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A simple electrochemical biosensor was developed for the detection of the mitochondrial NADH dehydro-
genase 6 gene (MT-ND6) and its enzymatic digestion by BamHI enzyme. This biosensor was fabricated by
modification of a glassy carbon electrode with gold nanoparticles (AuNPs/GCE) and a probe oligonucleo-
tide (ssDNA/AuNPs/GCE). The probe, which is a thiolated segment of the MT-ND6 gene, was deposited by
self-assembling immobilization on AuNPs/GCE. Two indicators including methylene blue (MB) and neu-
tral red (NR) were used as the electroactive indicators and the electrochemical response of the modified
electrode was measured by differential pulse voltammetry. The proposed biosensor can detect the com-
plementary sequences of the MT-ND6 gene. Also the modified electrode was used for the detection of an
enzymatic digestion process by BamHI enzyme. The electrochemical biosensor can detect the MT-ND6
gene and its enzymatic digestion in polymerase chain reaction (PCR)-amplified DNA extracted from
human blood. Also the biosensor was used directly for detection of the MT-ND6 gene in all of the human
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Deoxyribonucleic acid (DNA)' is continuously exposed to miscel-
laneous genotoxic substances, environmental mutagens, carcino-
gens, industrial pollutants, and their metabolically active products
that may cause chemical changes in it. As DNA has an essential role
in the determination of hereditary characteristics and storing the
genetic information necessary for the replication of living organisms,
detection of DNA damage is of great importance for human health
protection [1,2]. Also detection of specific sequences in viral and
bacterial nucleic acids is becoming increasingly important in the
diagnosis of disease [3]. Therefore, there is an increasing demand
for sensitive methods of DNA detection for various applications
including the genetics of disease and medical diagnosis [4].

Generally, the detection of specific DNA sequences is performed
by using gel electrophoresis of DNA fragments amplified by the
polymerase chain reaction (PCR). But in this method ethidium bro-
mide, which is commonly used as a staining agent, is a carcino-
genic chemical [5]. Also the sequence of the amplified target
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DNA may be different from that intended. On the other hand, elec-
trochemical methods, which are simple, inexpensive, accurate, and
sensitive [6-8], have attracted particular attention for detection of
DNA hybridization [9-11]. DNA biosensors can detect the presence
of genes or mutant genes associated with inherited human dis-
eases or infectious diseases.

In a DNA electrochemical biosensor generally the recognition
layer is constructed by immobilization of an oligonucleotide with
specific sequence (probe DNA) on the electrode surface by different
methods including adsorption, cross-linking, encapsulation, avi-
din-biotin complexation, and covalent attachment [12]. Then the
target DNA is captured at the recognition layer and the resulting
hybridization signal is transduced into a usable electronic signal
[9]. DNA hybridization is based on the ability of single-stranded
DNA (ssDNA) to recognize its counterpart strand with a comple-
mentary nucleotide sequence. The hybridization event, i.e., forma-
tion of the double-stranded (dsDNA) from probe DNA and target
DNA, can be detected by use of electroactive indicators binding
preferentially to ssDNA or dsDNA. Electroactive indicators were
mainly composed of polymers [13], metal complexes [14], and or-
ganic dyes such as methylene blue (MB) [10,15] and neutral red
(NR) [16].
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As nanomaterials have many applications in different electro-
chemical sensors [17,18], they can also be used in DNA biosensors
[19]. Gold nanoparticles (AuNPs) were used largely in DNA biosen-
sors due to their unique chemical, optical, and electronic properties
[20,21]. Because of the strong affinity of biological compounds and
thiolated molecules to AuNPs, modified electrodes with these
nanoparticles provide a good platform for coating surfaces with
bioactive substances [22].

The MT-ND6 gene (mitochondrially encoded NADH dehydroge-
nase 6) provides instructions for making a protein called NADH
dehydrogenase 6. This protein is part of a large enzyme complex
known as complex I, which is one of several enzyme complexes
necessary for oxidative phosphorylation within mitochondria. Sev-
eral mutations in the MT-ND6 gene have been identified in people
with Leber hereditary optic neuropathy (LHON) [23-25]. A muta-
tion in the MT-ND6 gene also has been identified in a small number
of people with Leigh syndrome [26].

In this paper an electrochemical biosensor is proposed for
detecting the MT-ND6 gene by a hybridization process with probe
DNA on a gold nanoparticle-modified GCE (ssDNA/AuNPs/GCE).
Also the enzymatic digestion process of this gene by BamHI restric-
tion enzyme is investigated at this biosensor. Based on our studies,
this is the first report for electrochemical detection of the MT-ND6
gene and its enzymatic digestion. Applications of the biosensor in
real samples are also studied.

Experimental
Reagents

Tris-base buffer (10 mmol L'+ 0.1 mol L-' NaCl, pH 6.0 and
8.0) was used as buffer solution. HAuCl4, MB, NR, and all other
chemicals were analytical reagent grade and obtained from Merck.
The AuNPs were synthesized in our laboratory by the citrate reduc-
tion method, as described by Lee and Meisel [27]. All solutions
were prepared by doubly distilled water.

The restriction enzyme BamHI was purchased from Roche Diag-
nostics (Mannheim, Germany) with its special buffer. The probe
oligonucleotide sequence (SH-ssDNA) and complementary se-
quence are as below and were prepared from Takapozist (Tehran,
Iran):probe sequence, 5'-(SH)-ATAGGATCCTCCCGAATCAACCCT-
GAC-3’; complementary sequence, 5'-GTCAGGGTTGATTCGGGAG-
GATCCTAT-3’; noncomplementary sequence, denaturized PCR
product of the mitochondrial ATPase 6 gene

Instruments

Electrochemical measurements were performed with a poten-
tiostat/galvanostat (SAMA 500 Electroanalyzer System, LR. Iran).
The utilized three-electrode system was composed of a glassy car-
bon electrode as the working electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a platinum wire
electrode as the auxiliary electrode. All potential in this paper
was reported with respect to SCE. The pH measurements were
done with Metrohm Model 691 pH/mV meters. Differential pulse
voltammetry (DPV) was recorded at scan rates of 100 mV s~! and
with pulse height of 5.0 mV and pulse width of 0.05 s.

Electrode modification

GCE were polished before the experiments by 0.05 pm alumina/
water slurry on a polishing cloth and then washed with ethanol
and water via ultrasonication. Then 5.0 puL of synthesized AuNP
solution was dropped onto the GCE surface and dried in air. This
electrode is named as AuNPs/GCE.

Immobilization and electroactivation of probe DNA at AuNPs-GCE

The AuNPs/GCE was washed with doubly distilled water. The
self-assembled monolayer of SH-ssDNA was formed by dipping
AuNPs/GCE in the SH-ssDNA store solution for 14 h. Then this elec-
trode was immersed in water for 1 h to remove physically ad-
sorbed SH-ssDNA (ssDNA/AuNPs/GCE). The electroactivation of
the electrode was done by two indicators including MB and NR.
For this purpose ssDNA/AuNPs/GCE was immersed in the Tris-
HCl buffer solution containing 20 puM MB or 150 uM NR (pH 8.0
for MB and pH 6.0 for NR) for 10 min. Then the prepared electrodes
were washed with copious amounts of water and Tris-HCI buffer.
These electrodes are named as MB or NR/ssDNA/AuNPs/GCE.

Hybridization

The hybridization procedure was carried out by immersing the
ssDNA/AuNPs/GCE in a Tris-HCl buffer solution (pH 8.0) containing
a certain concentration of complementary DNA sequence and then
incubating at 40 °C for 1 h. After that, the electrode was washed
with copious amounts of water and Tris—-HCl buffer to remove
the unhybridized ssDNA.

Enzyme digestion

For enzyme digestion reaction, modified electrode with double-
stranded DNA (dsDNA/AuNPs/GCE) was immersed in buffered
solution of BamHI enzyme for 1.5 h at 37 °C. This enzyme has the
ability to detect a specific sequence of GGATCC at dsDNA. Then this
electrode was washed with copious amounts of water and Tris-HCl
buffer.

Preparation of real samples

Genomic DNA was extracted from peripheral blood by a DNA
extraction kit (DNA fast Kit-Genfanavaran, Tehran, Iran). The
MT-ND6 gene (complementary target DNA) was PCR-amplified
from genomic DNA (325 bp fragment). PCR amplification of human
genomic DNA samples was carried out in 25 plL volumes, using
0.5 uM primer and 0.2 mM deoxynucleotide triphosphates with
Taq DNA polymerase (Sinaclone, Iran), on a personal Thermocycler
(Techne, England). Following target denaturation at 94 °C for
5 min, PCR was performed for 35 cycles, each cycle consisting of
94 °C for 1 min, 65 °C for 1 min, extension at 72 °C for 1 min, with
a final extension step at 72 °C for 10 min. All PCR fragments sizes
were confirmed using a 1.0% agarose electrophoresis grade gel
(Invitrogen, UK) stained with ethidium bromide and visualized un-
der UV light.

Results and discussion
Electroactivation of ssSDNA/AuNPs/GCE

By immersion of AuNPs/GCE in SH-ssDNA solution the self-
assembled SH-ssDNA on the surface of AuNPs/GCE was prepared
because of strong affinity of the thiol group of SH-ssDNA to AuNPs.
The DPV behavior of this electrode was investigated in Tris-base
buffer solution (pH 8.0). As seen from curve a of Fig. 1, the
ssDNA/AuNPs/GCE has no oxidation peak in the potential region
of —0.8 to —0.2 V. Therefore this electrode is nonelectroactive in
this potential range and should be electroactivated by a suitable
indicator.

Two indicators including MB and NR were used for electroacti-
vation of ssDNA/AuNPs/GCE by its immersion in Tris-base buffer
solution with optimum conditions for each indicator (MB with
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Fig.1. DP Voltammograms of different electrodes in Tris-base buffer solution (a)
ssDNA/AuNPs/GCE in pH 8.0; (b) MB/ssDNA/AuNPs/GCE in pH 8.0, and (c) NR/
ssDNA/AuNPs/GCE in pH 6.0.

concentration of 20 uM in pH 8.0 and NR with concentration of
150 uM in pH 6.0). Curve b in Fig. 1 shows the DP voltammograms
of MB/ssDNA/AuNPs/GCE with an oxidation peak at potential about
—0.3V. DP voltammograms of ssDNA/AuNPs/GCE with another
indicator, i.e., NR/ssDNA/AuNPs/GCE, is seen from curve c of this
figure. As can be seen the DPV current response of the ssDNA/AuN-
Ps/GCE with NR as indicator is much higher than that with MB.

Detection of target DNA by hybridization

Parts A and B of Fig. 2 respectively show the DP voltammograms
of MB/ssDNA/AuNPs/GCE and NR/ssDNA/AuNPs/GCE, before
hybridization (curve a), after hybridization with target DNA (curve
b), and after contact with noncomplementary sequence (curve c).

Comparison of curves a and b in Fig. 2A shows a decrease in the
peak current of MB/ssDNA/AuNPs/GCE after hybridization with
complementary target DNA. The MB has a strong affinity with
the guanine residues in ssDNA. After hybridization the current
signal of MB decreased markedly due to less binding of MB to
dsDNA because of the inaccessibility of MB to the guanine bases
[28]. On the other hand, the peak current of MB/ssDNA/AuNPs/
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Scheme 1. Schematic illustration of the dsDNA/AuNPs/GCE and its digestion by
BamHI enzyme.

GCE, after hybridization with a noncomplementary sequence
(curve c) in Fig. 2A), is close to the current before hybridization. Be-
cause the noncomplementary sequence has no interaction with the
probe ssDNA at MB/ssDNA/AuNPs/GCE, the probe ssDNA remained
single strand with adsorbed MB. This experiment was repeated for
five different prepared sensors and the DP voltammograms were
recorded for each of them. The obtained results are similar for all
sensors. Also the difference between curves a and b was investi-
gated statistically and it was found that these two DP voltammo-
grams are significantly different. As can be seen the prepared
electrochemical biosensor can be used for detecting the desired
target DNA, MT-ND6 gene, from a noncomplementary sequence.
These experiments also were done with NR/ssDNA/AuNPs/GCE
(Fig. 2B). As can be seen the peak current of the biosensor after
hybridization with complementary target DNA (curve b) is in-
creased in comparison with the peak current before hybridization
(curve a). This is due to more affinity of NR to dsDNA than ssDNA.
The NR can bind to dsDNA through an intercalative model, but
ssDNA do not have a double-stranded structure and NR cannot
intercalate to it. However the backbone of ssDNA is in negative
charge and can easily attract positive charged NR molecules.
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Fig.2. DP voltammograms of (A) MB/ssDNA/AuNPs/GCE in Tris-base buffer pH 8.0 and (B) NR/ssDNA/AuNPs/GCE in Tris-base buffer, pH 6.0; curve a, before hybridization;
curve b, after hybridization with target DNA; and curve c, after hybridization with noncomplementary sequence. Insets show the error bars of peak current for five repeated

experiments with five different prepared sensors.
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Fig.3. DP voltammograms of (A) MB/dsDNA/AuNPs/GCE in Tris-base buffer, pH 8.0, and (B) NR/dsDNA/AuNPs/GCE in Tris-base buffer, pH 6.0; curve a before and curve b after
enzymatic digestion. Insets show the error bars of peak current for five repeated experiments with five different prepared sensors.

Therefore, the bonding constant of NR with dsDNA is higher than
ssDNA [29]. Also the peak current is almost constant for NR/
ssDNA/AuNPs/GCE before and after hybridization with a noncom-
plementary sequence (curves a and c in Fig. 2B). Therefore NR/
ssDNA/AuNPs/GCE can detect the safe MT-ND6 gene similar to
MB/ssDNA/AuNPs/GCE. Of course, the difference of (a) and (b) vol-
tammograms was confirmed by statistical analysis for five differ-
ent prepared sensors.

Electrochemical detection of enzymatic digestion

The restriction enzymes, which cut DNA at defined sites, repre-
sent one of the more important groups of enzymes for the manip-
ulation of DNA [30]. In this work the enzymatic digestion process
of BamHI enzyme on target DNA was detected by the DPV
technique. For this purpose, dsSDNA/AuNPs/GCE was immersed in
a buffered solution of BamHI enzyme. BamHI binds at the recogni-
tion sequence of 5-GGATCC-3’, and cleaves these sequences just
after the 5’-guanine on each strand (Scheme 1). After enzymatic
digestion the electrode was immersed in MB or NR solutions for
electroactivation.

Fig. 3 shows the effect of enzymatic digestion on DP voltammo-
grams of (MB or NR)/dsDNA/AuNPs/GCE. Fig. 3A indicates the
increase of current signal of MB after enzymatic digestion (curve
b). The increase of the current signal of MB is due to the cleavage
of double strands in DNA and accessibility of one more guanine
residue for MB (see Scheme 1). On the other hand, Fig. 3B shows
a decrease in current signal of NR after enzymatic digestion (curve
b). The length of the dsDNA strand is shortened after cutting by
enzymatic digestion and therefore a lesser amount of NR can be
intercalated to dsDNA (see Scheme 1). Consequently the current
signal of NR is decreased after digestion of dSDNA/AuNPs/GCE by
BamHI enzyme. The enzymatic digestion process was repeated
for five times by five different prepared sensors (for two indicators,
NR and MB). DP voltammograms were recorded before and after
digestion and the peak current difference between them was
obtained each time. Statistical analysis showed that this difference
is significant. Accordingly, the prepared electrochemical DNA
biosensor in this work can detect the enzymatic digestion process
of BamHI enzymes on a specific target DNA by a simple electro-
chemical method.

Application in real samples

A DNA biosensor for detection of target DNA is useful when it
can be used in real samples. Therefore the application of a prepared

biosensor for detection of the MT-ND6 gene was investigated in
real samples. At first the ability of the biosensor was tested for
detection of complementary sequences produced by PCR amplifi-
cation of genomic DNA. The ssDNA/AuNPs/GCE was immersed in
a solution of PCR product and then electroactivated with NR. The
DPVs of the biosensor before and after hybridization with PCR
complementary sequence are shown in curves a and b of Fig. 4,
respectively. Also curve c of Fig. 4 shows the DPV of the dsDNA
(with PCR product)/AuNPs/GCE after enzymatic digestion by Bam-
HI enzyme. The obtained results, increase of the peak current after
hybridization and its decrease after enzymatic digestion, are ex-
pected for a complementary target DNA. This experiment was re-
peated for four other times. The results showed that the
differences among curves a, b, and c are significant statistically.
To investigate the application performance of the biosensor, it
was used for detection of the MT-ND6 gene in human genome
without PCR amplification. For this purpose, ssDNA/AuNPs/GCE
was immersed in a 43.0 ug mL™! solution of human genome ex-
tracted from blood for hybridization of the probe ssDNA with geno-
mic target DNA. Fig. 5 shows the DP voltammograms of the ssSDNA/
AuNPs/GCE before and after hybridization by genomic solution.
The increase of the NR peak current after hybridizations (curve
b) indicates that this genomic sample has a complementary
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Fig.4. DP voltammograms of NR/ssDNA/AuNPs/GCE in Tris-base buffer pH 6.0,
curve a before and curve b after hybridization with PCR complementary sequence;
curve c is the DP voltammogram of the dsDNA(with PCR product)/AuNPs/GCE after
enzymatic digestion by BamHI enzyme. Insets show the error bars of peak current
for five repeated experiments with five different prepared sensors.
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Fig.5. DP voltammograms of NR/ssDNA/AuNPs/GCE in Tris-base buffer, pH 6.0,
curve a before and curve b after hybridization with genomic sample. Insets show
the error bars of peak current for five repeated experiments with five different
prepared sensors.

sequence for ssDNA, i.e., healthy MT-ND6 gene, because the gen-
ome sample was extracted from a healthy person. The enzymatic
digestion cannot be applied for genomic sample because in this
sample the cytosine base is methylated and therefore the specific
sequence cannot be detected by BamHI enzymes.

Conclusions

A new electrochemical biosensor is developed for the detection
of the MT-ND6 gene and also for study of enzymatic digestion of
this gene by BamHI restriction enzymes. This biosensor was pre-
pared by immobilization of AuNPs on a GCE and self-assembling
of probe SH-ssDNA to AuNPs/GCE. The electroactivation was per-
formed by two indicators including MB and NR. The biosensor
has been applied in a simple procedure for the detection of target
DNA based on the significant difference between the voltammetric
signals of MB or NR obtained for ssDNA and dsDNA. Also electro-
chemical study of enzymatic digestion of the target DNA indicates
the ability of the sensor for detection of the enzymatic digestion by
DPV technique. The obtained results in study of real samples show
that the prepared biosensor can provide a simple and practical
method for detection of the MT-ND6 gene in human genomic sam-
ple without need for PCR amplification.
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