Bioelectrochemistry 135 (2020) 107553

= \ (A

Bioelectrochemistry

Contents lists available at ScienceDirect

Bioelectrochemistry

=
journal homepage: www.elsevier.com/locate/bioelechem F

Thermodynamically designed target-specific DNA probe as an
electrochemical hybridization biosensor

Check for
updates

Faruk Can?, Hatice Eser Okten ", Tiilay Ergon-Can ¢, Pinar Ergenekon?, Melek Ozkan ?, Elif Erhan ¢*

2 Gebze Technical University, Department of Environmental Engineering, 41400 Gebze, Kocaeli, Turkey
b [zmir Institute of Technology, Department of Environmental Engineering, 35430 Urla, izmir, Turkey
€ Atatiirk University, Department of Biology, Faculty of Science, 25240 Erzurum, Turkey

d Uskudar University, Department of Bioengineering, 34662 Uskudar, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 30 December 2019
Received in revised form 7 May 2020
Accepted 8 May 2020

Available online 15 May 2020

Applications of molecular techniques to elucidate identity or function using biomarkers still remain
highly empirical and biosensors are no exception. In the present study, target-specific oligonucleotide
probes for E. coli K12 were designed thermodynamically and applied in an electrochemical DNA biosensor
setup. Biosensor was prepared by immobilization of a stem-loop structured probe, modified with a thiol
functional group at its 5’ end and a biotin molecule at its 3’ end, on a gold electrode through self-
assembly. Mercaptopropionic acid (MPA) was used to optimize the surface probe density of the electrode.
Hybridization between the immobilized probe and the target DNA was detected via the electrochemical
response of streptavidin-horseradish peroxidase in the presence of the substrate. The amperometric
response showed a linear relationship with the target DNA concentration, ranging from 10 and
400 nM, with a correlation coefficient of 0.989. High selectivity and good repeatability of the biosensor
showed that the thermodynamic approach to oligonucleotide probe design can be used in development
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of electrochemical DNA biosensors.

© 2020 Published by Elsevier B.V.

1. Introduction

DNA biosensors are becoming increasingly important and
practical tools in pathogen detection, molecular diagnostics, food
safety control, and environmental monitoring [1]. A variety of
DNA biosensors based on different detection strategies have been
developed over the past 20 years, including optical [2,3], magnetic
[4], piezoelectric [5-7], and electrochemical methods [8-12].
Among them, the electrochemical biosensors attracted consider-
able attention for their intrinsic advantages, such as easy to use,
rapid response, high sensitivity, good selectivity, low cost and need
for inexpensive instrumentation [13].

Since the discovery of the electroactivity of DNA bases [14], var-
ious strategies have been investigated for the improvement of the
sensitivity and selectivity of electrochemical DNA detection. Unfor-
tunately, there is usually a trade-off between specificity and sensi-
tivity. The following three criteria play an important role in the
design of DNA sensors for the determination of overall biosensor
performance: (i) selection of a suitable analytical technique, (ii)
an immobilization method for the probe on the electrode surface,
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and (iii) establishment of a target-specific probe [15]. The capture
probe has the most important role in the selectivity of biosensor.
However, when molecular techniques using genetic markers such
as DNA and RNA were investigated, several problems were
observed in terms of the comparability and reproducibility of
results [16]. Inconsistent results in terms of sensitivity and selec-
tivity were mainly due to use of melting point (T,,) approach in
probe design and varying experimental conditions such as denatu-
rant concentration [17]. The highly empirical T,,, approach has been
used conventionally in the design of the oligonucleotide probes.
However, this approach suffers from various theoretical deficien-
cies. Firstly, it does not give any specific information about the
value of hybridization temperature except pointing out that it shall
be below the calculated T, It ignores the sequence of the nucleo-
tide bases and thus nearest neighbor interactions, which govern
the likelihood of a stable hybrid formation thermodynamically.
T, is not a precise indicator of whether hybridization of the DNA
probe with target DNA will occur. Furthermore, it may cause false
negative or false positive results since nearest-neighbor thermody-
namic interactions are completely overlooked [18,19]. Success of
this method is predominantly based on empirical results which
limits the validity, sensitivity and specificity. Yilmaz and cowork-
ers employed thermodynamic laws in calculating the hybridization
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energy of the target/probe hybrid for a model microorganism in
fluorescent in situ hybridization (FISH) experiments, and they
determined an energy range in which the hybridization signal
was acquired with sufficient selectivity [20,21]. Thus, they devel-
oped a mechanistic approach to a thus far empirical problem and
standardized the experimental method. When the electrochemical
DNA biosensor studies in literature were reviewed within the
scope of this approach, it was observed that previously used probes
had very high thermodynamic affinities which might facilitate
unspecific hybridization. Hence the probe might hybridize with a
mismatch target DNA and produce a false positive signal. This
problem increases the possibility of error in determination of spe-
cies in a mixed culture environment and reduces the reliability of
results. However, probes designed using a thermodynamic
approach may provide more specific target affinity resulting in
high selectivity and sufficient signal intensity.

This study is based on the idea of using the most functional
sequence of the oligonucleotide probes which can be designed in
various configurations, and obtaining a stable hybridization of
the probe with its target DNA. The application of the thermody-
namic approach in the design of electrochemical DNA biosensors
is expected to be a convenient solution in terms of repeatability
and selectivity of the results. For this purpose, a target-specific
biotin-labelled oligonucleotide probe to E. coli K12 was designed
thermodynamically and applied in an electrochemical DNA biosen-
sor. Streptavidin-horseradish peroxidase conjugate (St-HRP) was
used in the electrochemical signal amplification.

2. Experimental
2.1. Materials and instrumentation

Oligonucleotide sequences for both probes and targets are listed
in Table 1. Target sequence (T1) was selected from the intergenic
spacer region of E. coli K12 strain (GenBank accession number
U00096.3, nucleotide numbering 360 to 440, 5’ to 3') in order to
differentiate from O157:H7 strain. Underlined sequence of T1 tar-
get DNA shows perfect complementary region to P1 and P2 probes
(Table 1). T1* was designed to have a single-base mismatch in the
middle of the hybrid. Besides, the experiments were carried out
with P3 probe, which was identical to an oligonucleotide probe
used in a previous study [22], in order to compare the experimen-
tal results. P3 probe was not targeting any specific region. T3 was
the perfect complementary to a segment on P3 (as underlined in
Table 1) while T3* had a single-base mismatch. A complete mis-
match probe (Random), that would not bind to target sequence,
was also synthesized in order to conduct optimization studies on
electrode surface coverage. Oligonucleotide probes were function-
alized with a thiol group (-SH) at the 5’ end and with a biotin group

at the 3’ end. Unmodified oligonucleotides were purchased from
lIontek Inc., (Istanbul, Turkey) and modified oligonucleotides were
purchased from Avetra Bioscience Llc., (California, USA). All probes
were used without further purification.

In order to test sensitivity and selectivity, probes were designed
by adopting the thermodynamic approach previously developed by
Yilmaz and Noguera (2004) [20]. The overall standard Gibbs free
energy changes (AG) were calculated using the following equation

(Eq. 1).

AG? RT1 e it 1
overall — — n <1 N e—AGg/RT) (] N efAGg/RT> ( )

where R is the gas constant (1.987 cal mol~' K™!) and T is the
hybridization temperature (°K). AG?, AGJ and AGJ were the free
energy changes of the reactions for binding of the probe to the avail-
able complementary DNA, folding/unfolding of the probe and fold-
ing/unfolding of the target DNA, respectively [23]. AG? was
predicted from the nearest-neighbor thermodynamic model
(Table S1). AG3 and AG3 were analyzed by using mfold software
[24]. The calculated AG values for P1, P2 and P3 probes are pre-
sented in Table 2.

Later, Okten and coworkers reported the validity of thermody-
namic approach for several organisms and it was shown that set-
ting an overall Gibbs free energy range for formed hybrid in
probe design (—13 kcal mol~! to —15 kcal mol~') enabled over-
coming sensitivity and selectivity issues [25]. If a probe has a
low affinity (hybrid having an overall free energy higher than
—13 kcal mol '), then hybridization might not occur. On the con-
trary, if the probe has a high affinity (hybrid having an overall free
energy lower than —15 kcal mol 1), then unspecific bindings might
easily occur especially for one nucleotide mismatch cases. P1 was
designed as a perfect complementary to T1 target sequence. How-
ever, our aim was to achieve the highest selectivity without signal
loss. P2 probe was designed to stay in the predetermined free
energy range and to keep the perfect molecular beacon structure.
In order to achieve that, the first nucleotide on 5’ end of P1 was
omitted and two nucleotides were added to 3’ end. Furthermore,
the length of the spacer at 5’ end reduced from C6 to C3. The P2
configuration also circumvented any possible conflicts between
the spatial structure of P1 probe and the enzyme labeling method
based on biotin-streptavidin specific interaction.

Albumin bovine serum (BSA), hydroquinone (HQ) and strepta-
vidin labeled horseradish peroxidase (St-HRP, Catalog No. S2438)
were products of Sigma. 3-Mercaptopropionic acid (MPA) and
hydrogen peroxide (H,0,) were purchased from Merck. All
reagents were of analytical grade and were used as received.

Cyclic voltammetry (CV) was carried out on a gold electrode
(electrode surface area: 0.0314 cm?) using a CHI 842B Electro-

Table 1
Oligonucleotides used in the experiments.
Oligonucleotide  Description Sequence (5’ — 3') 5 3
modification modification
P1 Perfect complementary to underlined region of T1 (E. coli CACGAACAACTTTCATTGTTC -SH (C6) Biotin-dT
K12)
P2 The first nucleotide on 5’ end of P1 was omitted and two ACGAACAACTTTCATTGTTCGT -SH (C3) Biotin-dT
nucleotides were added to 3’ end
P3 Probe used by Mao et al. (2008), no specific target ACACGCTCATCAAGCTTTAACTCATAGTGAGCGTGT -SH (C6) Biotin-dT
T E. coli K12 intergenic spacer region TGAAACACTGAACAATGAAAGTTGTTCGTGAGTCTCTCAA  — -
A CGCAACACGATGATGGATCGCAAGAAACATCTTCG
T1* Single-base mismatch to P1 and P2 probes GAACAATGACAGTTGTTCGTG - -
T3 Perfect complementary to underlined region of P3 probe ACGCTCACTATGAGTTAAAGCTTG - -
T3* Single-base mismatch to P3 probe ACGCTGACTATGAGTTAAAGCTTG - -
Random Complete mismatch to P1, P2, and P3 probes CGCGTATCTTCATTCGGAACA - -
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Table 2
Gibbs free energy values and structures of designed probes.
Name Sequence (5'— 3) AGY kcal mol ™! AGY kcal mol ™! AGY kcal mol ™! AGSyeran kcal mol™! Structure
P1 CACGAACAACTTTCATTGTTC —24.1 -3.13 -3.13 -17.8 _
[ A

AT
AT
c G
T W ¢
S T
G C
c 3
A
[
e

P2 ACGAACAACTTTCATTGTTCGT -22.6 —-6.35 -3,13 —-13.1 < T T

c A

AT
AT
cC G
AT
AT
G C
C G
5z
5 3

P3 ACACGCTCATCAAGCTTTAACTCATAGTGAGCGTGT -28.6 -822 -155 -18.8 P TA

chemical Workstation (CHI Instruments Inc., USA). A three-
electrode configuration consisting of a modified gold-disk working
electrode, an Ag/AgCl as the reference electrode, and a platinum
wire auxiliary electrode was used.

2.2. Preparation of DNA-modified gold electrode

The gold electrode was mechanically polished with 1, 0.3 and
0.05 um Al,0s5 slurry and it washed ultrasonically in distilled water
and ethanol for 5 min, respectively. After mechanical cleaning, gold
electrode was chemically treated by immersion in piranha solution
(H202/H3S04, 1:3 v/v) for 10 min at room temperature. Subse-
quently, it was electrochemically cleaned in 1 M H,SO4 while con-
ducting potential scanning between -0.3 and 1.5 V until a
reproducible cyclic voltammogram was obtained. Then it was
rinsed with distilled water and, finally blown dry with high-
purity nitrogen prior to monolayer adsorption. The cleaned gold
electrode was immersed in mixture of 1 uM thiolated stem-loop
DNA and 5 pM MPA solution in 0.1 M phosphate buffer solution
(PBS) at pH 7.4 including 1 M NaCl and was incubated overnight
at 4 °C. Then the modified electrode was thoroughly rinsed with
0.1 M PBS and purified water to remove the weakly adsorbed
stem-loop DNA. Stem-loop structured oligonucleotide should be
treated subsequently at 75 °C and ice-cold bath for 30 and
10 min, respectively in order to avoid the forming of duplex
between two single-stranded DNA sequences.

2.3. Hybridization and amperometric analysis

The PBS (0.1 M, pH 7.4) including 1 M NaCl was used as the
hybridization buffer. DNA hybridization was initialized by pipet-
ting 20 pl of target DNA onto the stem-loop DNA modified gold
electrode and proceeding for 2 h at 37 °C. A piece of wet cotton
was placed in hybridization chamber to avoid drying. Then the
electrode surface was washed with water to remove unbound tar-
get oligonucleotides.

The resulting electrode was then soaked in an Eppendorf tube
containing 1% BSA for 1 h to block active sites of the electrode.
After rinsing with PBS, 20 pl of streptavidin-HRP (10 pg ml™!)

was pipetted on the surface of electrodes and was incubated at
4 °C for 30 min. After being rinsed with PBS, the electrodes were
soaked in 0.1 M PBS (pH 7.4) and were stored at 4 °C prior to
measurement.

Electrochemical quantification was performed amperometri-
cally in 10 ml of 0.1 M PBS (pH 7.4) containing 1 mM hydroquinone
at a working potential of —0.15 V (vs. Ag/AgCl), under unceasing
stirring. When transient currents reached to a steady-state value,
10 pl of 3% H,0, (2 mM final concentration) was added to the solu-
tion. A sharp increase in reduction current implied that
streptavidin-HRP was captured on the electrode.

Assay was performed using stem-loop probes (or molecular
beacons) modified with functional groups that while one end of
the probe enabled immobilization on electrode surface, the other
allowed enzyme binding. The working principle of the assay was
based on measurement of enzymatic activity after unfolding of
stem-loop probe following the hybridization reaction [22,26-29].
As shown in Schematic 1, highly stable monolayers were acquired
through specific bonding between thiol (-SH) groups at 5’ end of
the probe and the gold surface. Biotin on the other end of the probe
was in closed configuration initially and it was not able to bind
with streptavidin as a result of probe design. However, as
hybridization reaction proceeded, the stem-loop structure of probe
unfolded to allow target binding and therefore biotin molecule
became free to react with streptavidin-HRP, away from the elec-
trode surface. As a result, streptavidin-HRP conjugate could easily
bind to biotin molecule at the 3’ end of the probe in order to cat-
alyze the hydroquinone-mediated H,0, reduction, which produced
an amplified electrochemical signal. The acquired enzymatic signal
meant that hybridization was successful.

3. Results and discussion
3.1. Optimization of surface density of the probe
Overall performance of electrochemical DNA biosensors

strongly depends on surface chemistry of the layer used as an
interface between DNA probe and electrode transducer. In particu-



4 F. Can et al./Bioelectrochemistry 135 (2020) 107553

. Streptavidin-Horseradish peroxidase conjugate

B, Biotin

EIectron transfer

HQ: Hydroquinone

| Gold electrode |

Ha

o)
oy

HQ(ox)

S
P

[ Gold electrode |

Schematic 1. Illustration of a stem-loop structured DNA probe for enzymatic detection of target sequence.

lar, control of the surface chemistry and coverage of electrode sub-
strate are essential for maximizing hybridization efficiency and
minimizing non-specific adsorption incidents. Therefore, capture
probe, P2, was diluted with MPA in order to obtain sufficient elec-
trode surface coverage so that not only a detectable signal was pro-
duced but also enough space was provided for target molecule to
reach its complementary probe, facilitating hybridization reaction.
Probe:MPA ratios of 1:1, 1:5 and 1:10 were set to prepare elec-
trodes which were then used for hybridization with their targets
at 37 °C for 2 h. Fig. 1 shows the amperometric response of biosen-
sors to the addition of H,O, (2 mM) in 0.1 M PBS at the potential of
—0.15 V (vs. Ag/AgCl), with different surface densities for random,
single-base mismatch (T1*) and perfect match (T1) target probes,
respectively. At the ratio of 1:10, probe density on the surface
was minor, hence a decrease in signal and selectivity of biosensor
was observed. Despite the fact that signal increased at the ratio of
1:1, at which electrode surface was exposed to highest concentra-
tion of probe, selectivity decreased. At 1:1 ratio, the electrochemi-
cal signals acquired from biosensor hardly differentiated between
complementary and mismatch targets. We believe that it was
caused by a decrease in signal-to-noise ratio as could be observed
from random target response when most of the electrode surface
was covered with probe that by itself produced an electrochemical
signal. At the ratio of 1:5, biosensor response was within adequate
range and difference of signal between complementary and
single-base mismatch targets was significant. Therefore, all the
subsequent experiments were performed using MPA to probe ratio
of 1:5.

From the data in Fig. 1, it was apparent that there were three
important roles of MPA, which provided a hydrophilic surface via
carboxylic functional group. Firstly, through providing a gap
between the oligonucleotides it created available space for
hybridization. Secondly, it prevented non-covalent bonding
between DNA backbone and gold electrode, especially for nitrogen
containing nucleotide bases. Hence probe maintained the original
structure, and also biotin was kept at desired positioning. Third,
the presence of MPA also prevented the adsorption of
streptavidin-HRP to the electrode surface directly through
hydrophobic and electrostatic interactions.

3.2. Effect of probe immobilization time

Immobilization of DNA probe to gold electrode was done via
gold-thiol (Au-SH) chemistry. In this method, a self-assembled
monomolecular layer was formed between thiol (SH) groups and
gold (Au) surface. In order to achieve stable coating on the surface,
immobilization time was investigated by monitoring electrochem-
ical behaviour in the presence of ferricyanide. While electron
transfer between bare electrode surface and ferricyanide ion was
maximum, it decreased gradually as the electrode surface was
coated with probe and MPA. Fig. 2a shows the square-wave
voltammograms (SWVs) with an amplitude of 25 mV and a fre-
quency of 15 Hz for different incubation periods in the media con-
taining 5 mM ferricyanide and 0.1 M KCI after being incubated in
P1:MPA (1:5 uM) mixture solution at 4 °C. As shown in Fig. 2b, cur-
rent change reached steady state after 10 h of incubation. There-
fore, at least 10 h of probe immobilization was done for the rest
of the experiments.

3.3. Hybridization time

Fig. 3 shows the amperometric response of the biosensors to the
addition of 2 mM H,0, in 10 ml of PBS (0.1 M, pH 7.4) at the poten-
tial of —0.15 V (vs. Ag/AgCl) after prepared biosensors (P1) were
incubated at 37 °C with 1 uM target sequences (T1) to evaluate
the effect of the hybridization time as 2, 4, 6, and 24 h, respectively.
The amperometric results were similar for the hybridization time
of 2, 4, or 6 h. The current change of 24 h-incubated electrode
was slightly higher. However, such a long incubation period was
neither essential nor practical, when the whole assay time was
considered. Therefore, 2 h of hybridization time was selected for
all further experiments.

3.4. Analytical performance of the biosensor

Analytical performance of the electrochemical DNA biosensor
applications for P1, P2 and P3 probes were evaluated by the amper-
ometric analysis. The amplified electrochemical signal was
achieved by adding H,0, (2 mM) in an electrochemical cell con-
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Fig. 1. Effect of Probe:MPA ratio on amperometric response of prepared biosensors
(P2) for T1, T1*, and Random targets, respectively. Amprerometric responses were
achieved after addition of H,0, (2 mM) in 10 ml of PBS (0.1 M, pH 7.4) containing
1 mM hydroquinone at applied potential of —0.15 V (vs. Ag/AgCl).

taining 0.1 M PBS (pH 7.4) and 1 mM hydroquinone as a mediator
for heterogeneous electron transfer of the St-HRP enzyme at an
applied potential of — 0.15 V (vs. Ag/AgCl). Graphs in Fig. 4 repre-
sent the amperometric responses of P1, P2 and P3 probes after
hybridization with 1 uM complementary target (T1), single-base
mismatch target (T1*) and, random sequence, respectively. The
increase in biosensor responses of P1, P2 and P3 probes was
observed after hybridization with their corresponding target
DNA. However, a significant signal difference between P2/T1 and
P2/T1* probe after hiybridizations with the complementary and
the single-base mismatch was achieved. These results demon-
strated the high selectivity of P2 probe, successfully discriminating
the complementary target from single-base mismatch DNA. Table 3
shows the mean current changes of each probe after hybridization
with T1 and T1* in three repeated experiments. Maximum current
changes were obtained when all probes (P1, P2 and P3) were hybri-
dized with their perfect complementary targets. However, P1 had
the most unstable results when relative standard deviation (RSD)
values in Table 3 were evaluated.

Although P1 was designed to achieve 100% hybridization effi-
ciency thermodinamically, it was not possible to perform a suffi-
ciently stable biosensor application with it due to some
mechanical and morphological incompatibilities to the experimen-
tal method. Distance between the electrode surface and biotin at 3’
end of the P1 probe was not short enough to prevent streptavidin-
HRP binding, which conveyed to nonreproducible results. This
problem was overcome by designing another probe (P2), which

60
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<
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0 - . | ¥1
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E/V (vs. Ag/AgCl)

0.8

11 pA

0.6

0.4 4

0.2 4

t/h

Fig. 3. Amperometric responses of biosensors for various hybridization periods
after addition of 2 mM H,0, in 10 ml of PBS (0.1 M, pH 7.4) containing 1 mM
hydroquinone at applied potential of —0.15 V.

was essentially a modification to P1 probe in order to make it com-
patible with the experimental method. In the design of P2 probe,
C3 spacer at 5 end was used instead of C6 spacer and the first
nucleotide on 5 end of P1 was omitted, two nucleotides were
added to 3’ end. Consequently, RSD value for P2 probe was 15%,
which was not only a significant improvement from 30.9% calcu-
lated for P1 but also was comparable with previous studies
[12,30-33]. The P3 probe was composed of a randomly selected
sequence in a stable structure to demonstrate the feasibility of
the method and was successfully applied in this study. Although
P3/T3 hybrid had a higher thermodynamic affinity than P2/T1
hybrid, a significant signal increase was achieved with P2 probe.
Probe length might affect the electrochemical signal since increas-
ing the distance between enzyme and electrode surface might
cause a decrease in electron transfer [34]. We should note that
the length of P3 probe was 36 nucleotides long while P2 was only
22 nucleotides long.

In order to determine the maximum amperometric response
that could be acquired for P2 modified biosensor, different concen-
trations of T1 (0.01 to 0.4 uM) were applied. The results in Fig. 5
show that increase of current was proportional to concentration
of target in the range from 0.01 to 0.2 pM. Amperometric response
increased by increase in target DNA concentration and reached a
maximum current of 3.22 * 0.49 pA at the concentration of
0.2 puM. That point also represents the maximum hybridization
efficiency for P2 modified biosensor, meaning the electrode surface
was saturated to T1 target.

70
60 - b

40 A
30 +

7

10

0 2 4 6 8 10 12
t/h

Fig. 2. SWVs (a) and acquired current values (b) for various incubation times (0-12 h) in 0.1 M KCI solution containing 5 mM ferricyanide.
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Fig. 4. Amperometric responses of the biosensors with P1, P2, and P3 after
incubation with Random target (a), T1* (b), T1 (c), T3* (d), and T3 (e) after addition
of 2 mM H,0; in 10 ml of PBS (0.1 M, pH 7.4) containing 1 mM hydroquinone at
applied potential of —0.15 V.

Table 3
Comparison of probes used in experiments after hybridization with their comple-
mentary and single-base mismatch probes.

Hybridization Reactions Current change (pA) RSD (%)
P1/T1 1.79 £ 0.55 30.9
P1/T1* 0.66 + 0.28 424
P2/T1 3.22+£049 15
P2/T1* 0.58 + 0.08 144
P3/T3 239+0.2 8.6
P3/T3* 0.29 £ 0.03 10

4. Conclusion

This study has investigated the applicability of a thermody-
namic approach in the design of target-specific DNA probes for
use in electrochemical biosensors. Thermodynamic reactions in

y = 0.0144x + 0.356 [ ] ﬁ
3 1 RZ = 0.9893

17 uA
N

0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450

C/nM

Fig. 5. Amperometric responses for the P2 probe hybridized with complementary
target DNA at different concentrations (10, 50, 100, 200, 250, 300 and 400 nM).

the design of an oligonucleotide probe were considered as a guid-
ing frame, and hybridization conditions were investigated for
stem-loop probes immobilized to a solid surface. Results showed
successful applicability of probes designed with a thermodynamic
model in electrochemical DNA biosensors. However, the findings
revealed that this approach needs to be tailored to align with the
experimental method. The present study provides an insight into
the development of thermodynamic models for predicting the
hybridization efficiency of DNA biosensors.
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