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Electrochemical nucleic acid hybridization biosensor based on poly(L-Aspartic
acid)-modified electrode for the detection of short oligonucleotide sequences
related to hepatitis C virus 1a

Soner Donmeza , Leman Ça�gdaşb, Halit Arslanb, and Fatma Arslanb

aBucak School of Health, Burdur Mehmet Akif Ersoy University, Burdur, Turkey; bDepartment of Chemistry, Faculty of Science, Gazi
University, Ankara, Turkey

ABSTRACT
This work describes, for the first time, the fabrication of poly(L-aspartic acid) (PAA) film modified
pencil graphite electrode (PGE) for the detection of hepatitis C Virus 1a (HCV1a). The presence of
PAA on the electrode surface can provide free carboxyl groups for covalent binding of biomole-
cules. The PGE surface was first coated with PAA via electropolymerization of the L-aspartic acid,
and avidin was subsequently attached to the PAA modified electrode by covalent attachment.
Biotinylated HCV1a probes were immobilized on avidin/PAA/PGE via avidin-biotin interaction. The
morphology of PAA/PGE was examined using a scanning electron microscope. The hybridization
events were monitored with square wave voltammetry using Meldola’s blue (MDB). Compared to
non-complementary oligonucleotide sequences, when hybridization was carried out between the
probe and its synthetic targets or the synthetic polymerase chain reaction analog of HCV1a, the
highest MDB signal was observed. The linear range of the biosensor was 12.5 to 100nM and limit
of detection was calculated as 8.7 nM. The biosensor exhibited favorable stability over relatively
long-term storage. All these results suggest that PAA-modified electrode can be used to nucleic
acid biosensor application and electropolymerization of L-aspartic acid can be considered as a
good candidate for the immobilization of biomolecules.

KEYWORDS
Nucleic acid biosensor; Poly
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Introduction

Hepatitis C is a liver disease caused by the hepatitis C virus
(HCV). HCV has a global distribution; worldwide, about 71
million people have chronic hepatitis C infection and
approximately 399 000 people die each year from hepatitis
C.[1] HCV isolates are classified into seven major genotypes
(from 1 to 7) and a large number of subtypes (a,b,c, etc.).
HCV genotype 1 is the most prevalent worldwide. In add-
ition, subtype 1a is one of the most common types.[2]

Enzyme-linked immunosorbent assays (ELISA), chemilumin-
escent methods, and nucleic acid tests such as polymerase
chain reaction (PCR) tests are the most widely used detec-
tion techniques for HCV.[3] However, these methods are
time consuming, are often expensive and require qualified
personnel to conduct them.[4]

The ability to detect specific nucleic acid sequences is in
great demand within clinical diagnostics, environmental ana-
lysis, food safety and drug screening.[5,8] In recent years, a
number of novel nucleic acid-based electrochemical biosen-
sors have been fabricated that provide a simple, inexpensive,
reliable, sensitive and selective platform for the detection of
clinical pathogenic microorganisms and genetic disor-
ders.[9,10] These biosensors combine short nucleic acid
sequences with an electrochemical transducer, which is an

electrode that nucleic acid sequences immobilize onto the
electrode as the biorecognition species. The sensitivity and
lifetime of nucleic acid sensors depends on the immobiliza-
tion of DNA probes onto electrode surfaces. There are
various methods available for immobilizing DNA onto elec-
trodes, such as entrapment in a gel or polymer, covalent
binding, physical adsorption, cross-linking, avidin-biotin
interaction, and electrochemical polymerization.[11]

Polymeric material coating on the electrode surface pro-
vides wide flexibility to the electrode because polymers
include several functional groups. This feature allows rela-
tively large quantities of the compound to be attached to the
polymer film–coated electrode.[12,13]

The use of polyamino acid films such as those of poly(L-
glutamic acid), poly(L-alanine), and poly(L-lysine) has been
reported in the literature to construct voltammetric sen-
sors.[14,16] These types of films offer advantages such as sta-
bility, reproducibility, rapid preparation, and the presence of
some functional groups.[17] L-aspartic acid has one amino
group (–NH2) and two carboxyl groups (–COOH), which
can be easily electropolymerized on an electrode surface to
form poly(L-aspartic) acid. Although the structure of PAA
can be highly relevant as a biopolymer model, it is rarely
used to construct electrochemical sensors.[18] To the best of
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our knowledge, the use of a PAA-modified electrode for the
fabrication of a nucleic acid sensor has not been reported.

Here, we report, for the first time, an electrochemical
nucleic biosensor for the detection of specific DNA sequence
related to HCV1a using PAA-modified pencil graphite elec-
trode (PAA/PGE). We used MDB and avidin-biotin inter-
action as the indicator agent and immobilization method,
respectively. PAA/PGE showed efficient catalytic activity in
the electrochemical detection of HCV1a sequences. The bio-
sensor also successfully discriminated noncomplementary
DNA sequences. Therefore, PAA-modified electrode can be
considered a good nucleic acid biosensor for the detection
of HCV1a sequence.

Experimental

Reagents and chemicals

A CHI-1020 potentiostat with a three-electrode cell was
used for voltammetric measurements. PGE (as a working
electrode), Pt wire (as an auxiliary electrode), and Ag/AgCl
(as a reference electrode) were connected through a poten-
tiostat to construct a DNA biosensor. The brand of pencil
graphite lead used was Tombow (type HB), obtained from a
local bookstore. The diameter of the lead was 0.3mm, and
the length of the lead was 50mm. During each measure-
ment, a total of 5mm of the pencil was dipped in the solu-
tion. A copper drill chuck was used as the working electrode
holder. A fresh PGE surface was used for each measure-
ment. The pH values of the prepared buffer solutions were
measured using a pH meter (Orion Model 720A).
Temperature control of the solution was carried out using a
Grant W14 thermostat.

All the oligonucleotides were purchased from Ella
Biotech Company (Germany) (Table 1), and stock solutions
(500lg mL�1) of the oligonucleotides were prepared by
using ultra-pure water and were stored frozen. The stock
solutions of the probe were prepared by diluting the solu-
tions with 0.5M of acetate buffer containing 20mM NaCl
(pH 4.80); and the stock solutions of targets were diluted
with 2X Saline Sodium Citrate (SSC) buffer solution (pH
7.0). L-Aspartic acid, N-hydroxysulphosuccinimide (NHS),
avidin and N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
(EDC) were obtained from Sigma. All other chemicals used
were of an analytical purity grade, and ultrapure water (18
MX cm�1) was used in the preparation of solutions.

Preparation of Avidin-Modified PAA/PGE

PAA electrodes were prepared using by cyclic voltammetry
(CV). PGE was vertically immersed into aqueous solution
containing 0.02M L-aspartic acid in 0.1M phosphate buffer
solution (PBS) of pH 8.0 and cycled 20 times between �0.8
and þ2.0V at a scan rate of 100mV s�1. After the electro-
polymerization of the PAA, unreacted aspartic acid mono-
mers were removed by rinsing with deionized water. An
aqueous solution containing 5mM EDC and 8mM NHS
was used to activate the terminal carboxylic acid groups of
the PAA/PGE (1 h at room temperature). After rinsing of
the PAA/PGE with 0.1M PBS, it was immersed into PBS
containing 1000 lg mL�1 avidin for 2 h and then cleaned
with 0.1M PBS. The resulting electrode is denoted as avi-
din/PAA/PGE

Immobilization of the biotinylated DNA probe onto the
surfaces of avidin/PAA/PGE

The biotinylated probe DNA was immobilized onto the avi-
din/PAA/PGE via avidin-biotin interaction. The avidin/
PAA/PGE was dipped into 0.1M PBS (pH 8.0) containing
the biotinylated probe DNA for several minutes at room
temperature. Then, the biosensor was washed with 1X SSC
buffer for 5min to remove the unbound DNA probe. A
concentration of biotinylated probe DNA ranging from 0.1
to 10mM was selected to optimize probe concentration.
After the optimum probe concentration had been deter-
mined, the optimal time of the probe immobilization was
examined by reviewing the probe immobilization at 10, 20,
30, 60, and 90min.

Hybridization with target DNA

Hybridization was performed by dipping the probe-immobi-
lized biosensor in a portion of 1.0 lM (unless otherwise
stated)target DNA (complementary or non-complementary)
containing 2X SSC buffer solution at room temperature. To
remove any weakly bound or any unbound oligonucleotides,
the nucleic acid biosensor was washed with 2X SSCþ 0.1%
SDS buffer for 5min.

Additionally, to achieve the optimum analytical perform-
ance of the biosensor, different hybridization times (between
10 and 90min) were tested.

Table 1. Oligonucleotides sequences used in the study.

Oligonucleotide name Length Sequence

Probe DNA (pHCV1a) 20-mer 50biotin-CCCACCCGCAGCCCTCATTA-30
Complementary Target DNA (cHCV1a) 20-mer 50-TAATGAGGGCTGCGGGTGGG-30
Non-complementary target DNA-1 (ncHCV3a) 17-mer 50-GTGGGTGATATGTGTGG-30
Non-complementary target DNA-2 (nc2-MTb) 20-mer 50-CAATGAGGGCGGCGGGTGGA-30
Three-base mismatch of target HCV1a (3mm-HCV1a) 20-mer 50-CAATGAGGGCGGCGGGTGGA-30
Synthetic HCV1a PCR analog (RS-cHCV1a) 50-mer 5’TAATGAGGGCTGCGGGTGGGCGGGATGGCTCCTGTCCCCCCGTGGCTCTC-30
Synthetic HCV3a PCR analog (RS-ncHCV3a) 50-mer 5’GTGGGTGATATGTGTGGGGCCGTCTTCCTCGTGGGACAAGCCTTCACGTT-30
Synthetic MTb PCR analog (RS-ncMTb) 50-mer 50-TCTCGGGGTTTTGGGTCTGACGACTTGAACACGCCG ATACCTATTTGGTC-30
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Interaction with the intercalator molecule and
measurement of MDB signal by square wave
voltammery (SWV)

Following hybridization, the biosensor was dipped into tris
buffer solution (TBS) (20mM, pH 7.0) containing 20mM
MDB for different time durations ranging from 30 to
600 second. Then, the biosensor was rinsed with washing
buffer (1X SSCþ 0.1% SDS, pH 7.0) and placed in a meas-
urement cell containing TBS (pH 7.0).

SWV was performed by scanning from þ0.4V to �0.5V
to evaluate the reduction signal of MDB for probe DNA and
its hybrid form with a complementary sequence. The result
was given as Di (mM), indicating the difference in MDB sig-
nal between the hybrid and the prob. The experimental con-
ditions were as follows: an amplitude of 0.025V, a step
potential of 0.01V, and a frequency of 15Hz. The electro-
chemical detection protocol is showed in Figure 1.

Effect of hybridization temperature

The fabricated biosensor was immersed in 2X SSC buffer
solution (pH 7.0) containing 2.5 mM cHCV1a at different
temperatures (25, 30, 40, 50 and 70 �C) for 30min in order
to optimize the hybridization temperature. Then, SWV was
performed by scanning from þ0.4V to �0.5V to evaluate
the reduction signal of MDB. The experimental conditions
were as follows: an amplitude of 0.025V, a step potential of
0.01V, and a frequency of 15Hz.

Shelf life of the biosensor

For the long-term dry storage stability studies, a certain
amount of biosensor was prepared. Each fabricated biosen-
sor was immersed in buffer solutions (1X SSC containing
2.5% [w/v] of glucose) for 5min, and dried under at room
temperature. The glucose in the buffer solution was used as

Figure 1. Schematic illustration of different steps for the fabrication of DNA biosensor.
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the stabilizing agent.[19] After being stored at þ4 �C for 1, 2,
3, 4, 5, 15, 30, and 60days, the biosensors were washed with
deionized water and incubated in 1X SSC for 30min; then,
they were hybridized with 2.5mM cHCV1a sequence.
Following to hybridization, the intercalation of MDB was car-
ried out for 5min, and SWV was performed by scanning from
þ0.4V to �0.5V to evaluate the reduction signal of MDB.
Results were stated as the percentage of signal decreases in
accordance with freshly prepared biosensor response.

Results and discussion

Electropolymerization of L-aspartic acid onto PGE

PAA film was formed onto PGE via the CV technique.
During the first scan, an oxidation peak arose at about
þ1.70V, which can be related to a peak in free radicals
(Figure 2). The peak that was observed at þ1.70V disap-
peared in the second scan, but a new wide peak arose at
about þ1.78V. It is possible that all the anodic peak cur-
rents increased gradually, showing the formation and growth

of a PAA layer on the PGE surface. In addition, a gray-col-
ored film was observed on the PGE surface, indicating the
formation of a PAA acid film on the PGE surface.

The possible mechanism for this can be explained as
follows: the oxidation of the amino group could convert
to its corresponding cation radical, and carbon nitrogen
links on the PGE surface may occur due to this cat-
ion radical.[20]

Scanning electron microscopy (SEM) image of
poly(L-aspartic acid) film

The surface morphologies of PGE and PAA/PGE were char-
acterized by SEM and the images are shown in Figure 3.
The surface of bare PGE was almost smooth (Figure 3(a)).
When aspartic acid was electrodeposited onto PGE, the lay-
ered PAA particle can be seen clearly (Figure 3(b)).

Optimization of conditions

Some experimental factors influencing biosensor perform-
ance, such as probe concentration, probe immobilization
and hybridization time, hybridization temperature, and
MDB intercalation time were studied.

A low probe concentration on the electrode surface may
cause a small number of biorecognition sites, whereas a
higher coverage of the surface can cause electrostatic and
steric hindrance between probes and target oligonucleoti-
des.[21] The effect of probe concentration was investigated to
find the optimum surface coverage, and the results of this
investigation are shown in Figure 4. pHCV1a concentration
was increased from 0.1 to 10 mM, while the cHCV1a and
ncHCV3a concentrations were kept constant, at 2.0 mM.
Because the highest discrimination ratio (cHCV1a/
ncHCV3a) was obtained at a probe concentration of 2.5 mM,
it was chosen as the optimum probe concentration.

The detection ability of the nucleic acid biosensor can be
improved with immobilization time, which increases the
amount of immobilized probe on the electrode surface.[22]

Figure 2. The electropolymerization of L-aspartic acid on the PGE surface
was carried out CV technique between �0.8–2.0 V for 20 cycles (scan rate:
100mv/s) in 0.1M PBS (pH: 8.0) containing 0.02M L-aspartic acid.

Figure 3. SEM images of (a) the bare PGE and (b) poly (L-aspartic acid) coated PGE.
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Therefore, the immobilization time was investigated in the
range of 10–90minutes (probe concentration 2.5 mM and
target concentration 2.0 mM). As shown in Figure 5(a), the
best discrimination rate (cHCV1a/ncHCV3a) was observed
during immobilization for 30minutes. Thus, a 30min
immobilization time was used for the research.

The influence of MDB accumulation time into the dou-
ble-stranded DNA (dsDNA) and the hybridization time
between pHCV1a and cHCV1a/ncHCV1a were also
explored, as they affect the sensitivity of the biosensor. A

short intercalation and hybridization time may result in low
sensitivity.[23] As shown in Figure 5(b), when hybridization
time was increased from 10 to 90min, the best discrimin-
ation rate (cHCV1a/ncHCV3a) was reached after 30min. As
such, we chose 30min to complete the hybridization
between pHCV1a and cHCV1a. In addition, with the
increase of the intercalation time between the formed
dsDNA and MDB, SWV response enlarged rapidly, finally
reaching a plateau at 300 s, indicating that the dsDNA
formed on the electrode surface was saturated by MDB mol-
ecules at 300 s (Figure 6). Therefore, 300 s was the proper
intercalation time in the following experiment to achieve the
appropriate signal.

Hybridization temperature is an important parameter for
nucleic acid biosensors.[24] Herein, a series of hybridization
temperatures, ranging from 25 �C to 70 �C, were investigated
(Figure 7). The results indicated that by increasing the tem-
perature up to 40 �C, MDB signal increased, and the hybrid-
ization was at its maximum at 40 �C. When the
hybridization temperature continued to increase, MDB sig-
nal decreased. This is because of DNA destabilization and
denaturation.[14,25] Although the maximum efficiency of
hybridization was obtained at 40 �C, 25 �C (room tempera-
ture) was preferred in the following research because MDB
signal was sufficient for further studies.

Figure 4. Current peaks of the MDB before and after hybridization of target
DNA with different concentrations of the probe. Experimental conditions were
as follows: probe immobilization time was 30min.; hybridization time was
30min with 2lM cHCV1a and ncHCV3a; MDB binding time was 5min., and vol-
tammetric technique was SWV. Error bars represent the standard deviation of
three independent measurements.

Figure 5. (a) Effect of probe immobilization time on reduction signal of MDB.
b) Effect of hybridization time on reduction signal of MDB. Experimental condi-
tions were as follows: probe immobilization time was 30min in PBS with 2.5lM
pHCV1a; hybridization time was 30min with 2.5lM cHCV1a and ncHCV3a in 2X
SSC, MDB intercalation time was 5min in TBS containing 20mM MDB, and vol-
tammetric technique was SWV. Error bars represent the standard deviation of
three independent measurements.

Figure 6. Effect of intercalation time on peak current of MDB. Di represents the
differences between the current peak of pHCV1a and cHCV1a sequences.

Figure 7. The effect of hybridization temperature on the biosensor. Error bars
represent the standard deviation of three independent measurements.
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Selectivity of the fabricated biosensor

The selectivity of the developed DNA biosensor was carried
using the fabricated electrode to hybridize different kinds of
DNA sequences (Table 1).

The SWV peak of MDB on the probe-immobilized
electrode was 12.37 ± 0.46mA. After hybridization with
cHCV1a, ncHCV3a, nc2-MTb and 3mm-HCV1a sequences,
it was 24.53 ± 0.86mA, 12.07 ± 0.62mA, 10.90 ± 0.38mA, and
16.33 ± 0.72 mA, respectively (Figure 8). The ncHCV3a, nc2-
MTb, and 3mm-HCV1a sequences had almost the same
current values when compared to the pHCV1a because they
were not fully hybridized with pHCV1a. However, when the
fabricated biosensor hybridized with cHCV1a, the increase
in the biosensor response was almost two-fold that of non-
complementary sequences because the duplex form allowed
the intercalation of MDB. This indicates that the fabricated
biosensor readily discriminates between perfectly matched
and mismatched or 3 mismatched oligonucleotides.

Synthetic PCR analogs related to the HCV1a gene regions
were used to determine the selectivity of the fabricated biosensor.
The fabricated biosensor was, to a good level of satisfaction,

differentiating synthetic PCR analogs related to HCV1a and
HCV3a or the Mycobacterium tuberculosis genome. The current
of the SWV of MDB for RS-cHCV1a, RS-ncHCV3a and RS-
ncMTb was 26.69±0.82mA, 16.53±1.00mA, and 12.20±0.22mA,
respectively (Figure 9).

Shelf life of the biosensor

The storage life of the biosensor was tested for 60 days with
a stabilizing agent used to enhance the dry storage life of
the biosensor.[19,25] After 24 h, it was observed that the bio-
sensor lost 12% of its initial current. The biosensor main-
tained almost 65% of the initial current after 60 days of
storage (Figure 10). This result showed that the fabricated
biosensor could be used for long-term application.

Quantificational detection of the target DNA

We examined the sensitivity of the prepared biosensor upon
the addition of different concentrations of the target DNA
(cHCV1a) in the best optimal experimental conditions. As
shown in Figure 11, the SWV peak of MDB increased with

Figure 8. Square Wave voltammograms and histograms with error bars (inset
graph) of MDB with synthetic oligonucleotides on PAA/PGE with pHCV1a after
hybridization with complementary or non-complementary targets. Error bars
represent the standard deviation of three independent measurements.

Figure 9. Square Wave voltammograms and histograms with error bars (inset
graph) of MDB with synthetic PCR oligonucleotides on PAA/PGE with pHCV1a
after hybridization with complementary or non-complementary targets. Error
bars represent the standard deviation of three independent measurements.

Figure 10. Shelf-life of the fabricated nucleic acid biosensor. The sensor
response is plotted against the number of stored days.

Figure 11. The SWV signal of the biosensor in the presence of different concen-
trations of target DNA (cHCV1a) and calibration plot for cHCV1a in the range of
12.5 nm to 100 nm (Inset graph). Error bars represent the standard deviation of
three independent measurements.

6 S. DONMEZ ET AL.



an increase in the concentration of the target DNA, ranging
from 0.0125–5.0 mM. The calibration plots showed a good
linear dependence between the SWV peak of MDB and
the target concentrations in the range of 12.5–100 nm
(inset of Figure 11); the regression equation is
y(DI)¼ 61.237þ 0.0525c (mM), with a correlation coefficient
of 0.999. The limit of detection was determined by using the
equation yLOD (I)¼ yB þ 3Sy/x, where yB is signal of the
blank (in this study, the intercept of the calibration graph)
and Sy/x is the standard deviation of the blank (in this
study, the standard deviation of the calibration graph).[26]

The detection limit was calculated to be 8.7 nM. The stability
of the biosensor was evaluated by the successive detection of
0.1 mM of target DNA three times, and the relative standard
deviation (RSD) was found to be 2.76%. Compared with
other DNA-sensing platforms, this biosensor has a relatively
low detection limit (Table 2).

Conclusions

The identification and detection of specific nucleic acid
sequences is important in clinical diagnostics, food safety
analysis, and environmental analysis. In this context, we fab-
ricated a novel electrochemical nucleic biosensor via the
electropolymerization of L-aspartic acid onto PGE for the
detection of HCV1a sequence. The use of PAA film in the
nucleic acid biosensor eliminates the complex immobiliza-
tion process of biomolecules because of the free carboxyl
group of PAA. This suggest that PAA can be considered as
a good candidate for the immobilization of biomolecules.
The prepared nucleic acid biosensor has a number of advan-
tages including being cost-effective (because the PGE is
used), being stable in dry storage, requiring only one-step
modification, and being time-efficient; however, this biosen-
sor does still require PCR amplification.
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