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Abstract: An electrochemical biosensor for the detection of genetically modified food
components is presented. The biosensor was based on 21-mer single-stranded
oligonucleotide (ssDNA probe) specific to either 35S promoter or nos terminator, which
are frequently present in transgenic DNA cassettes. ssDNA probe was covalently attached
by 5’-phosphate end to amino group of cysteamine self-assembled monolayer (SAM) on
gold electrode surface with the use of activating reagents — water soluble 1-ethyl-3(3’-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy-sulfosuccinimide (NHS). The
hybridization reaction on the electrode surface was detected via methylene blue (MB)
presenting higher affinity to ssDNA probe than to DNA duplex. The electrode
modification procedure was optimized using 19-mer oligoG and oligoC nucleotides. The
biosensor enabled distinction between DNA samples isolated from soybean
RoundupReady” (RR soybean) and non-genetically modified soybean. The frequent
introduction of investigated DNA sequences in other genetically modified organisms
(GMOs) give a broad perspectives for analytical application of the biosensor.
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1. Introduction

In the past two decades there has been a considerable growth of interest in DNA biosensors due to
its significant analytical properties [1-9]. One of the most popular applications of the new devices were
detection and analysis of specific DNA sequences via nucleic acid hybridization [10-19]. Fast and
reliable determination of nucleic acid sequence plays increasingly important role in clinical diagnosis,
forensic and environmental analyses, and food safety monitoring [20-24]. Conventional methods are
often time-consuming and expensive, therefore new DNA hybridization biosensors have received
considerable attention [22, 23, 25]. The detection layer of the biosensor consists of short single-
stranded DNA (ssDNA probe) able to form duplex with complementary target nucleic acid fragment
with high efficiency and specificity. The probe is associated with a transducer translating hybridization
event into a physically measurable value [18, 26, 27]. Among different combinations of ssDNA probe
and transduction element the electrochemical DNA biosensors characterize very useful analytical
abilities. They have relatively simple construction, are not expensive, enable appropriately sensitive
and selective detection of target DNA fragments, and can be used for routine tests [3, 9, 12, 16, 21,
27].

The crucial aspect of the electrochemical DNA biosensor performance is the immobilization of
probe on the electrode surface [15, 27-31]. The main goal of the procedure is a proper molecular
orientation of the ssDNA probe and its high accessibility for the target DNA fragment. Wide range of
immobilization methods was described, including physical and/or electrochemical adsorption, film
entrapment, affinity binding (e.g. avidin-biotin complexation), chemisorption and covalent attachment
[12, 26, 27, 32, 33]. The most suitable properties useful in hybridization biosensor preparation offer
one-point covalent binding through molecular self assembly, due its simplicity, stability and high order
of orientation of DNA probe on electrode surface [32, 34-37]. The self-assembled monolayer (SAM)
created from alkane thiols on gold substrate is a very convenient linker for covalent immobilization of
ssDNA probe on the electrode surface [36, 38, 39]. The efficient attachment of DNA strand on
alkanethiolate monolayer are often achieved in the presence of water-soluble 1-ethyl-3(3’-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy-sulfosuccinimide (NHS) [12, 27, 34]. In
this paper, ssDNA probe was immobilized on cysteamine SAM modified gold electrode surface by
covalent binding with the use of both carbodiimide derivatives. Additionally the optimal time of the
probe immobilization and target DNA hybridization was examined with the help of synthesized
homooligomers of guanidine and cytidine (oligoG and oligoC, respectively).

The electrochemical detection of nucleic acid hybridization is based on direct measurements of
electrical response of DNA strands, monitoring redox indicator compounds intercalated or
electrochemically bound with DNA duplex or application of second detector probe (sandwich assays)
[12, 21, 26, 27, 33, 40, 41]. In this work, methylene blue (MB), an organic dye from phenothiazine
family, was used as redox indicator for DNA hybridization detection. Methylene blue interacts with
the guanine bases in nucleic acid strand and provides higher accumulation rate (and therefore more
intensive redox signal) on the surface of ssDNA modified electrodes than in the presence of DNA
duplex [17, 38, 42-45]. Additionally Tani et al. [46] reported, that the peak potential of MB at the
single-stranded nucleic acid array are obtained at potentials ca. 10-15 mV more positive than that at a
double-stranded DNA arrays.
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Detection of genetically modified food components is based on the identification of specific nucleic
acid fragments [47, 48]. The expression of introduced new gene(s) in GMOs are regulated by promoter
and terminator. Sequences most widely used for this purpose are the 35S promoter (derived from
cauliflower mosaic virus) and the nos terminator (derived from Agrobacterium tumefaciens). The
identification of one of these regulatory sequences in the DNA sample under examination indicates
GMO presence [49]. Screening of genetically modified food compounds has developed with the
progress in modern molecular techniques. Capillary electrophoresis chips, microtiter well-based
hybridization assays, microarrays and real-time or competitive polymerase chain reaction (PCR)
provide very promising advances in this area [24]. On the other hand, biosensors are anticipated as a
leading approach in the low-cost, fast and simple GMO screening in case of routine tests, that will be
available in the near future [24, 50]. Various types of biosensors, including surface plasmon resonance
sensors [51-53], quartz crystal microbalance piezoelectric sensors [54, 55] and electrochemical sensors
[50, 56, 57] can be applied for the detection of DNA fragments specific to genetically modified food
compounds. Carpini et al. [56] reported enzyme-based electrochemical sensor performed with the use
of oligonucleotide-modified screen-printed gold electrodes, that was employed in the detection of 35S
promoter sequence (amplified by PCR). Enzyme-based electrochemical detection of PCR products
with the application of similar biosensor was also performed by Lucarelli et al. [57]. The sensor was
used in the analysis of samples from soy and maize powders containing 1% and 5% of genetically
modified product. Another electrochemical sensor designed to the detection of nos terminator was
reported by Meric et al. [50]. The biosensor performance was based on immobilization of
oligonucleotide probe on a screen-printed carbon electrode surface by applying a potential and
application of methylene blue as a hybridization indicator. Despite of extensive research of biosensing
further investigations on its application in GMO screening are still in high demand.

In this paper electrochemical DNA biosensor designed for routine screening of genetically modified
food compounds is presented. The general intention was the construction of analytical device based on
simple and satisfactory reliable solutions. The detection of 35S promoter and nos terminator (the
sequences typical for the majority of genetically modified food organisms) was performed directly,
without amplification of analyzed DNA fragments with polymerase chain reaction (PCR). The samples
of DNA isolated from soybean RoundupReady™ (RR soybean), containing both identified sequences,
and from non-genetically modified soybean (non-GM soybean) as a reference material were examined.
The biosensor performance was based on modification of the gold electrode surface by ssDNA probe
(specific for 35S promoter or nos terminator) covalently bound with cysteamine self-assembled
monolayer, which provide in a convenient way stable construction of the detection layer. The
examination of hybridization reaction results was accomplished by voltammetric measurements of
methylene blue (MB) accumulated on the electrode surface. In such a way, the differentiation between
the DNA samples isolated from GM and non-GM soybean was accomplished without amplification of
detected DNA fragments by PCR, that would have been an additional stage complicating the whole
analytical procedure. The biosensor gathering uncomplicated elements in one analytical device
provided simple and convenient approach for the screening of genetically modified food compounds.
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2. Materials and Methods
2.1. Reagents and solutions

Cysteamine, 1-ethyl-3(3’-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxy-
sulfosucciniimide (NHS), methylene blue (MB) were purchased from Sigma-Aldrich (Poznan,
Poland). Sodium chloride, potassium chloride, potassium dihydrogen phosphate, disodium hydrogen
phosphate were from POCh (Gliwice, Poland). All chemicals were of analytical reagent grade.
Aqueous solutions were performed using deionized water.

Homooligonucleotides 19-mer oligoG and 19-mer oligoC were purchased from the Laboratory of
DNA Sequencing and Oligonucleotides Synthesis, IBB PAS (Warsaw, Poland). Other oligonucleotides
(21-mer probes) were synthesized in Tib Molbiol (Poznan, Poland) and had following sequences:
probe specific for 35S promoter: 5’-CCA CGT CTT CAA AGC AAG TGG
probe specific for nos terminator:  5’-GCA TGA CGT TAT TTA TGA GAT
The probe sequences were chosen according to the guidelines on detection of RoundupReady®
Soybean presented by Institute for Health and Consumer Protection of the Directorate General Joint
Research Centre (DG JRC) [49]. The selectivity and specificity of both probes was tested in NCBI
(National Center for Biotechnology Information) data base with the use of BLAST (Basic Local
Alignment Search Tool) program (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The sequences of both
probes provided 100% homology to 35S promoter and nos terminator respectively.

DNA from beans of genetically modified soy RoundupReady” line GTS 40-3-2 and from beans of
non-GM soy was isolated and purified using Genomic Mini AX Plant DNA isolation kit (A&A
Biotechnology, Gdynia, Poland) via ion exchange columns. The purity of isolated genomic DNA was
examined by measuring an absorbance of the diluted samples at the analytical wavelengths 260 nm (A-
260) and 280 nm (Ajso). The value of Ajg0/Azgo ratio was ca. 1.8 that confirmed high purity of isolated
DNA. Its 50 pl stock solutions in sterile water (containing 1.5 pg DNA) were stored in a freezer.
Before hybridization DNA solutions were diluted in 50 mM phosphate buffer (pH 7.4) containing 0.5
M NaCl and denatured in a nearly boiling water for 5 minutes. After heating the sample was cooled in
an ice bath for 2 min before hybridization.

Stock solutions of oligonucleotides (5 uM for 19-mer and 10 uM for 21-mer) were prepared in
sterile water and kept frozen. Before ssDNA probe immobilization or hybridization oligonucleotides
solution were diluted in appropriate buffer.

Stock solutions of MB (1.25 mM) were prepared in 50 mM phosphate buffer (pH 7.0). MB
solutions for investigations were prepared by dilution of stock solutions (in ratio 1:100) with 50 mM
phosphate buffer (pH 7.0) containing 5 mM KCL

A 2.5 mM cysteamine solution, freshly prepared in deionized water, was employed for the
alkanethiolate self-assembled monolayer formation on the gold electrode surface.

Other solutions used in investigations, prepared in deionized water, were: a 50 mM phosphate
buffer solution (pH 7.0) for the preparation ssDNA of modified electrode; a 50 mM phosphate buffer
solution (pH 7.0) containing 5 mM KCIl, as supporting electrolytes; and a 50 mM phosphate buffer (pH
7.4) containing 0.5 M NaCl for preparation hybridization solutions.
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2.2. Apparatus and electrodes

Electrochemical measurements were carried out with potentiostat pAutolab with GPES 4.9 software
package (Eco Chemie, Utrecht, The Netherland). The voltammetric experiments were performed with
three electrode system consisted of gold working electrode, Ag/AgCl (3 M KCIl) reference electrode
and platinum wire counter electrode. The surface of working electrode (1.3 mm diameter) was cleaned
before self-assembled cysteamine monolayer modification. The gold surface was firstly polished with
diamond and alumina slurry on silicon and microcloth pads, respectively (using Polishing Kit from
BAS Inc, USA), and subsequently cleaned in deionized water with ultrasonic bath Enisonic 200
(Branson, The Netherland).

Experiments were performed in a 1 ml cylindrical cell in room temperature. Measurements were
carried out using square wave voltammetry (SWV) technique with following experimental conditions:
frequency of 100 Hz, amplitude of 0.04 V and step potential of 0.015 V. Electrochemical response of
MB were collected in the potential range from -0.40 to +0.05 V. All potentials were referred to
Ag/AgCl electrode.

Results of voltammetric experiments were presented using Origin software, version 6.0 (Microcal
Software). Calculations were performed on the ground average from five measurements.

2.3. Procedures

2.3.1. Immobilization of ssDNA probe on the modified gold electrode

The self-assembled cysteamine monolayer (SAM) on gold surface was obtained by immersion of
cleaned gold electrode (AuE) in freshly prepared 2.5 mM water solution of cysteamine for 16 hours in
room temperature. The SAM modified electrode (SAM/AuE) was rinsed with deionized water to
remove physically adsorbed cysteamine and dried in air.

The immobilization of nucleic acid probe was carried out by immersion of SAM/AuE modified
surface in the 50 mM phosphate buffer solution (pH 7.0) containing 5 mM EDC, 8 mM NHS and 10
uM ssDNA (5 uM in case of oligoG attachment) for a defined amount of time in room temperature,
without stirring. After immobilization DNA modified gold electrode (ssDNA/SAM/AuE) was rinsed
with 50 mM phosphate buffer solution (pH 7.0) before hybridization with target DNA. The procedure
of ssDNA probe immobilization on the electrode surface was shown in figure 1.

2.3.2. DNA hybridization

The hybridization reaction was carried out by immersion a probe modified electrode
(ssDNA/SAM/AuE) in 50 mM phosphate buffer solution (pH 7.4) containing 0.5 M NaCl and
denatured target DNA (1.5 pg/ml) for a defined amount of time in room temperature with stirring (200
rpm). Resulting DNA duplex modified electrode was rinsed with 50 mM phosphate buffer (pH 7.0) for
removing non-hybridized nucleic acid. The scheme of DNA hybridization on the electrode surface was
shown in Fig. 1. The result of hybridization reaction was examined by methylene blue accumulation
and measurement of the indicator electrochemical response.

The control experiments were performed in the same way using DNA isolated from non-GM
soybean at the hybridization stage.
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Figure 1. Scheme of ssDNA probe immobilization and hybridization with target DNA
(cDNA) on the gold electrode surface.
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2.3.3. MB accumulation and electrochemical measurement

The results of gold electrode modification and also DNA hybridization was examined by
measurement of electrochemical response of methylene blue accumulated on electrode surface. The
electrode was immersed for 5 minutes with stirring (200 rpm) in 50 mM phosphate buffer (pH 7.0)
solution containing 12.5 uM MB and 5 mM KCIl. In the next step the electrode was placed for 3
minutes in stirred indicator-free 50 mM phosphate buffer (pH 7.0) with 5 mM KCI to remove unbound
methylene blue compounds. The electrochemical response of accumulated indicator was measured
after transfer the gold electrode to new cell with 50 mM phosphate buffer solution containing 5 mM
KCIL.

3. Results and Discussion
3.1. Optimization of a probe immobilization and hybridization procedures

The electrochemical detection of specific nucleic acid sequences was based on hybridization with
ssDNA probe immobilized on the electrode surface. The efficiency of hybridization event depended on
the procedure of detection layer preparation (probe immobilization) and the conditions of its
interaction with target DNA fragments. Steel et al. [29], Herne et al. [30] and also Peterson et al. [31]
investigated the process of gold electrode modification with the thiol-derivatized oligonucleotides. In
their studies the duration of electrode modification procedure played a very important role in biosensor
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performance. The same aspects were investigated in this work. The studies were carried out in order to
check the relationship between the duration of electrode modification stages (probe immobilization
and target DNA interaction) and hybridization efficiency. 19-mer homooligonucleotides of guanidine
(oligoG) and cytidine (oligoC) were used as a ssDNA probe and target nucleic acid fragment,
respectively. Such oligonucleotide combination enabled the highest diversification of affinity of
methylene blue to single- and double-stranded oligonucleotides, based on the interaction between the
indicator and guanine moieties. Oligonucleotides consisted of heterogeneous bases would have
reduced diversification ability. In order to reduce spherical hindrance associated with arrangement of
oligonucleotides on the electrode surface their length was additionally reduced to 19-mer in
comparison with the length of the probes specific for 35S promoter and nos terminator.
Electrochemical detection of MB accumulated on the electrode surface modified with oligoG and after
interaction with oligoC showed the results of a probe immobilization and nucleic acid hybridization.

Figure 2. Square wave (SW) voltammograms of MB (12.5 uM) recorded on cysteamine SAM
modified electrode after different time of oligoG probe immobilization (black line — 20 min,
red — 60 min, green — 120 min, blue — 180 min). SWV conditions: frequency of 100 Hz,
amplitude of 0.04 V, step potential of 0.015 V in 50 mM phosphate buffer (pH 7.0) containing
5 mM KCl.
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In the first experiment, the cysteamine SAM modified gold electrode was immersed in 50 mM
phosphate buffer (pH 7.0) containing 5 uM oligoG, 5 mM EDC and 8 mM NHS for 20, 60, 120 or 180
minutes, respectively. Figure 2 shows the square wave (SW) voltammograms of MB accumulated on
the surface of cysteamine SAM/Au electrode modified with oligoG using different immobilization
times. Increasing the immobilization time from 20 to 120 minutes led to higher amount of oligoG
anchored on the electrode surface evidenced by higher rate of MB accumulation. Further prolongation
of nucleotide immobilization time did not result in higher MB redox response, on the contrary, a
decrease of methylene blue signal was found. The observed tendency is compatible with the results
obtained during gold electrode modification with thiol-derivatized oligonucleotides [29-31]. After
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specific amount of time the further ssDNA immobilization did not led to increase of oligonucleotides
bound on the electrode surface. The observed experiment outcome shows that the highest amount of
ssDNA probe was attached to electrode surface after two hours immobilization.

The influence of oligonucleotide probe immobilization time on hybridization efficiency was also
examined. The cysteamine SAM/Au electrode modified with oligoG (after 20, 60, 120 or 180 minutes
of immobilization time) was immersed in 50 mM phosphate buffer (pH 7.4) containing 5 uM oligoC
and 0.5 M NaCl for 1 hour (as described in the Materials and Methods). The results of hybridization
reaction were monitored by electrochemical detection (SWV) of accumulated methylene blue (fig. 3.).
The short time of oligoG probe immobilization and further interaction with oligoC led to high level of
MB electrochemical response. The reason of relatively high methylene blue signal was probably the
structure of electrode surface, which enabled higher adsorption rate of MB compounds in case of short
oligoG immobilization time (20 or 60 minutes) and one hour hybridization with oligoC. Extending the
oligoG immobilization time to 120 or 180 minutes resulted in higher surface density of accumulated
ssDNA probe and changed the organization of electrode covering. After hybridization with oligoC the
guanine moieties were less accessible for methylene blue and therefore its voltammetric signal
decreased.

Figure 3. SW voltammograms of MB (12.5 pM) on cysteamine SAM modified electrode after
different time of oligoG probe immobilization (black line — 20 min, red — 60 min, green — 120
min, blue — 180 min) and one hour hybridization with oligoC. SWV conditions as on Fig. 2.
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The mechanism of MB accumulation was also changing with the prolongation of oligoG anchoring
procedure. At short immobilization time (20 or 60 minutes) dominating way of methylene blue
collecting was its adsorption on electrode surface. On the other hand, prolonged time of probe
immobilization (120 or 180 minutes) led to more efficient DNA duplex formation and increasingly
important intercalation phenomena as a dominating mechanism of MB accumulation on electrode
surface. The observed relationship was proved by moving MB peak to more negative potential typical
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for the intercalation of the methylene blue compounds in DNA duplex structure, what was previously
investigated by Tani et al. [46].

Figure 4. Signal of MB accumulated on the gold electrode modified with oligoG (red line)
and after one hour of hybridization with oligoC (green line) in case of different probe
immobilization time. The MB response for dsDNA/SAM/Au electrode was subtracted from
MB peak values for ssDNA/SAM/Au electrode (blue line). SWV conditions as on Fig. 2.
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Methylene blue strong interacts with guanine, that is more accessible in ssDNA than dsDNA
strands. The dye — base interaction enhances more effectively indicator accumulation on DNA
modified electrode surface than intercalation of MB compounds into nucleic acid duplex structure.
Therefore results of the hybridization reaction could be identified on the basis of higher MB affinity to
single-stranded nucleic acid than DNA duplexes. Such approach was exploited both on carbon paste
[42-44] and gold electrodes [17, 38]. The main goal in the biosensor preparation procedure is to obtain
maximal difference of indicator response between signals of the ss- and dsDNA modified electrodes.
Appropriate duration of a probe immobilization and hybridization reaction could enhance this
difference. Figure 4 shows the average MB signal observed on single- and double-stranded DNA
modified electrodes depending of different immobilization times. The satisfying change in MB signal
was obtained for the procedures including two and three hours of ssDNA probe immobilization time
(0.20 pA and 0.23 pA, respectively) and one hour of hybridization with target DNA. Owing to time
saving and lower probability of non-specific nucleic acid attachment (taking into account further
experiments with the samples of isolated DNA) on the electrode surface for the next investigations the
first procedure was chosen.

The influence of DNA hybridization reaction time on the results of interaction between the probe
and target DNA fragment was also checked. Modified gold electrode with immobilized oligoG strands
was immersed in 50 mM phosphate buffer (pH 7.4) containing 5 uM oligoC and 0.5 M NaCl for
examined amount of hybridization time (from 15 to 90 minutes). Figure 5 presents the average MB
peak heights (horizontal bars) and its standard deviations (vertical bars) from five measurements
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obtained on dsSDNA/SAM/Au electrodes after different hybridization time. Extending the duration of
hybridization to 75 minutes provided increasingly lower MB peak height (higher rate of DNA duplex
formation). On the other hand such long time of interaction between the probe and target nucleic acid
fragments led to poor repeatability of obtained square wave voltammograms results. Much better
(lower) standard deviations and only a little higher average MB signal was achieved for hybridization
reaction lasting one hour.

It was concluded from presented experiments that both duration of ssDNA probe immobilization
and hybridization reaction significantly influenced the density of detection layer and the effectiveness
of DNA duplex formation on the electrode surface. The obtained outcome correspond to with the
results of the study on the thiol-derivatized oligonucleotides immobilization on gold surface [29-31].
Two hours of a probe covalent attachment and one hour of interaction with target DNA fragments was
assumed as optimal and was used in further experiments focused on the examination of real samples of
DNA (isolated from RoundupReady” and non-genetically modified soybean).

Figure 5. Average MB peak heights (horizontal bars) and its standard deviations (vertical
bars) from five repeated measurements obtained on dsDNA/SAM/Au electrodes after
different hybridization time (ranged from 15 to 90 minutes). SWV conditions as on Fig. 2.
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3.2. Analytical approach based on electrochemical detection of 35S promoter

DNA hybridization biosensor was applied as a screening tool for the detection of genetic
modification in soybean. Identification of DNA sample isolated from RoundupReady™ was performed
using a gold electrode modified with self-assembled cysteamine monolayer and ssDNA probe
complementary to 35S promoter. The preparation of biosensor detection layer was carried out as
described in the Materials and Methods. ssDNA probe modified electrode was immersed in
hybridization solution containing 1.5 pg/ml DNA isolated from RR soybean. Figure 6 demonstrates the
SW voltammograms of MB accumulated on ssDNA probe modified electrode and after interaction
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with DNA isolated from RR and non-GM soybean, respectively. Additionally, table 1 shows
experiments outcome for the five repeated measurements carried out at each examined analytical step.

Gold electrode modified with ssDNA probe specific for 35S promoter characterized high level of
methylene blue accumulation due to its free access to guanine moieties. An average MB peak height
on ssDNA/SAM/Au electrode reached 0.233 pA (at the peak potential of -0.160 V). Hybridization
reaction with DNA isolated from GM soybean led to five-fold reduction of methylene blue signal to
0.049 pA (at the peak potential of -0.176 V). The decrease was caused by formation of DNA duplexes
on electrode surface and limited access to guanine for indicator. The observed MB signal on dsDNA
modified gold electrode was generally attributed to indicator compounds intercalated into DNA duplex
structure. Additionally MB peak obtained on double-stranded DNA modified electrode was found at
potential ca. 15 mV more negative than that on ssDNA modified electrode. The mechanism of
interaction between electroactive indicator and nucleic acid was different in case of single- and
double-stranded DNA immobilized on the electrode surface and this was effected in the shift of
methylene blue peak potential. Such observation was in agreement with the results of the investigation
carried out by Tani et al. [46].

Figure 6. SW voltammograms of MB (12.5 uM) on SAM/Au electrode modified with ssDNA
probe specific for 35S promoter before (black line) and after hybridization with DNA (1.5
ug/ml) isolated from RR (blue line) and non-genetically modified (red line) soybean. SWV
conditions as on Fig. 2.
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In reference examination with the use of DNA isolated from non-GM soybean MB signal was
relatively high (0.191 pA at the peak potential of -0.176 V). The increase could have been explained
by the failure of hybridization reaction and removing unbound soybean DNA from the electrode
surface.

The experimental results obtained for ssDNA/SAM/Au electrode and after interaction with
examined DNA samples show analytical potential of the biosensor for the detection of genetically
modified food components. Series of five repetitive measurements for ssDNA probe, after
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hybridization with target DNA (from GM soybean), and after interaction with non-modified DNA
resulted in satisfactory reproducible MB responses with relative standard deviation (RSD) of 16%,
14% and 15% for MB peak height, and 4%, 6% and 4% for MB peak potential, respectively (table 1).
The observed outcome was agreeable with the results of the investigations verifying methylene blue as
a hybridization indicator, that was performed on carbon and gold electrodes [17, 38, 42-44]. Despite
the RSD values of ca. 15%, the distinct difference in MB response achieved with DNA isolated from
RR and non-GM soybean provides convenient screening method for the presence of 35S promoter
sequence in analyzed DNA samples, that could indicate the presence of genetic modification.

Table 1. Peak current and potential of MB accumulated on gold electrode modified with
ssDNA probe specific for 35S promoter before and after hybridization with DNA isolated
from RoundupReady” soybean and after hybridization with DNA from non-GM soybean.

Electrode MB peak RSD for MB MB peak RSD for MB
current [uA]  peak current  potential [V] peak
values [%] potential [%]
ssDNA/SAM/AuE specific for 35S
0.233 16 -0.160 4
promoter
ssDNA/SAM/AUE after hybridization
. 0.049 14 -0.176 6
with DNA from RR soybean
ssDNA/SAM/AUE after interaction
0.191 15 -0.176 4

with DNA from non-GM soybean

3.3. Analytical approach based on electrochemical detection of nos terminator

The identification of DNA isolated from RoundupReady® soybean can be also performed by the
detection of nucleic acid sequences specific for nos terminator. The procedure was very similar to the
previous one, but the detection layer incorporated ssDNA probes complementary to examined
terminator. Figure 7 provides methylene blue SW voltammograms observed on gold electrodes
modified with oligonucleotide probe and after its interaction with DNA isolated from RR or non-GM
soybean.

The average results of MB peak height and potential from five repeated measurements carried out
on ssDNA/SAM/Au electrode before and after interaction with DNA of GM and non-GM soybean are
presented in table 2. The immobilization of nucleic acid probe on the gold electrode surface caused
high accumulation of methylene blue and its strong electrochemical response (0.339 pA at the peak
potential of -0.160 V). Interaction between the probe and denatured DNA of RR soybean brought more
than twofold decrease in indicator signal (0.151 pA) and movement of the peak potential towards to
more negative values (to the potential of -0.176 V). The tendency towards shifting of MB peak
potential in case of single- and double-stranded DNA modified electrodes was the same as observed
for the probe specific for 35S promoter and similar to the outcomes of the investigation carried out by
Tani et al. [46]. The obtained results suggested effective hybridization event and formation DNA
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duplex on the electrode surface. On the other hand interaction the probe with denatured DNA from
non-GM soybean provided MB relatively high response (0.351 pA), that was comparable with the
results for ssDNA modified electrodes. The indicator signal proved a failure of hybridization event and
poor attachment of soybean DNA to the electrode surface.

Figure 7. SW voltammograms of MB (12.5 uM) on SAM/Au electrode modified with ssDNA
probe specific for nos terminator before (black line) and after hybridization with DNA (1.5
pg/ml) isolated from RR (blue line) and non-genetically modified (red line) soybean. SWV
conditions as on Fig. 2.

4.5x107 4
4.0x10”7 ]
3.5x107 ]
3.0x10”7 ]
2.5x107 ]

2.0x107

Al

1.5x107
1.0x107
5.0x10°

0.0 4

-5.0x10° I . I . I . . .
-0.4 0.3 0.2 0.1 0.0 0.1

EV]

Series of five repetitive measurements for ssDNA probe, after hybridization with target genetically
modified DNA, and after interaction with non-modified DNA resulted in reproducible MB responses
with RSD of 6%, 5% and 7% for MB peak height, and 4%, 6% and 5% for MB peak potential,
respectively (table 2). The behavior of MB compounds on the gold electrode surface modified with a
single-stranded oligonucleotide probe, and after interaction with target or non-complementary DNA
was comparable to the results observed in previously performed DNA hybridization investigations
with methylene blue as an indicator [17, 38, 42-44]. Voltammetric detection of n0s terminator with the
use of methylene blue as the hybridization indicator was also reported by Meric et al [50]. The DNA
samples used in hybridization step was extracted and amplified with PCR from commercially available
products. After hybridization with target DNA, accumulation rate and signal value of MB decreased
significantly in comparison with the probe signal. Hybridization did not occur after interaction with
DNA sample form non-GM soybean, and the height of MB signal was found to be as high as a probe.
The experiments in this work were carried out on the different electrode surface (gold), the probe (with
another sequence) was immobilized covalently via self-assembled cysteamine monolayer and the
detected DNA sequences were not amplified. Despite of the differences in biosensor performance the
observed relation between MB signal obtained for probe, target DNA and reference material was
similar to the results presented by Meric et al. [50]. Obtained significant difference in electrochemical
response of MB in experiments with DNA isolated from both examined soybeans enabled an easy



Sensors 2008, 8 2131

distinction of RR soybean from non-genetically modified soybean with the use of the investigated
ssDNA probe specific for nos terminator. The second analytical approach also provided promising
screening approach concerned on nos terminator detection and indication of the genetic modification
in DNA samples without the use of PCR amplification.

Table 2. Peak current and potential of MB accumulated on gold electrode modified with
ssDNA probe specific for nos terminator and after hybridization with DNA isolated from
RoundupReady® soybean and after interaction with DNA from non-GM soybean.

Electrode MB peak  RSD for MB  MB peak  RSD for MB
current peak current  potential peak
[LA] values [%] [V] potential [%]
ssDNA/SAM/AuE specific for nos
: 0.339 6 -0.160 4
terminator
ssDNA/SAM/AUE after
hybridization with DNA from RR 0.151 5 -0.176 6
soybean
ssDNA/SAM/AUE after interaction
0.351 7 -0.176 5

with DNA from non-GM soybean

Conclusions

The main goal of the paper was the presentation of an electrochemical biosensor for DNA
hybridization detection as a tool designed for screening of nucleic acid sequences typical for the
genetically modified organisms. The main advancement of the analytical device was its simplicity with
the satisfactory reliability of obtained results. Sensor presented in this work enabled convenient
detection of 35S promoter and nos terminator. Its analytical ability was demonstrated in successful
differentiation of the DNA isolated from RoundupReady® soybean and non-genetically modified
soybean. Both nucleic acid samples did not require any amplification procedure and were prepared
with commercially available DNA isolation kit. The equivalent analytical results was obtain for the
detection of both 35S promoter and nos terminator. The examined nucleic acid sequences are present
in wide variety of GMOs, therefore the biosensor could be adapted to the detection of other genetically
modified food components made not only from GM soybean.

Additionally, the biosensor performance did not include the chemical (e.g. in piranha solution) or
electrochemical (e.g. cyclic in defined potential range in slightly acidic solutions) electrode cleaning,
which could have been more complex and time-consuming. In the context of obtained experimental
results the DNA hybridization biosensor presented a strong potential to be used in screening of
genetically modified food components. Established procedure provided promising features towards the
development of very useful analytical tool.
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