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ABSTRACT

This work describes the single-use electrochemical DNA biosensor technology developed for voltam-
metric detection of sequence selective DNA hybridization related to important human and veterinary
pathogen; Toxoplasma gondii. In the principle of electrochemical label-free detection assay, the duplex of
DNA hybrid formation was detected by measuring guanine oxidation signal occured in the presence of
DNA hybridization. The biosensor design consisted of the immobilization of an inosine-modified (gua-
nine-free) probe onto the surface of pencil graphite electrode (PGE), and the detection of the duplex
formation in connection with the differential pulse voltammetry(DPV) by measuring the guanine signal.
Toxoplasma gondii capture probe was firstly immobilized onto the surface of the activated PGE by wet
adsorption. The extent of hybridization at PGE surface between the probe and the target was then de-
termined by measuring the guanine signal observed at +1.0 V. The electrochemical monitoring of op-
timum DNA hybridization has been performed in the target concentration of 40 ug/mL in 50 min of
hybridization time. The specificity of the electrochemical biosensor was then tested using non-com-
plementary, or mismatch short DNA sequences. Under the optimum conditions, the guanine oxidation
signal indicating full hybridization was measured in various target concentration from 0.5 to 25 pug/mL
and a detection limit was found to be 1.78 pg/mL. This single-use biosensor platform was successfully
applied for the voltammetric detection of DNA hybridization related to Toxoplasma gondii in PCR am-
plicons.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

have been designed in such a way that they can monitor sequence-
specific hybridization processes based on the oxidation signal of

In recent years, an increasing attention has been received for
development of electrochemical DNA hybridization biosensors
that could rapidly and accurately recognize and detect the pa-
thogens in environmental and clinical samples [1-4]. Electro-
chemical nucleic acid (NA)-based biosensors, also known as “DNA
biosensors” (or genosensors), are devices that combine of an NA
(usually a short synthetic oligonucleotide) as the biological re-
cognition component and an electrode as physicochemical trans-
ducer. Due to their short assay time, low cost, small dimensions as
well as compatibility with microfabrication technology DNA bio-
sensors hold a great promise for the detection of hybridization
event [5-7] polymorphisms [8-9], mutations [10-12] and inter-
action between drug and DNA [13-15]. These biosensing devices
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guanine and adenine or by DNA intercalators; such as Co(phen);>*
[16], which form complexes with the nitrogenous bases of DNA or
by detecting the oxidation signal at some metal tags; such as gold
and silver nanoparticles [17-20] in the presence of DNA
hybridization.

Electrochemical DNA biosensors for label-free detection of DNA
hybridization [21-33] have been increasingly developed after the
presentation of a label-free electrochemical DNA biosensor pro-
tocol by Wang et al. [21], which involved the immobilization of
inosine-substituted (guanine-free) probe onto CPE. Using inosine
bases, a base which is not naturally present in DNA but can act as
base-pair of cytosine, at the capture probe instead of guanine
bases eliminated the need for the indicator addition and shortened
the assay time in the monitoring of the duplex formation between
capture DNA probe and target DNA. In the another work, Wang
et al. shown that label-free hybridization detection at pencil gra-
phite electrodes in connection with magnetic separation mini-
mized the non-specific binding effects [22]. Another simple
method for detection of single-base mismatch was introduced by


www.sciencedirect.com/science/journal/00399140
www.elsevier.com/locate/talanta
http://dx.doi.org/10.1016/j.talanta.2015.11.071
http://dx.doi.org/10.1016/j.talanta.2015.11.071
http://dx.doi.org/10.1016/j.talanta.2015.11.071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.11.071&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.11.071&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2015.11.071&domain=pdf
mailto:ggokce2000@gmail.com
mailto:arzum.erdem@ege.edu.tr
mailto:arzume@hotmail.com
http://dx.doi.org/10.1016/j.talanta.2015.11.071

G. Gokce et al. / Talanta 149 (2016) 244-249 245

Palecek and coworkers [23] using DNA hybridization biosensors. In
the paper of Mascini et al. [26], a label-free electrochemical gen-
osensor was described for the analysis of real samples of total
genomic DNA extracts of mammalian species (bovine) via hy-
bridization detection. Erdem et al. [27] reported a biosensor in
combination with genomagnetic assay for the electrochemical
detection of a specific sequence for Salmonella spp. by using gra-
phite-epoxy composite and magneto- graphite-epoxy composite
electrodes as electrochemical transducers. This assay was per-
formed by the capture and hybridization of DNA target with a
biotinylated inosine-substituted probe onto streptavidin-coated
magnetic beads and the electrochemical detection based on the
signal coming from guanine oxidation of DNA target. In another
label-free assay, M. H. Pournaghi-Azar et al. [28] detected the
human interleukine-2 gene using a non-inosine substituted probe
immobilized on the pencil graphite electrode and then, the gua-
nine oxidation signal was monitored using differential pulse vol-
tammetry technique. The detection of human papilloma virus
using a label-free electrochemical DNA sensor was carried out by
treating a captured double stranded DNA duplex with acid and
directly measuring the guanine bases released using square wave
voltammetry [29]. Carboxylic acid functionalized single-walled
carbon nanotubes modified graphite sensors were developed by
Caliskan et al. [30] for electrochemical monitoring of direct DNA
hybridization related to specific sequence of Hepatitis B virus
employing label-free assay. Zhu et al. [31] demonstrated a label-
free hybridization assay based on poly (amidoamine)/multi-walled
carbon nanotubes-cobalt phthalocyanine nanocomposite mod-
ified glassy carbon electrode for the electrochemical detection of
DNA sequence related to Avian Influenza Virus genotype. In the
paper of Souza et al. [32], a label-free electrochemical genosensor
was described for the analysis of specific oligonucleotide sequence
of dengue virus type 1 on pencil graphite electrode. Bollo et al. [33]
reported on the analytical performance of glassy carbon (GCE)
electrodes modified with a dispersion of multiwall carbon nano-
tubes (CNT) in chitosan (CHIT) for the quantification of DNA.

The protozoan T. gondii is one of the most common infectious
pathogen causing toxoplasmosis. The pathogen is more effective
on patients with the immune system impaired or weakened such
as those undergoing chemotherapy, organ transplants and/or in-
fected with human immunodeficiency virus (HIV) [34-36]. In ad-
dition, toxoplasmic infection during pregnancy may lead to nu-
merous detrimental consequences for the fetus and newborn [37].
The presence of viable T. gondii can be detected with injection of
body fluids into experimental animals or tissue culture. Antibody
levels can be measured from body fluids or the presence of pro-
tozoa can be detected directly by means of the conventional mo-
lecular biological methods [38]. The serological method is im-
portant diagnostic tool used for the detection of toxoplasmosis
even though its disadvantage such as it does not show the T. gondii
in the active phase of the infection [39]. PCR-based methods [40-
42] have also been developed used for the detection of T. gondii
from various clinical samples. Recently, more sensitive methods
such as piezoelectric immunoagglutination assay using gold na-
noparticles [43], or silica nanoparticles [44]| have been developed
for the analysis of toxoplasmosis. However, the major dis-
advantage of these methods is that are time consuming, cost-ex-
pensive, labor intensive and sometimes are not providing quanti-
tative data. Because of these reasons, the development of novel,
simpler, sensitive, selective and faster methods for the identifica-
tion and detection of Toxoplasma gondii has a key importance for
diagnosis of the toxoplasmosis. To the best of our knowledge, no
electrochemical label-free DNA biosensor selective toT. gondii has
been reported yet in the literature. This study presents a novel
DNA electrochemical biosensor for label-free detection of se-
quence-selective DNA hybridization related to the T. gondii based

on the oxidation signal of guanine after hybridization between
inosine-modified probe and its synthetic complementary target,
and PCR amplified target sequences.

2. Experimental
2.1. Apparatus

The oxidation signal of guanine was investigated by using DPV
with an AUTOLAB PGSTAT 302N (integrated with FRA2.220
module) electrochemical analysis system and GPES 4.8 software
package (Eco Chemie, The Netherlands). Electrochemical mea-
surements were carried out in a 10 mL voltammetric cell at room
temperature (25 °C). The three-electrode system consisted of the
pencil graphite electrode (PGE; each electrode was used as dis-
posable) as the working electrode, the reference electrode (Ag/
AgCl/3 M KCl) and a platinum wire as the auxiliary electrode. A
Noki pencil model 2000 (Japan) was used as a holder for graphite
leads (Tombo, Japan). Electrical contact with the lead was obtained
by soldering a metallic wire to the metallic part.

2.2. Reagents

The synthetic oligonucleotides (probe and its complementary;
target, single-base mismatch - MM and noncomplementary — NC)
were provided from IONTEK (Istanbul, Turkey) as lyophilized
powder and their base sequences are as below:

T. Gondii capture probe (22-mer sequence):

5’ — NH,-(CH3)s- GCTCCCCTCTGCTGGCGAAAAG-3’

T. Gondii capture Inosine substituted probe (22-mer se-
quence, I=Inosine):

5'-NH;(CH,)s-ICTCCCCTCTICTIICIAAAAI-3’

Target (22-mer sequence):

5'-CTTTTCGCCAGCAGAGGGGAGC-3’

Single base mismatch; MM (22-mer sequence):

5-CTTTTCGCCAACAGAGGGGAGC-3’

Noncomplementary; NC (22-mer sequence):

5’-TCCGCTAATGTTCTGATTATCA-3’

22-base target was a complementary sequence of probe and
MM was a mutant type of the target with one base changed as
indicated in bold.

The oligonucleotide stock solutions (1000 pg/mL) were pre-
pared with Tris-EDTA buffer solution (10 mM Tris-HCI, 1 mM
EDTA, pH: 8.00; TE) and kept frozen. More diluted probe solutions
were prepared in 0.5 M acetate buffer solution containing 20 mM
NaCl (pH 4.80; ABS). More diluted target/NC/MM solutions were
prepared in 0.05 M phosphate buffer solution containing 20 mM
NaCl (pH 7.40, PBS). Other chemicals were in analytical reagent
grade and they were supplied from Merck. All stock solutions were
prepared using deionized water.

The probe system with DNA length of 129 base pair was de-
signed and tested for PCR assays. The 3’ overlapping sequence of T
Gondii B1 gene annealed and double stranded template was cre-
ated by extension of 3’ end with PCR. This method uses PCR to
obtain double stranded template DNA that was used in hy-
bridization experiments. The extension was performed in 100-uL
reaction mixtures containing the following: 5uL of template
(100 pmol/uL), 40 uL ddH,0 and 50 pL PCR 2X Master Mix (Fer-
mentas). First step, denaturation at 95 °C for 4 min; 30 cycles of
amplification, 30 s, 95 °C, and annealing, 30 s, 60 °C and extension,
30s, 72 °C, the final extension step continued for an additional
5 min. to obtain full length product. The product was diluted 20
times and quantified by DNA gel electrophoresis in a 2% agarose
gel stained with ethidium bromide and visualized under ultra-
violet light. Amount of DNA marker (100 bp ladder, Fermentas,
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Fig.1. (A) Voltammograms and (B) Histograms based on guanine oxidation signals observed in different probe concentrations at constant immobilization time; (a) is control
signal, (b, ¢, d, e, f, g) are peak currents of guanine correspond to concentration of DNA probes.

DNA GeneRuler™ molecular weight marker) was used in the
quantification after measuring PCR product and DNA Marker
bands with Image] software (http://rsbweb.nih.gov/ij/). PCR am-
plification was performed in a DNA Thermal Cycler (Veriti®
Thermal Cycler).

2.3. Procedure

2.3.1. Electrode preparation

The renewable PGE described by Wang et al. [33] was used in
voltammetric measurements for the electrochemical detection of
DNA hybridization. A Noki pencil Model 2000 (Japan) was used as
a holder for the graphite lead. Electrical contact with the lead was
obtained by soldering a metallic wire to the metallic part. The
pencil was hold vertically with 12 mm of the lead extruded out-
side (10 mm of which was immersed in the solution). In all cases,
the PGE transducer was pretreated by applying +1.40V for 30 s in
sodium acetate buffer solution (ABS, 0.5M, pH 4.8) containing
20 mM NaCl without stirring. The guanine oxidation signal was
detected using DPV. The guanine oxidation peak height after
baseline fitting was used as the analytical signal.

2.3.2. Capture probe immobilization

The electrochemically pre-treated pencil leads were immersed
into the vials containing 110 pL of the inosine-substituted DNA
solutions of 20 pg/mL in ABS (0.5 M, pH 4.8) for half-hour allowing
single-strand DNA probe attachment by wet adsorption. The
electrodes were then immersed in ABS for 2 s to remove unbound
DNA. Thus, a probe-modified PGE was obtained.

2.3.3. Hybridization

After probe immobilization by wet adsorption, the hybridiza-
tion with both synthetic targets and PCR products were carried out
immersing the probe-attached PGE into the PBS solution (0.05 M,
pH 7.40) containing target oligonucleotide of 40 pg/mL for 50 min.
The electrodes were then immersed in PBS for 2 s to remove un-
bound DNA. The same protocol was applied for the hybridization
process between probe and other sequences; NC or MM, and also
applied PCR products for testing the selectivity of biosensor.

For using PCR products, 20 times diluted PCR samples with PBS
solution were used before they were thermally denatured [25].

All the experiments were performed at room temperature in an
electrochemical cell.

2.34. Voltammetric transduction

The oxidation signal of guanine was measured by using dif-
ferential pulse voltammetry (DPV) in blank ABS by scanning from
+0.80 to +1.40V at the pulse amplitude as 50 mV and the scan
rate as 30 mV/s. The raw data were treated using the Savitzky and
Golay filter (level 2) of the General Purpose electrochemical soft-
ware (GPES) of Eco Chemie (The Netherlands) with a moving
average baseline correction, using a “peak width” of 0.04.

3. Results and discussion

The label free genosensor relies on the DPV transduction of the
hybridization reaction between the capture probe and the two
types of target DNA sequences, which of one is synthetic and one
is present in the PCR amplified amplicons. In this study, a label-
free genomagnetic assay was developed for the sequence-specific
detection of T. gondii, by using disposable sensor, PGE, in a target
concentration of 40 pg/mL in 50 min of hybridization time. The
detection of hybridization is accomplished with the appearance of
the guanine oxidation signal [45], whereas no guanine signal is
obtained from inosine-substituted probes (before hybridization).
The increase at the magnitude of the guanine oxidation peak thus
shows that there is a full hybridization between probe and its
target at the electrode surface.

The effect of probe concentration on immobilization efficiency
(Fig. 1) as well as that of immobilization time (Fig. 2) have been
investigated using the magnitude of guanine signal. According to
the optimization assays, the optimum concentration of Toxoplasma
gondii capture probe was determined as 24 pug/mL and the opti-
mum immobilization time as 40 min.

The following experiment was focused on optimizing the time
of hybridization process between the T. gondii probe and its target
varying from 15 min to 60 min (Fig. S1). The highest guanine
oxidation signal was obtained in 50 min hybridization time with a
better reproducibility. In addition, as the non-specific adsorption
of the oligonucleotide sequences at the electrode surface in the
case of longer hybridization times could cause the loss of se-
lectivity of the biosensor system, and thus, an optimum hy-
bridization time of 50 min was employed for further hybridization
studies.

Then, the effect of target concentration from 15 pg/mL to
60 pg/mL upon to biosensor response was studied, and 40 pg/mL
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Fig. 2. (A) Voltammograms and (B) Histograms based on guanine oxidation signals observed in different probe immobilization time at constant probe concentration; (a, b, c,
d, e, f) are peak currents of guanine correspond to immobilization time of DNA probes.
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Fig. 3. (A) Voltammograms and (B) Histograms based on guanine oxidation signals observed in different target concentrations at constant hybridization time; (a) is control
signal, (b, ¢, d, e, f, g) are peak currents of guanine correspond to concentration of target DNA probes.

was found as optimum target concentration due to observing the
highest response with a good reproducubility in the case of full
hybridization (Fig. 3).

There was an increase at the guanine oxidation signal in the
presence of hybridization while increasing the concentration of
target varying from 0.5 to 25 pg/mL (Fig. S2). The detection limit
[46] was calculated by means of equation: DL=yg+3 sg and re-
gression equation: y=0.046x+0.0121 with correlation coefficient
of 0.998. Where yB is signal of the blank (here intercept of re-
gression line, 0.0121) and sp is standard deviation of blank (here
standard deviation of the regression line, 0.0273). According to
this regression equation, the detection limit was found to be
1,78 pg/mL. This detection limit was found as lower one compar-
ison to the ones of earlier reports related to other label-free
(guanine-based) electrochemical DNA hybridization biosensors
[47,48], or indicator based assay based on dendrimer modified
electrodes [49]. Moreover, the detection protocol is herein result-
ing in a shorter time without using any extra nanomaterial or
biopolymer modification of electrode surface [48,49] or any extra
electroactive indicator for monitoring DNA hybridization [49].

Next, our sequence-specific hybridization protocol was carried
out to assess whether the inosine-substituted T. gondii probe-
modified PGE could recognize selectively target contrast to other
oligonucleotides (NC or MM). The highest guanine oxidation signal
with a better reproducubility was observed in the presence of full-
match Tgongii DNA hybridization between probe and its target
(Fig. 4). It was found that the hybridization of probe with one base
single-mismatch (MM), or non complementary target (NC) did not
lead to any significant increase at the guanine oxidation signal due
to absence of entire hybridization.

The detection of PCR amplified real samples by using an elec-
trochemical DNA biosensor relies on the differential puls voltam-
metric transduction of the hybridization reaction between the T.
gondii capture probe and target DNA sequences which are avail-
able in the PCR amplified real samples. The results obtained in the
presence of PCR samples were shown in Fig. 5. The appearance of
the guanine signal obtained with a positive sample which contains
the target T.gondii DNA confirmed the hybridization in PCR sam-
ples. No voltammetric signals were obtained when only probe
(without any target) and the PCR blank solution used as control
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Fig. 4. (A) Differential pulse voltammograms and (B) Histogram presenting the oxidation signals of guanine measured in ABS by using 24 pg/ml capture probe modified PGE
after hybridization with synthetic targets (40 pg/mL of full-match target, 40 pg/mL of MM, 40 pug/mL of NC) and only probe before the hybridization event (H). Hybridization
time was 50 min for all targets and DPV measurements in ABS were performed by scanning between+0.2 V and 1.25 V at the pulse amplitude as 50 mV and the scan rate as

50 mV/s.
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Fig. 5. Differential pulse voltammograms for the oxidation signals of guanine in
ABS at 24 ug/mL capture probe modified PGE after hybridization with (a) thermally
denaturated T.gondii PCR amplicon (hybridization time of 10 min), (b) PCR blank
solution, (c) only probe without any target during hybridization. Other experi-
mental conditions were as cited in Fig. 4.

sample during hybridization. It was observed that the hybridiza-
tion time between capture probe and PCR amplicons was occured
effectively in 10 min (not shown). The results obtained from hy-
bridization experiments carried out PCR amplicons shown that
hybridization time may not be same as the one obtained using
synthetic short target oligonucleotides due to the higher steric
hindrance of the amplified nucleic acid sequences resulting in a
lower hybridization efficiency compare to densely packed DNA
probes [50].

4. Conclusion

In our study, a novel label-free disposable electrochemical
biosensor has been demonstrated successfully for the detection of
T. gondii sequences in DNA samples amplified by PCR. This in-
dicator-free biosensor was able to distinguish between full-mat-
ched (target), mismatched and non-complementary DNA se-
quences, with a detection limit of 1,78 ng/mL of target sequence.
Using label-free detection protocol could eliminate the need for
external indicators, such as carcinogenic antitumor drugs, metal
complexes and organic dyes; thus, this method could offer im-
portant advantages, such as simple design, small dimensions, low
cost, and low power requirements and provides more rapid de-
tection. Future work in this laboratory will focus on the design of
novel electrochemical microarray based protocols for detection of
different target sequences from amplicons related to inherited
diseases.
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