crystal (in our
case fo=7.98 MHz)

Decrease in frequency was measured after covalent attach-
ment of biotin and interaction of streptavidin followed by
aptamer immobilization. Figure 2b shows the kinetics of the
resonant frequency changes following various modifications
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Fig. 1 (A) Cyclic voltammograms obtained during the polymerization
of copolymers poly(py-py-NHP) in 0.5 M LiClO, dissolved in aceto-
nitrile (ACN) at scan rate 100 mV's~'. Voltage is vs. Ag/AgCl reference
electrode. (B) SPR kinetic curve obtained during the polymerization
reaction. (C) Sensogram obtained in 10 mM PBS (a) before polymer-
ization reaction and (b) after the formation of the copolypyrrole film on
the gold surface
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Fig. 2 (a) SPR kinetic curve of different steps of biosensor construc-
tion: immobilization of biotin (Bio; 2 mgml "), streptavidin (Str;
100 ugmlfl), and biotinylated DNA aptamer (4pta; 2 uM) followed
by washing of the sensor by PBS. (b) Changes in resonant frequency as
a function of time during biosensor formation with the same procedure
as for SPR

of poly(py-pyNHP) layer deposited on quartz crystal transduc-
er. It can be seen, that addition of 2 mgml ™" of biotin resulted in
decrease of the resonant frequency by approximately 30 Hz.
The final frequency changes after washing the surface by PBS
were 20 Hz. This result confirms the formation of stable biotin
layer strongly attached to poly(py-py-Biot) surface. Flow of
streptavidin in a concentration 100 pgml ™' caused sharp de-
crease of resonant frequency which demonstrates a strong
affinity of streptavidin to biotin. The changes of resonant
frequency after washing the surface with PBS were 80 Hz
which is much larger in comparison to that caused by biotin
and agree with higher molecular weight of streptavidin. Earlier
works indicated that streptavidin forms rather rigid layers with
minor contribution to the surface viscosity [28]. Thus, the
change in frequency can be attributed mostly to the mass effect.
Therefore Eq. (1) can be used for estimation of the mass
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changes and the surface coverage. According to this equa-
tion, the changes in resonant frequency 80 Hz correspond
to the mass changes of 111 ng. Taking into account that
the molecular weight of streptavidin is 60 kDa and the
surface of electrode is 0.2 cm?, the average coverage of
streptavidin is 9.25 pmolem 2.

Addition of conventional single stranded aptamer, Biopri,
resulted on further decrease of the resonant frequency by
42 Hz. This corresponds to aptamers surface concentration
of 23 pmolem 2. The aptamer immobilized on the surface is
about 2.5 times higher in comparison with surface concen-
tration of streptavidin. However, brush-like surface of the
sensor with immobilized aptamers interacts more extensive-
ly with the surrounding buffer. This interaction typically
results in additional frequency decrease due to viscosity
effect [30]. Therefore, the aptamers surface density can be
up to 50 % lower in comparison to that calculated from
frequency changes [31]. Thus, around 1 to 2 binding sites of
streptavidin molecule participate on aptamers binding. Tak-
ing into account that streptavidin has four binding sites for
biotin and presumably two sites are involved in the interac-
tion with copolymers surface, the obtained estimation is
reasonable. Binding of Biopri-Comp aptamers (i.e., Biopri
aptamers containing double stranded supporting part) show
similar surface concentration like Biopri, 20 pmolcm?.
However when Biopri-Compri aptamers with two recogni-
tion sites were immobilized on streptavidin layer, the aver-
age coverage decreases to 14 pmolcm 2. This is due to a
large surface area of the aptamers containing two binding
sites. The results obtained by QCM method are summarized
in Table 2.

Detection of PrP€ using SPR method

The kinetic of interaction of the PrP¢ with biosensors
formed by various DNA aptamers was studied by measure-
ment of SPR angle changes after addition of PrP€ in differ-
ent concentrations. Figure 3 shows the changes of angle for
biosensors formed with copolypyrrole modified with Biopri,
Biopri-Comp and Biopri-Compri, any variation of the angle

Table 2 Changes in resonant frequency, Af, mass, Am, calculated
using Sauerbrey Eq. (1) and surface concentration of aptamers of
various configurations immobilized at streptavidin layer of the sensor

Aptamer Af (Hz) Am (ng) Surface concentration
(pmolcmfz)

Biopri 42 58 23

Biopri-Comp 50 69 20

Biopri-Compri 54 75 14

The values of Af'were derived from kinetic curves like that presented
on Fig. 2b. The SD calculated from three measurements does not
surpass 10 %

@ Springer

a 120
100 -
80
. 600 nM
o .
E 60
Q0
g) 40
g 400 nM
20 4 200 nM
04 100 nM
} prp© PBS
-20 T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800
Time (s)
b 140
120
=- 400 nM
100 -
~ 804
o
£
o 607
2
< 401 200 nM
20
100 nM
0 ? = 75nM
}prp© PBS 50 M
-20 T T T T T T T T
0 100 200 300 400 500 600 700 800
Time (s)
¢ 70
60 |
50 -
—~ 404
o
S 1 600 nM
o 304 200 nM
g’ 4
< 20
104 100 nM
0 s 75 nM
* PrP¢ TPBS 50 nM
-10 T T T T T T T
0 100 200 300 400 500 600 700 800
Time (s)

Fig. 3 SPR kinetic curve as a function of PrP¢ concentrations for
biosensors with immobilized aptamers of various configurations. Full
lines, experimental curve; dashed line, fitting curve (a) Biopri, (b)
Biopri-Comp, and (c¢) Biopri-Compri

was observed after prion addition when aptamers were not
immobilized on the surface (see Fig. S1 in the Electronic
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supplementary material). The kinetic of association was
recorded and followed by dissociation step. It can be seen
that addition of relatively small concentration of PrP€ be-
tween 50 and 100 nM results in substantial increase of SPR
angle by more than 40°m. This value was taken as a differ-
ence between initial angle, prior addition of the protein and
after washing the sensor surface with PBS buffer solution
(the washing of the surface by PBS resulted in removing of
nonspecifically adsorbed PrP¢ molecules). The surface re-
generation was performed by application of the flow of
0.1 M NaOH with subsequent washing by PBS and resulted
in almost recovery of the initial SPR angle. After regenera-
tion, the sensor was again sensitive to PrP€ as it is seen from
the changes of the angle after subsequent addition of PrP°.
From SPR binding curve we can observe that depending on
the aptamer configuration the variation of the angle vs. the
concentration is different.

In order to analyze quantitatively the kinetics of PrP¢
binding to DNA aptamers of various structures, the rate
constant of association (k,) and dissociation (kq) can be
calculated from the SPR binding curves showed in Fig. 3.

The binding reaction of PrP® with aptamer immobilized
at the surface can be described as follows:

k,
[Aptamer] + [Pr P¢| == [4ptamer /Pr P (2)
ka
The formation of the complex [aptamer/PrP“] is mea-
sured in real time with the SPR binding curve and the
following equation developed for protein binding reaction
could be applied [32]
dR
s kaCRmax — (kaC + kq)R; (3)
The kinetic rate parameters can be determined by means
of integrated rate analysis method using following equations:

iy CRax [1 _ e*(kacﬁ’kd)[}

= R 4

! kaC + kg T “)
R=E(1-e™)+Ry (5)
E= kaCRmax/(kaC + kd) ks = kaC + kd (6)

where R is the SPR signal, C is the concentration of the protein
PrP€ in solution, Ry, is the maximal change in response to a
certain PrP© concentration, R, is the response obtained at time
t and Ry is the response at t=0. These parameters could be
calculated by nonlinear fitting of binding curves with various
concentrations of PrP“ using Eq. (4). Equation (5) describing
the association phase of a macromolecular complex for one to

one interaction. The kinetic information is obtained from
parameter k. A plot of & values vs. concentration is used to
obtain the values of k, and k4 from Eq. (6). The dependence of
k, on concentration PrP® should be a straight line. The inter-
cept of the line with ordinate gives the kq value, while the £, is
equal to the line slope. The k4 value could be calculated also
by fitting the dissociation curve.

However, considering that biosensor constructed with
DNA aptamers (Biopri-Compri) has two sites for interaction
with PrP®, the binding curves were fitted also with another
model, i.e., two biphasic interaction. This model allows to
analyze binding of PrP to the two sites of aptamer with
different affinity. The biphasic model based on two equilib-
rium constants is described by Eq. (7)

R = [El (1 _ e*"s“)f) +E2(1 _ e*"s@)f)} Ry (7)

Where ks(l) = ka(l)C + kd(l) and ks(2) = ka(z)C + kd(z)
are related to the kinetic of the rate constant of association
and dissociation of the PrP® to the recognitions sites of
aptamers.

The binding curve obtained with biosensor based on
aptamer dimers does not fit the theoretical model of mono-
phasic interaction Eq. (4). However all binding curves
obtained by biosensors composed of the three types of
aptamers are fitted very well with the biphasic model (Eq.
(7)) (see Fig. 3). This demonstrates that affinity of PrP€ to
the aptamer with one site or two site of interaction are
practically the same.

The values of &, and k4 were calculated from the fitting
curves based on Eq. (5) and (6). However, as it can be seen
from the Fig. 3, after relatively sharp increase of the SPR
angle, more slow increase of this value took place. It is well
visible especially at low PrP€ concentrations. The linear part
of the kinetic curves suggests the dominant effect of the mass
transport. Therefore, in determination of the kinetic constants
we analyzed the kinetic curves in the time interval below 450 s
where the kinetically controlled association of PrP® to the
aptamers is prevailing. The results of calculations are pre-
sented in Table 3. The k4 value was compared with those
obtained by fitting the dissociation phase and same value were
obtained. The equilibrium association and dissociation con-
stants (K and Kp, respectively) could be determined from
the k, and k4 values: Kx=k,/kq and Kp=1/K,. Using the
above mentioned procedure the value of association and
dissociation constant for biosensor based on convention-
al single stranded aptamers (Biopri) are k,=(3.3+0.2)x
10*s'"M ™" and k4=(2.0£0.3)x10>s"'. The rate of associa-
tion constant increases for the biosensor constructed with
(Biopri-Comp), i.e., containing double-stranded supporting
part (see Scheme 2) k,=(4.5+0.5)x10*s 'M 'and remains
almost unchanged for biosensor based on aptamer dimers
(Biopri-Compri) k,=(2.8+0.2)x10*s "M '. The equilibrium
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Table 3 Kinetic rate constants of association (k,), dissociation (kg), equilibrium constant of dissociation (Kp), limit of detection (LOD), correlation
coefficient (R), and dynamic range of biosensors based on DNA aptamers of various configurations

Aptamer ke M 'sTh ka (s Kp (nM) LOD (nM) Dynamic range (nM)
Biopri (3.3+0.2)x10* (2.0+£0.3)x1073 60.6+9.8 6 100800
Biopri-Comp (4.5+0.5)x10* (1.0£0.1)x10°° 222433 4 50-600
Biopri-Compri (2.8£0.2)x10* (3.0£0.8)x10° 107.1£29.6 15 50-1,000

dissociation constant, Kp, is measured for PrP© affinity to the
aptamer binding site. This value did not differ significantly for
Biopri and Biopri-Compri-based biosensors, but substantially
lower value was obtained for Biopri-Comp-based aptasensor.
The increase of association constant (or decrease of equilibri-
um dissociation constant, Kp for biosensor based on Biopri-
Comp is related to the high surface organization due to the
rigid double strand spacer. However when the aptamers
dimers are immobilized on the surface of biosensor, the kinetic
of interaction was not promoted. This can be due to sterical
hindrance of closely located binding sites. Similar effect has
been obtained also for thrombin/binding aptamers using both
acoustic [33] and AFM methods [34].

The obtained kinetics constants are comparable with bio-
sensor based on resonant mirror detection of PrP¢ and plas-
minogen as bioreceptor [14] and higher than the value
demonstrated for monoclonal antibody scFv-Z186-SPB [19]
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determined with SPR measurement (see Table 3). The kinetic
constants are lower compared with bioreceptor constituted with
(cytosine-5)-DNA methyltransferase Ssoll to double stranded
DNA contained specific binding site for the protein [35].

Analysis of the sensitivity

The plot of the changes in angle, A®, as a function of PrP®
concentration is presented in Fig. 4. It can be seen that the
angle shifts is proportional to the amount of captured protein
PrP€. The SPR angles variation show a non linear depen-
dence on the bulk concentration of protein. This behavior is
expected from immunosensor and could be expressed by
theoretical Eq. (8) for SPR binding angle at equilibrium:

Ka[PrP¢]

0 = 9max (KA[P}’PC] + 1)
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Scheme 2 Structure of the biosensors obtained for aptamers of various configurations
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Fig. 4 SPR calibration curves obtained for biosensors based on
aptamers of various configurations. (a) Biopri, (b) Biopri-Comp, and
(¢) Biopri-Compri

Where K4 is the equilibrium binding constant (Kx=k,/kq)
and [PrP“] is the concentration of prion protein. The maximal
changes of SPR angle allow to calculate approximately the
amount of PrP® immobilized on the biosensors at saturation.
The variation in the angle is related to the immobilized protein.
The surface concentration of 100 ngem 2 corresponds to 120°m
[18]. Thus, the concentration of prion protein immobilized on
the surface of biosensors depends on the aptamer configuration
and varied from 8.6 pmolcm  for biosensor formed with Biopri
to 13.8 pmolcm 2 for biosensor formed with aptamers Biopri-
Comp and decrease to 6.6 pmolcm > for the biosensor formed
with Biopri-Compri. This agrees with the observed tendency in
aptamer immobilization (see Table 2).

The sensitivity of the biosensor was evaluated through the
linear relationship obtained for plot of the changes in SPR
angle as a function of the concentration of PrP€ at low con-
centration. The variation of angle vs. concentration of PrP€ is
described by straight line for all biosensors at low concentra-
tion less than 200 nM. From these curves, LOD is determined
using common criteria of significant analyte detection at the
level corresponding to signal to noise ratio (S/N=3, the
noises of SPR apparatus were approximately 1°m). The
results of calculation of above-mentioned parameters are
presented in Table 3 and demonstrate that the LOD of the
biosensors formed by the Biopri, Biopri-Comp, and Biopri-
Compri. aptamers are 6, 4, and 15 nM, respectively. The lower
detection limit is obtained for biosensors based on Biopri-
Comp aptamers with one binding site and containing double-
stranded supporting part. The comparison of the LOD values
for aptasensors obtained in this work with those based on SPR
measurements using other bioreceptors a recognition element
show that the present biosensors has sensitivity compared
with biosensor with plasminogen as bioreceptor whith
(LOD=2.4 nM) [14]. At the same time the SPR biosensor

for detection PrP© using monoclonal antibodies and amplifi-
cation of the signal by polyclonal antibodies [20] has higher
sensitivity (LOD=0.57 nM). The DNA aptamers are a sub-
stantial advantage over antibodies due to their direct analysis
without amplification step and has high stability and lower
price in comparison to monoclonal antibodies.

The analysis of aptasensor selectivity was studied in
presence of BSA and N-terminal part of PrP¢ (23-124)
protein and compared with the result obtained with PrP®
(103-231) (Fig. 5). We can see from Fig. 5a that the bio-
sensor show very small variation of angle in presence of
nonspecific prion protein (3°m), however, the variation is
very large with the specific prion protein PrP© (103-231)
with the biosensors composed of aptamers with various
structures. Figure 5b shows the variation of the angle after
such interaction with increasing concentration of PrP¢
(103-231), PrP¢ (23-124), and BSA. Small variation of
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Fig. 5 (A) Comparison of SPR kinetic curves obtained with the
biosensors based on DNA aptamers of various configurations fol-
lowing addition of 400 nM PrP€ (103-231), 400 nM PrP® (23-124),
and 400 nM BSA, (B) calibration curves obtained with Biopri
aptasensor for various prions and BSA
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the SPR angle was obtained for high concentration of PrP®
(23-124) and BSA compared with those of PrP® (103-231).
These results demonstrate the high selectivity of this sensor
to the structural part of the human protein PrP© (103-231)
and not to the N-terminal part (PrP“ (23—124)) and demon-
strate that the surface layer of polypyrrole did not affect the
selectivity of the biosensors. The same results were obtained
with EQCM aptasensor that can detect PrPC in a buffer
containing 3 mM BSA and suggest that BSA interaction
with aptamers are negligible [16].

Conclusions

In this work, we reported the study of the kinetics of binding
PrP€ to DNA aptamers of various configurations immobi-
lized on the surface of conducting polypyrrole using SPR.
The reported approach can serve as a basis for the construc-
tion of sensitive biosensor for the detection of prion pro-
teins. We demonstrate, that these SPR aptasensors allow
detection of PrP¢ protein with high sensitivity and selectiv-
ity. Biosensors based on DNA aptamers containing rigid
supporting part formed by double stranded DNA allow
detection of PrP© with higher sensitivity in comparison with
conventional single-stranded aptamers. However, the
aptamer dimers containing two recognition sites for PrP®
are less sensitive and are characterized by lower association
rate constant, which is related to the steric effect. SPR
aptasensors constructed by immobilization of DNA
aptamers on polypyrrole layer shows sensitivity compared
with other bioreceptors such as antibodies and has the
advantage of regeneration using simple method of washing
the sensor surface with 0.1 M NaOH. We should note that
the same approach could be developed for detection of
pathological forms of prion (PrP%°) using adequate aptamer
which will be able to interact with PrP5° protein.
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