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 Sequence-specifi c label-free nucleic acid biosensor for the detection 
of the hepatitis C virus genotype 1a using a disposable pencil 
graphite electrode      

    Soner     Donmez  1  ,       Fatma     Arslan  2     &         Halit     Arslan  2    

  1 Department of Chemistry, Faculty of Science and Art, Nevsehir Haci Bektas Veli University, Nevsehir, Turkey and  2  Department 
of Chemistry, Faculty of Science, Gazi University, Ankara, Turkey                             

  Introduction 

 Th e hepatitis C virus (HCV), a common chronic blood borne 
infection, causes severe diseases in humans, such as cirrhosis 
and hepatocellular carcinoma (Wilkins et   al. 2010). About 170 
million people are infected with the HCV (Pournaghi-Azar 
et   al. 2009). Testing for HCV is off ered for at-risk populations, 
and the polymerase chain reaction is used for the quantifi -
cation of the virus for confi rmatory testing. Ribavirin and 
pegylated interferon are the recommended current therapy 
for chronic HCV. Nine genetically distinct HCV genotypes 
have been shown worldwide so far. In the United States, the 
ratio of genotype 1 is 72% of the patients with HCV infection; 
the ratio of genotype 2 is 16% to 19%; the ratio of genotype 3 
is 8% to 10%; and the ratios of other genotypes are 1% to 2% 
(Wilkins et   al. 2010). 

 Label-free electrochemical detection techniques have 
recently received increased attention (Lin et   al. 2014, 

Lucarelli et   al. 2004, Wu et   al. 2011). Th e peak heights of 
guanine and adenine signals are used to develop label-free 
electrochemical genosensors (Erdem et   al. 2004, Meric et   al. 
2002). Such direct detection can be carried out by evaluating 
the diff erences in some electrical parameters obtained after 
the hybridization event. Because these kind of strategies can 
eliminate the usage of indicators, they make the sensing pro-
tocol easier. In addition, the assay is safer, since the indica-
tors used for genosensors are generally toxic or carcinogenic 
compounds (Lucarelli et   al. 2004). 

 Guanine is more easily oxidized and more suitable for 
indicator-free hybridization detection when compared to 
other nucleic acid bases (Wang 2002). Th e fi rst indicator-free 
protocol was developed by Wang et   al. (Wang et   al., 1996b). 
Th e hybridization event was observed by recording the 
decrease of the guanine signal of the immobilized probe, fol-
lowing the addition of the complementary target (Lucarelli 
et   al. 2004). 

 It was reported in the literature that, in comparison with 
other techniques, the advantages of the label-free electro-
chemical DNA biosensors using the guanine oxidation signal 
of oligonucleotides on carbon electrodes are that the strategy 
is applicable, simple, and less time consuming. However, this 
method cannot be used for some cases (e.g. increase of the 
electrochemical guanine signal bases on the electrode after 
hybridization of the probe with DNA targets having guanine 
(Pournaghi-Azar et   al. 2009) ii.) Both probes and target oli-
gonucleotides generally include guanine bases, which make 
it diffi  cult to determine whether the guanine oxidation signal 
stems from the targets or the probes. Such limitations were 
solved by using an inosine-substituted probe (guanine-free) 
(Tosar et   al. 2010). 

 Inosine is a base which is not naturally present in 
DNA, but it binds to cytosine, as guanine does (Tosar et   al. 
2010). Moreover, it doesn ’ t give any oxidation signal within 
the potential range of guanine oxidation (Wang et   al. 1998). 
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Tel:  �    90 384 215 39 00/14130. E-mail: sonerdonmez@nevsehir.edu.tr  
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  Abstract 
 In this paper, we demonstrate a simple, sensitive, inexpensive, 
disposable and label-free electrochemical nucleic acid biosensor 
for the detection of the hepatitis C virus genotype 1a (HCV1a). 
The nucleic acid biosensor was designed with the amino-linked 
inosine-substituted 20-mer probes, which were immobilized 
onto a disposable pencil graphite electrode (PGE) by covalent 
linking. The proposed nucleic acid biosensor was linear in the 
range of 0.05 and 0.75  μ M, exhibiting a limit of detection of 
54.9 nM. The single-stranded synthetic PCR product analogs 
of HCV1a were also detected with satisfactory results under 
optimal conditions, showing the potential application of this 
biosensor.  

  Keywords:    hepatitis   C virus  ,   inosine  ,   nucleic acid biosensor  , 
  pencil graphite electrode  ,   square wave voltammetry   
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Th us, no guanine signal is observed after immobiliza-
tion with the inosine-substituted probe. Once the target 
oligonucleotide is hybridized to the immobilized inosine-
substituted probe, the guanine oxidation peaks originating 
from the target DNA are measured by using voltammetric 
methods (Odenthal and Gooding 2007). 

 In the work reported here, we present a label-free elec-
trochemical nucleic acid biosensor for the detection and 
discrimination of HCV1a by using the inosine-substituted 
probe. First, the electrochemical activation of PGE was 
carried out. Th en, the probes modifi ed with amino groups 
were immobilized onto a PGE surface by covalent bonding. 
After probe immobilization, the hybridization with comple-
mentary sequences was performed; furthermore, optimal 
conditions were determined for the biosensor. Square wave 
voltammetry (SWV) was also used as a monitoring method. 
Discrimination between the synthetic PCR analogs of HCV1a 
and HCV3a was demonstrated, exhibiting the suitability of 
the proposed genosensor for the rapid and specifi c detec-
tion of the HCV1a.   

 Materials and methods  

 Apparatus 
 Th e CHI 1230B electrochemical analyzer with a three-
electrode cell was used to measure the guanine oxidation sig-
nal. Th ree-electrode systems consist of a platinum electrode 
as an auxiliary electrode, a disposable pencil graphite elec-
trode (surface area of 0.322 cm 2 ) as the working electrode, 
and an Ag/AgCl reference electrode. Th e CHI 11.11 software 
package was also used for the SWV technique.   

 Chemicals 
 Th e pencil graphite was obtained as pencil leads of type HB, 
from Tombow, which were purchased from a local bookstore. 
N-(3-dimethylamino) propyl)-N -ethylcarbodiimide hydro-
chloride (EDC) and N-hydroxysulfosuccinimide (NHS) were 
purchased from the Sigma-Aldrich Chemical Company. All 
other chemicals were also obtained from Sigma. Double dis-
tilled water was used to prepare all the solutions. 

 In this paper, the inosine-substituted 20-mer oligonucle-
otide called pHCV1a, which is complementary to the consen-
sus sequence of HCV1a core protein gene served as the probe, 
and its complementary DNA oligonucleotide (cHCVa1), 
related to the consensus sequence of HCV1a, served as the 

target DNA. Oligonucleotides of 3 mm-HCV1a and ncHCV3a, 
corresponding to two diff erent nucleotide tree-base mismatch 
targets of the HCV1a sequence and the universal sequence of 
HCV3a core/E1 region, respectively, were used. All of the oli-
gonucleotides were supplied as lyophilized powder from Ella 
Biotech Company (Germany) (Table I). 

 Th e stock solutions of the oligonucleotides (500 mg/mL) 
were prepared with ultra-pure distilled water and kept 
frozen. More dilute solutions of the capture probes were 
prepared using 0.50 M acetate buff er solution (ABS) (pH 
4.80) containing 20 mM NaCl. More dilute solutions of the 
targets were prepared using a 2xSSC buff er solution (pH 7.0). 
Distilled and deionized water was used in the preparation 
of all solutions. A fresh PGE surface was used for each mea-
surement composed of the immobilization/detection cycle. 
Experiments were carried out at room temperature in an 
electrochemical cell.   

 Electrode preparation 
 Electrical contact with the lead was achieved by using a cop-
per drill chuck (the diameter of the inner hole was 0.5 mm). 
Th e pencil lead was vertically placed onto the holder and 
immersed in the solution. All leads had a total length of 
50 mm and a diameter of 0.5 mm. A total of 10 mm of lead 
was immersed in the solution per measurement. Th e surface 
was polished on a weighing paper to a smooth fi nish before 
each use. 

 Th e electrochemical activation of the PGEs was carried 
out at    �    1.4 V for 30 s in 0.5 M ABS (pH 4.8). Th e aim of the 
electrochemical activation was to increase the hydrophilic 
properties of the electrode surface and produce carboxyl 
groups on the PGE surfaces (Wang et   al. 1996a).   

 Probe immobilization 
 Carboxylic groups were generated onto the PGEs ’  working 
electrode surfaces by electrochemical oxidation ( �    1.4 V for 
30 s), in a slightly acidic environment (0.5 M ABS, pH 4.8). 
Afterwards, an aqueous solution containing 5 mM NHS and 
8 mM EDC was used to activate carboxylic groups of the 
PGEs for 60 min. Th e probe oligonucleotides, having the 
5 ′ NH 2 (CH 2 ) 6  link, were immobilized onto the PGE surface 
by covalent linking. Immobilization was carried out through 
the formation of amide bonds between the carboxylic func-
tionality at PGE surfaces and the amino-terminal ends of the 
probe oligonucleotides (Kara et   al. 2007).   

  Table I. Oligonucleotide sequences employed (mismatches are indicated by bold and underlined characters).  

 Oligonucleotide name  Length  Sequence 

Prob HCV1a
   (pHCV1a)

20-mer 5 ’ NH 2 -(CH 2 ) 6 -CCCACCCICAICCCTCATTA-3 ’  (I    �    Inosine)

Complementary DNA target
   (cHCV1a)

20-mer 5 ’ -TAATGAGGGCTGCGGGTGGG-3 ’ 

Noncomplementary DNA target
   (ncHCV3a)

17-mer 5 ’ -GTGGGTGATATGTGTGG-3 ’ 

3-base mismatch of target HCV1a
   (3mm-HCV1a)

20-mer 5 ’ -  C  AATGAGGGC  G  GCGGGTGG  A  -3 ’ 

Synthetic HCV1a-PCR analog
   (RS-HCV1a)

50-mer 5 ’ TAATGAGGGCTGCGGGTGGGCGGGATGGCTCCTGTCCCCCCGTGGCTCTC-3 ’ 

Synthetic HCV3a-PCR analog
   (RS-HCV3a)

50-mer 5 ’ GTGGGTGATATGTGTGGGGCCGTCTTCCTCGTGGGACAAGCCTTCACGTT-3 ’ 
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  Nucleic acid biosensor for the detection of the hepatitis C virus genotype 1a  3

 Hybridization 
 Th e nucleic acid biosensor was immersed into the hybrid-
ization solution (2xSSC solution of pH 7.0 containing the 
target or non-complementary sequences) for the desired 
time. Subsequently, in order to prevent unspecifi c bonding, 
the nucleic acid sensors were washed with a washing buff er 
containing 2    �    SSC and % 0, 1 SDS for 5 min.   

 Voltammetric transduction 
 Th e nucleic acid biosensor was then immersed into the ABS 
(pH 4.8) for voltammetric measurement. Th e guanine oxida-
tion signal was measured using SWV in ABS, by scanning 
from    �    0.75 V to    �    1.25 V with the following experimental 
conditions: a frequency of 25 Hz, an amplitude of 25 mV, and 
a step potential of 10 mV. Th e experimental procedures are 
illustrated in Figure 1.    

 Results and discussion 

 Firstly, in order to determine an optimal probe density for 
effi  cient hybridization, we used a series of concentrations of 
the probe solution, varying from 0.1 to 10  μ M. Th e guanine 
oxidation signal was measured at about    �    1.05 V in the pres-
ence of full hybridization between the probe HCV1a and its 
complementary DNA target. Th e optimal probe concentra-
tion can be determined by comparing the ratio of the com-
plementary signal to noncomplementary signal (c/nc) (Kara 
et   al. 2009). As seen in Figure 2, the highest ratio for c/nc was 
obtained at a probe concentration of 2.5  μ M. Th us, for our 
further experiments, the optimal probe concentration was 
selected as 2.5  μ M. 

 Secondly, the hybridization was carried out at diff erent 
target concentrations varying from 0.5 to 10  μ M, and conse-
quently, the c/nc ratio was calculated (data not shown). Th e 
concentration of 2.5  μ M was chosen as the optimal target 
concentration for our further studies because of a higher 
c/nc ratio.  

 Optimization of probe immobilization and 
hybridization time 
 Th e sensitivity and selectivity of the nucleic acid biosensor was 
related to the surface coverage of probes on the electrode (Bo 
et   al. 2011). Furthermore, one of the factors aff ecting surface 
coverage might be the immobilization time, besides probe 
concentration. With increasing time, DNA probes immobi-
lized onto the surface may also increase. Th us, the optimal 
probe density can be also determined by optimizing time. 

 Th e immobilization time was changed from 10 to 90 min to 
fi nd the optimal probe immobilization time, and the results 
were obtained by the oxidation signal of guanine. Figure 3 
shows the SWV responses of the guanine increased with an 
increase in the immobilization time of the probe DNA, and 
then decreased after 60 min. In addition, the highest c/nc 
ratio was calculated at 60 min. Th erefore, the optimal immo-
bilization time of the biosensor was chosen as 60 min. 

 Th e eff ect of hybridization time on the detection of the 
HCV1a region was also evaluated with complementary and 
noncomplementary target oligonucleotides. Hybridization 
time is another signifi cant factor in obtaining selectivity 
(Abad-Valle et   al. 2007). Th e hybridization time step was 
performed for 20, 30, 60 and 90 min. Th e best discrimination 
of hybridization was observed with 60 min of hybridization 
(Figure 4). For that reason, the optimal hybridization time 
of the sensor was selected as 60 min. A time of 60 min has 
also been used by other authors as the optimal hybridization 
time for the best discrimination between complementary 
and mismatched targets (Li et   al. 2011, Taufi k et   al. 2011).   

 The eff ect of hybridization buff er and hybridization 
temperature 
 Figure 5a shows the infl uence of diff erent buff ers on the 
hybridization reaction with the use of optimal concentrations 
of probe and target. According to the results, the maximum 
discrimination ratio between the complementary and non-
complementary oligonucleotides was obtained with 1xSSC 

  Figure 1.     Schematic diagram of experimental procedures.  
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(ncHCV3a) and three-base mismatch (3 mm-HCV1a) target. 
Th e suggested sensor was also subjected to RS-HCV1a and 
RS HCV3a, which include 50 bases as synthetic PCR analogs 
of HCV. 

 Th e current of SWV of guanine on the 2.5  μ M probe-
modifi ed PGE after hybridization with ncHCV3a and 
3 mm-HCV1a oligonucleotides was     �    0.98    �    0.18  μ A 
and    �    1.03    �    0.11  μ A, respectively, which after hybridization 
with cHCV1a increased to    �    2.45    �    0.05  μ A (Figure 7a). Th e 
signifi cant current diff erences of the perfect complemen-
tary target DNAs indicate that the suggested sensor readily 
discriminates between perfectly-matched and mismatched 
or 3 mismatched oligonucleotides. Th e selectivity of the 
nucleic acid biosensor was also evaluated with synthetic 

(pH: 7.0), hence it was selected as the hybridization buff er. 
Although the 1xSSC buff er was enough to achieve selectivity 
of the biosensor, the eff ect of ionic strength on hybridization 
was investigated in order to further improve the selectivity 
of the biosensor. As can be seen from Figure 5b, the high-
est c/nc was obtained as 5xSCC (pH: 7.0). Th erefore, 5xSSC 
was used in our further experiments to achieve an eff ective 
hybridization response of the probe and its complementary 
target. 

 Th e eff ect of the hybridization temperature was inves-
tigated at temperatures ranging from 25 ° C to 80 ° C. By 
increasing the hybridization temperature up to 60 ° C, the 
guanine oxidation signal related to the complementary 
target increased, and after this temperature, it decreased 
because of DNA destabilization and denaturation (Figure 6) 
(Abad-Valle et   al. 2007). Th e temperature of 60 ° C was thus 
selected as the optimal hybridization temperature. Even at 
room temperature, the current response of the biosensor 
was enough for further biosensor studies.   

 Selectivity of hybridization in optimized condition 
 Th e investigation of the selectivity of hybridization was car-
ried out with diff erent oligonucleotide sequences includ-
ing the perfect complementary target (cHCV1a), mismatch 

  Figure 2.     Eff ect of probe concentration on the guanine oxidation 
signal: (a) after hybridization of complementary target oligonucleotide 
(cHCV1a), and (b) after hybridization of noncomplementary 
oligonucleotide (ncHCV3a). Error bars represent the standard 
deviation of three independent measurements.  

  Figure 3.     Eff ect of the immobilization time on the guanine oxidation 
signal of the biosensor after hybridization with its complementary target 
oligonucleotide (c-HCV1a) and noncomplementary oligonucleotide 
(nc-HCV3a). Probe and target concentrations were 2.5  μ M. Error bars 
represent the standard deviation of three independent measurements.  

  Figure 4.     Eff ect of the hybridization time on the guanine oxidation signal 
of the biosensor after hybridization with its complementary target 
oligonucleotide (c-HCV1a) and noncomplementary oligonucleotide (nc-
HCV3a). Probe and target concentrations were 2.5  μ M. Immobilization 
time was 60 min. Error bars represent the standard deviation of three 
independent measurements.  

  Figure 5.     (a) Eff ect of buff er solution on the hybridization reaction. 
(b) Eff ect of ionic strength on hybridization.  
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  Nucleic acid biosensor for the detection of the hepatitis C virus genotype 1a  5

PCR analogs which are related to the HCV1a and HCV3a 
gene regions. According to Figure 7b, nucleic acid biosen-
sors successfully discriminated synthetic PCR analogs which 
are related to HCV1a and HCV3a. Th e current of SWV of 
guanine for RS-HCV1a and RS-HCV3a was    �    1.03    �    0.12  μ A 
and    �    0.77    �    0.06  μ A, respectively. 

 Guanine oxidation signals are lower than those obtained 
for shorter synthetic DNA. It could be due to the greater steric 
hindrance of these synthetic PCR sequences compared to 
the shorter oligonucleotides. In addition, hybridization in 
solution is easier compared to a solid support (Zhang et   al. 
2012). Th is could result in weaker electrochemical signals for 
longer sequences on a solid support.   

 Linearity and detection limits 
 Under the optimized conditions, the diagnostic perfor-
mance of the nucleic acid biosensor was investigated using 
the inosine-modifi ed DNA probe to hybridize the diff erent 
concentrations of HCV1a. As shown in Figure 8, the peak 
SWV current is dependent on the concentration of HCV1a. 
When the concentration of HCV1a was increased from 
0.05 to 5.0  μ M, the SWV peak increased and leveled off  at 
2.5  μ M. Linearity was obtained between 0.05 and 0.75  μ M. 
Th e regression equation was y( Δ I)    �    0.829    �    1.7c ( μ M), 
and the regression coeffi  cient (R 2 ) of the linear curve was 
0.998. Th e limit of detection was calculated as 54.9 nM by 
using the equation y LOD  ( I )    �    y B    �   3S y/x , where S y/x  is the 
standard deviation of blank (in this study, the standard 
deviation of the calibration graph), and y B  is the signal of 
the blank (in this study, the intercept of the calibration 
graph). Such a detection limit is acceptable according to 
the limits reported for the other electrochemical nucleic 
acid sensors (Huang et   al. 2011, Li et   al. 2007, Lucarelli 
et   al. 2002).    

 Conclusion 

 In this study, a simple, sensitive, and label-free electro-
chemical nucleic acid biosensor was developed for HCV1a 
detection by using an inosine-substituted probe. Inosine-
substituted probes can be used for the label-free elec-
trochemical nucleic acid biosensor screening of guanine 
oxidation of the target oligonucleotide, since the inosine 
base can pair with cytosine and it does not emit any signal in 
the range of the guanine oxidation signal. 

 Such use of inosine-substituted probes on the electro-
chemical nucleic acid biosensors has some advantages such 
as the ability to be used without any extra labeling, which 
means a decrease in the cost and time of hybridization 
screening. In addition, by using this label-free approach, 
there is no need for external indicators and labels such as 
carcinogenic organic dyes and antitumor drugs posing risks 
to health. 

 Th e nucleic acid biosensor established shows very clear 
discrimination between the fully complementary target 

  Figure 6.     Guanine oxidation signals versus hybridization temperature. 
Error bars represent the standard deviation of three independent 
measurements at each target DNA.  

  Figure 7.     Square wave voltammograms of guanine oxidation on the 
probe-immobilized PGE. (a) Complementary HCV1a (cHCV1a), 
noncomplementary HCV3a (ncHCV3a) and 3-base mismatch of HCV1a 
(3mm-HCV1a) oligonucleotide discrimination (b) Complementary 
HCV1a (RS-HCV1a) and noncomplementary HCV3a (RS-HCV3a) 
synthetic single-stranded PCR product analog discrimination.  

  Figure 8.     Plot of the peak current vs. the concentration of HCV1a from 
0.05  μ M to 5  μ M. Inset: related calibration graph at a concentration 
range of 0.05 – 0.75  μ M.  
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sequence, the three-base mismatched sequence, and the 
noncomplementary target sequence. It also shows very 
good selectivity when synthetic single-stranded PCR analogs 
are used.
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