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A sensitive impedimetric DNA biosensor for the
determination of the HIV gene based on
electrochemically reduced graphene oxide

Qiaojuan Gong*, Haiying Yang*, Yanyun Dong and Wenchan Zhang

A sensitive impedimetric DNA biosensor for the determination of the HIV-1 gene was
developed by employing electrochemically reduced graphene oxide (ERGO) as a sensing
platform. The DNA biosensor was fabricated by drop-coating graphene oxide (GO) on a
glassy carbon (GC) electrode and covalently immobilizing the designed single-stranded
DNA (ssDNA) probe onto GO using carbodiimide chemistry. The GO was later
electrochemically reduced to ERGO and applied to genosensing. Upon the occurrence of
hybridisation events between the surface-confined ssDNA probe with the target DNA in
solution to form a double-stranded DNA (dsDNA) at the electrode surface, the negative
charge in the electrode/electrolyte interface, and as such, the electron transfer resistance of
the electrodes toward the [Fe(CN)6]3−/4− redox couple were changed. Such a change was
used for impedimetric DNA biosensing. It was found that the employment of ERGO as
immobilization platform could efficiently accelerated the electron transfer and enhance the
EIS response of the DNA biosensor. Under the conditions employed in this study, the
change of the electron transfer resistance was linear with the logarithm of the concentration
of target DNA within a concentration range of 1.0 × 10-12 to 1.0 × 10-9 M with a detection
limit of 3.0 × 10-13 M (S/N = 3). This strategy eliminated the requirement for DNA labelling,
greatly simplifying the procedure. This work demonstrates that the employment of GO as an
immobilization platform and ERGO as a biosensing platform is a promising approach to
designing impedimetric aptasensors with high sensitivity and selectivity.

1. Instruction

The need for a sensitive method for the detection of DNA has
attracted considerable attention due to its diverse applications
including the identification of genetic diseases and disorders and the
detection and characterization of genetic viruses, bacteria, and
parasites.1 Traditional methods for the detection of DNA on the basis
of base-pair hybridization, such as gel electrophoresis or membrane
blots, are slow and labour-intensive. DNA hybridization biosensors
offer considerable promise for obtaining sequence-specific
information in a simpler, faster and cheaper manner compared to
traditional hybridization assays.2 Various DNA biosensors have been
established including fluorescence imaging,3,4 optical,5-7

electrochemical,8-10 electrogenerated chemiluminescence (ECL) 11-13

and quartz crystal microbalance.14 Although a DNA biosensor using
an optical readout has many advantages such as high sensitivity, it
needs much expensive instrumentation for optical imaging, laser
light and labelled probes. Furthermore, the detection limit of the
optical biosensor depends on the thickness of the test solution.
Compared to an optical biosensor, an electrochemical biosensor has
many advantages such as inexpensive instrumentation, low detection
limit and simplicity due to the ease of obtaining an electrical
signal.15

Extensive efforts have been devoted to designing an

electrochemical DNA biosensor to improve the sensitivity and
specificity, to reduce the cost and to simplify the fabrication steps.
They include the employment of different electrode materials and
electrode configurations, the development of efficient
immobilization methods, the exploitation of novel redox probes and
label-free strategies. Various nanomaterials have been employed as
signal transducers on which nucleic acids are immobilized to
improve the detection sensitivity. These substrates possess high
surface area and good conductivity, providing more binding sites and
surface-enhanced charge transfer for enhanced selectivity and
sensitivity.16 Nanomaterials combined with electrochemical
biosensors are emerging options for DNA detection including gold
nanoparticles,17,18 polyaniline nanotubes,19 silica-carbon
nanofibers,20 carbon nanotubes21 and graphene.22-25

Graphene has attracted considerable attention owing to its
extraordinary structure and electrical properties, tuneable surface
functionalities and catalytic properties. Compared with graphene,
graphene oxide (GO) is easily functionalized/decorated due to the
presence of some oxygen-containing groups such as -COOH, -OH,
and C=O groups at the edge of the graphene oxide sheet and the
good dispersion of GO in aqueous solvents.23 Given the ease of
processing and handling GO and its electrochemical flexibility, it
should come as no surprise that the recent efforts to produce
approaches using GO resulted in a wide range of biosensing
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applications such as DNA,22-25 MicroRNA,27 small molecule28 and
protein detection.29 Liu et al.30 reported a sensor for the detection of
DNA by adsorption of a fluorophore-labelled DNA probe on GO.
Hu et al.22 developed a label-free electrochemical impedance
spectroscopy (EIS) DNA biosensor for the detection of human
immunodeficiency virus-1 (HIV-1) gene by GO anchored on a
diazonium functionalized electrode, in which the immobilization of
the DNA sequence was based on π-π stacking interactions. The DNA
hybridization induced GO interfacial property changes and a
conformation transition from ‘lying’ single-stranded DNA (ssDNA)
to ‘standing’ double-stranded DNA (dsDNA), with a detection limit
of 1.1 × 10−13 M. The attractive forces between DNA and GO
include π−π stacking, hydrophobic interactions, hydrogen bonding,
and van der Waals forces.30 Without a covalent linkage, DNA
adsorption is reversible. Bonanni et al.24 developed an
electrochemical assay for the detection of DNA by the covalent
linking of ssDNA to GO using carbodiimide chemistry, and four
different chemically modified graphenes for functionalization by
ssDNA were thoroughly investigated. The results showed that DNA-
graphene hybrid structures exhibit strong biorecognition ability and
could be used for highly selective and sensitive detection of DNA.
The incorporation of a signal molecule labelling step into the nucleic
acid assay has the shortcomings of limited labelling efficiency,
complex multi-step analysis and contamination of samples. The
electrochemical reduction of GO (ERGO) has been proven to be a
green and facile way to synthesize graphene films of high quality
due to the intrinsic graphene structure. Moreover, the electrical
conductivity of ERGO is approximately 8 orders of magnitude larger
than that of the GO film.31 This work employed ERGO as a
supporting material to covalently anchor the ssDNA probe and
developed an efficient method for increasing the sensitivity and
preparing simple EIS biosensors.

The World Health Organization (WHO)/Joint United Nations
Program on HIV/AIDS (UNAIDS) estimates that 40 million people
are living with human immunodeficiency virus (HIV)/acquired
immune deficiency syndrome (AIDS) infection to date.32 The
standard diagnostic tests for HIV infection are blood tests: enzyme
immunoassay, enzyme-linked immunosorbent assay (ELISA), and
Western blot test. All of these tests check for the presence of
antibodies to HIV; they do not check for the virus itself. Compared
to an immunoassay in which antibodies need a long period to be
generated, genetic testing can operate in real-time once the patient is
infected. Therefore, highly specific, rapid, and convenient HIV
detection systems are required to facilitate the identification of
infected individuals, preventing them from further infecting others,
monitoring the disease progression of infected individuals, and
investigating clinical trials of new drugs or vaccine candidates.15, 33

In this paper, we describe a simple, sensitive impedimetric
DNA biosensor for the determination of the HIV-1 gene based on
ERGO as a sensing platform. A HIV-1 gene (38-mer ssDNA from
HIV-1 U5 long terminal repeat gene sequence)34 was chosen as the
target analyte. A schematic representation of the DNA biosensor
with fabrication steps and performance is shown in Scheme 1. The
DNA biosensor was designed by covalently immobilizing an amino-
modified ssDNA probe onto the surface of a GO-modified glassy
carbon (GC) electrode followed by electrochemically reduction to an
ERGO/GC electrode. Upon the hybridization of the probe DNA with
its complementary target DNA in solution, the electron transfer
resistance for the negatively charged [Fe(CN)6]3-/4- redox probe
remarkably increased due to the enhanced electrostatic repulsion
between the dsDNA duplex and [Fe(CN)6]3-/4- redox probe. The
increase in the electron transfer resistance could consequently be
used as the readout of the biosensor. The introduction of ERGO as
the electronic transducer on the DNA biosensor efficiently

accelerated the electron transfer and enhanced the EIS response of
the DNA biosensor. The fabrication and performance of the DNA
biosensor was presented.

Fig. 1. Schematic diagram of the fabrication of the impedimetric
DNA biosensor and the detection of target DNA.

2. Experimental

2.1 Materials and apparatus

A HIV-1 gene (38-mer ssDNA from HIV-1 U5 long terminal repeat
gene sequence) was selected as the target DNA, 5’-GCT AGA GAT
TTT CCA CAC TGA CTA AAA GGG TCT GAG GG-3’.13, 34 A 20-
mer 5’-CAG TGT GGA AAA TCT CTA GC-(CH2)6-NH2-3’ was
used as the probe DNA. Two-base mismatch DNA (5’-GCT AGA
GAT TGG CCA CAC TGA CTA AAA GGG TCT GAG GG-3’)
and non-complementary DNA (5’-CCT TTT AGT CAG TGT GGA
AAA TCT CTA GCA GTG GC-3’) were used to investigate the
selectivity of the DNA biosensor. All oligonucleotides used were
purchased from Sangon Bioengineering Ltd. Co. (Shanghai, China).
All oligonucleotide stock solutions (0.1 mM) were prepared with 10
mM tris-HCl solution (pH 7.40, 1 mM EDTA) and stored at -20 °C.
10 mM phosphate buffer saline (PBS, pH 7.40, 0.10 M
NaH2PO4/Na2HPO4 and 0.10 M KCl) was used as the hybridization
buffer and washing solution.

Graphite powder (320 mesh) was spectroscopically pure and
obtained from Shanghai Chemicals (Shanghai, China). N-(3-
dimethylaminopropy)-N'-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS) and tris(hydroxymethyl)-
aminomethane were purchased from Sigma-Aldrich (USA).
Methylene blue (MB) was obtained from Xi’an Chemical Reagent
Company (Xi’an, China). Alumina powder (0.3 μm) was purchased
from Buehler (USA). All reagents were of analytical grade and used
as received. All aqueous solutions were prepared with ultra-pure
water (18 MΩ·cm) from a Milli-Q Plus system (Millipore).

A CHI 660 electrochemical workstation (Chenhua Instruments
Co., Shanghai, China) was used for the electrochemical
measurements. All experiments were carried out using a
conventional three-electrode system with a fabricated DNA sensor or
a glassy carbon (GC) electrode (diameter 3.0 mm) as the working
electrode, a platinum wire as the counter electrode and an Ag/AgCl
(sat. KCl) as the reference electrode. All potentials are relative to
this reference electrode. Fourier transform infrared (FT-IR) spectra

Page 2 of 9Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00 , 1-3 | 3

were recorded on a KBr disk using a Tensor 27 FT-IR Spectrometer
(Bruker, Germany). Scanning electron microscopic (SEM) images
were obtained with a Hitachi S-4800 (Japan). Transmission electron
micrographs (TEM) were obtained on a JEM-2100 TEM (JEOL,
Japan). Raman spectra were obtained with an inVia Raman
Microscope (Renishaw, British).

2.2 Fabrication of the DNA biosensor and hybridization

Graphene oxide was prepared from natural graphite powder by a
modified Hummer’s method.35 The as-synthesized graphite oxide
was suspended in water and subjected to dialysis for one week to
remove residual salts. After drying at 50 °C overnight, as purified
graphite oxide was exfoliated into GO by ultrasonicating a 0.05 wt%
aqueous dispersion for 30 min. Unexfoliated graphite oxide was
removed by a ultrafiltration at 2000 rcf for 5 min.

The GC electrode was polished with 0.3 μm alumina slurry and
then ultra-sonicated in water for 5 min. 2.0 mg GO was
ultrasonically dispersed in 10 mL of water. 5 μL of the dispersed GO
suspension was drop-coated onto the surface of the pretreated GC
electrode and dried in air. The GO/GC electrode was washed with 10
mM PBS and activated in 0.1 mL of freshly prepared solution
containing 2 g L-1 EDC and 5 g L-1 NHS for 30 min and then was
washed with 10 mM PBS. 10 µL of 0.01 µM capture probe was
coated on the activated GO/GC electrode for 1 h at 25 °C. 10 µL of
10 mM PBS containing 1 mM ethanolamine was dropped onto the
surface of capture probe modified GO/GC electrode and maintained
for 15 min to deactivate the remaining succinimide groups and to
block unreacted active sites on the surface of the electrode.36 After
washing with DNA buffer, the capture probe modified GO/GC
electrode was electrochemically reduced by cyclic voltammetry in
10 mM PBS from -1.7 ~ 0.0 V with scan parameters of 100 mv s-1,
50 circles.37 Finally, the obtained biosensor was washed with DNA
buffer and stored at 4 °C before use.

The DNA hybridization reaction was conducted by dropping 5
μL of a fixed concentration of target HIV-1 gene solution onto the
DNA sensor surface and allowing it to react for 1 h. Then, the
electrode was rinsed with DNA buffer solution to remove
unhybridised DNA. The same procedure as mentioned above was
applied to hybridization with mismatched DNA sequences.

2.3 Electrochemical measurement

After the hybridization reaction, the sensor was placed into an
electrochemical cell containing 5 mL of 10 mM PBS (pH 7.40), 5.0
mM K4[Fe(CN)6]/K3[Fe(CN)6] and 0.10 M KCl. Electrochemical
impedance spectroscopy (EIS) was taken, in which the open circuit
potential was used as a DC bias potential on which the amplitude of
the AC potential was 5 mV. The EIS was recorded over the
frequency from 100 kHz to 0.1Hz with a sampling rate of 12 points
per decade. 2 s of quiet time was allowed before each measurement.
The concentration of HIV-1 was quantified by an increase of the
electron transfer resistance ΔRet (ΔRet = Ret, i −Ret,0), where Ret,0 is the
electron transfer resistance in the absence of HIV-1 and Ret, i is the
electron transfer resistance in the presence of HIV-1. The cyclic
voltammogram signals of the accumulated methylene blue (MB)
were obtained in 10 mM PBS (pH 7.40) containing 20 μM MB.
Working electrodes were transferred into the MB solution and
accumulated for 10 min. Then, they were rinsed and placed in MB-
free PBS buffer, where the cyclic voltammogram was performed
with a potential range of + 0.15 V to − 0.40 V. All electrochemical
experiments were carried out at room temperature (25±1 °C).

3. Results and Discussion

3.1 Characterization of GO and the fabrication of the DNA
biosensor

Fig. 2 shows the FT-IR spectrum, Raman spectrum and TEM of GO
to illustrate its structure and morphology. The FT-IR spectrum of
GO displays the characteristic bands of a carboxylic group (C=O
stretching at ca. 1737 cm-1), an epoxy group (C=O vibration at ca.
1095 cm-1), a hydroxyl group (O-H vibration at ca. 3236 cm-1), and
C=C bonds (C=C stretching at ca. 1614 cm-1) (Fig. 2A), and the
results were in accordance with the literature.34 These confirm the
successful oxidation of graphite due to the abundance of hydrophilic
groups, i.e., -OH, -COOH and epoxides, on the surface of the
obtained GO, which is favourable to the building of the nano/bio
interface. Fig. 2B shows the Raman spectra of graphite and GO,
respectively. The typical features in the Raman spectra of
carbonaceous materials are the D band at ~1365 cm-1, which is
attributed to local defects and disorders, particularly the defects
located at the edges of graphite platelets, and the G band at ~1596
cm-1, which is generally assigned to the E2g phonon of sp2 bonds of
carbon atoms.38 The graphite shows a small D peak at 1356 cm-1 and
a strong G peak at 1565 cm-1(Fig. 2B, curve a). As for GO (Figure
2B, curve b), the spectrum shows broad D and G peaks at 1356 cm-1

and 1606 cm-1, respectively, which are in accordance with the
reference.38 The TEM analysis of GO is shown in Fig. 2C. The
characteristic morphology of GO can be observed from the image,
displaying the featureless basal plane across the majority of the
region and the folded sheets at certain locations. Meanwhile,
structures with mostly smooth basal planes and sharp edges were
also observed. The morphology of the ERGO/GC electrode was also
examined by SEM. As shown in Fig. 2 D and E, ERGO films
dispersed on the GC electrode surface exhibited a curly morphology
consisting of a thin wrinkling paper-like structure, which is in
agreement with the chemical reduction of GO on the GC electrode
surface.31 After the ssDNA probe is immobilized on the ERGO/GC
electrode, some small particles were observed on the crumpled and
wrinkled structures of graphene, which might be the ssDNA
immobilized on the surface.

Fig. 2. FT-IR spectrum (A), Raman spectrum (B), and TEM image (C)
of GO; SEM images of GO/GC electrode (D) and ssDNA/ERGO/GC
electrode (E). Raman spectrum of GO was obtained by laser
excitation at a wavelength of 532 nm.
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Electrochemical impedance spectroscopy (EIS) has proven to
be one of the most powerful tools for determining the characteristics
of interfacial properties in the biosensor fabrication process and
binding process.15 Nyquist plots of the GC electrode subjected to the
step-by-step modification process, using [Fe(CN)6]4-/3- as the redox
indicator, were generated. As shown in Fig. 3A (inset), the Randles
equivalent circuit 39 was found to fit adequately the data obtained
over the measured frequency range, which includes electron transfer
resistance (Ret), electrode/electrolyte solution (Rs) and the Warburg
impedance (Zw). The two elements of the Randles equivalent circuit,
Rs and Zw, represent the properties of the bulk solution and the
diffusion of the redox probe, and they are not affected by the
reaction occurring at the electrode surface. The other two elements,
Cdl and Ret, depend on the dielectric and insulating features at the
electrode/electrolyte interface. Among these electrical parameters,
we focused on the Ret value recorded after each modification step
because the electron transfer process of [Fe(CN)6]4-/3- is strongly
influenced by electrode modification. From Fig. 3A, it can be
observed that the bare GC electrode exhibits a very small semicircle
at high frequencies, and the Ret was 255 Ω. The GO-coated GC
electrode resulted in an increase in Ret from 255 Ω to 8657 Ω, which
was in agreement with the results obtained from the study of DNA
probes immobilized onto graphene-based electrode surfaces.23, 24

When GO was modified onto the GC electrode surface, the Ret value
increased relative to the bare GC electrode, suggesting that GO acted
as an insulating layer that hindered the interfacial electron transfer
due to its disrupted sp2 bonding networks.40 When the ssDNA probe
was covalently immobilized onto the GO/GC electrode, the Ret

increased to 62310 Ω. This is attributed to the fact that the
immobilized ssDNA with a single strand nucleic acid with negative
charges on its phosphate backbone has an electrostatic repulsive
force to [Fe(CN)6]4-/3-. This indicates that the ssDNA probe has been
assembled onto the surface of the GO/GC electrode. The surfaces
were then electrochemically reduced by scanning from 0.0 to -1.7 V,
and the Ret sharply decreased to 4839 Ω, which indicates a reduction
in GO (the electrode surface is now referred to as the
ssDNA/ERGO/GC electrode). After the electrochemical reduction of
GO, the electrochemical behaviour of the electrode toward the redox
probe improved significantly because of the high conductivity and
the neutral nature of the ERGO sheets.41 It was found that the
employment of ERGO as immobilization platform could efficiently
accelerated the electron transfer and enhance the EIS response of the
DNA biosensor. After the target DNA (HIV-1) was hybridized, the
Ret increased to 20980 Ω. When the probe sequence in ssDNA was
hybridized with its target DNA sequence, the double-helix structure
between the probe and target formed. Hybridization brought more
negatively charged phosphate backbones, which prevented the
[Fe(CN)6]4-/3- from penetrating the double-helix bundles. Hence, the
Ret value increased with dsDNA formation, and an impedimetric
signal-on process was achieved. The results suggest that the DNA
biosensor was successfully fabricated and could detect the target
HIV-1 successfully

Cyclic voltammetry experiments with the same electrode
systems were further used to investigate the changes of the electrode
behaviour after each assembly step (Fig. 3B), and the results were in
agreement with the findings from the EIS work. It is well known that
many of the methods used to produce GO introduce defects,
functional groups, carbonaceous impurities and metallic impurities
into the GO structure that are difficult to remove. Impurities at edge
planes, particularly pervasive oxygen-containing functional groups,
can be beneficial for electrochemistry, as these are likely to be major
sites for rapid heterogeneous electron transfer. However, rapid
electron transfer is of little use without a reasonable rate of charge
transport within the GO to move the electrons to or from the

supporting electrode, so there should be an optimal balance between
the levels of oxidation and reduction that can give a reasonable
number of functional groups and defects for electron-transfer
reactions while maintaining an appropriately high level of
conductivity.38

Fig. 3. Nyquist plots of the impedance spectra (A) and cyclic
voltammograms (B) of different electrodes in each step of the
fabrication of the DNA biosensor and the determination of the HIV-
1 gene in a solution of 10 mM PBS (pH 7.40) containing 5 mM
K3Fe(CN)6–5 mM K4Fe(CN)6–0.10 M KCl. Curve a, bare GC electrode;
curve b, GO/GC electrode; curve c, ssDNA/GO/GC electrode; curve
d, ssDNA/ERGO/GC electrode; curve e, ssDNA/ERGO/GC electrode
after incubation with HIV-1 gene for 60 min. Inset: (A) Randles
equivalent circuit used to model the impedance data in the
presence of the redox couple (left hand corner); enlarged Nyquist
plots of a, b, d and e (right hand corner); (B) enlarged cyclic
voltammograms of b and c (left hand corner).

3.2 Electrochemical characteristics of the DNA biosensor

DNA nucleobases could be directly oxidized at the electrode surface
with the oxidation potential increasing in the order of G < A < T < C.
In this case, the direct electrochemistry of ssDNA immobilized on an
electrochemically reduced GO-modified electrode was also
examined. Two well-defined peaks were observed at 1.019 V and
1.219 V (Fig. 4A), corresponding to the electrochemical oxidation of
the A and T bases, respectively. The results were in accordance with
previous reports that a single nucleotide polymorphism detection
could be achieved at a chemically reduced GO-modified electrode.31

These results demonstrate that the large surface area and unique
structure of ERGO provide good candidates for ssDNA grafting.
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Fig. 4. (A) Cyclic voltammograms of ssDNA/ERGO/GC electrode. (B)
Cyclic voltammograms of adsorbed MB at the ssDNA/GO/GC
electrode (a) and ssDNA/ERGO/GC electrode (b) in MB-free PBS
solution (pH 7.40) at a scan rate of 100 mv s-1.

To confirm electrode modification and further illustrate ssDNA
immobilization, the electrochemical behaviour of MB at the GO/GC
electrode and the ERGO/GC electrode was checked (Fig. 4B). MB
could be intercalated into the DNA chain, giving rise to different
electrochemical characteristics compared to its interaction at normal
surfaces. MB, a positively charged aromatic heterocycle belonging
to the phenothiazinyl family, has been reported to adsorb to a
graphitic surface through π-stacking, charge-transfer and
hydrophobic interactions22, 42 and to interact with ssDNA through
electrostatic interactions and specific binding with guanine
residues.42 After immersion in the MB solution for 10 min, the
electrodes, namely the ssDNA-immobilized GO/GC electrode and
ERGO/GC electrode, were placed in MB-free PBS solution to
perform potential cycling. As shown in Fig. 4B, at the
ssDNA/GO/GC electrode, a pair of recognizable redox peaks with
high current intensities was observed (curve a) due to the π-stacking
adsorption of MB on the GO sheet and the electrostatic attraction of
MB on the phosphate backbones of ssDNA. This is the two electron
and one proton transfer oxidation/reduction process between MB and
the reduced form as leucomethylene blue (LB).43 The ssDNA probe
was immobilized on the GO platform according to covalent
interactions, and its negatively charged phosphate backbones were
exposed. Consequently, the dominating electrostatic attraction took
place to attract positively charged MB. While at the ssDNA

immobilized ERGO/GC electrode (curve b), MB/LB redox peak
currents obviously decreased. This may be attributed to the removal
of a considerable number of oxide groups from GO, which resulted
in the decrease of the amount of adsorbed MB.22 Comparing with the
adsorption of MB on the ssDNA/GO/GC electrode, the low amount
of electrostatically attracted MB contributed to the low peak currents.

3.3 Optimization of the capture probe concentration for
immobilization

The concentration of the capture probe for the fabrication of the
biosensor directly influences the surface coverage of the ssDNA
probe on the ERGO/GC electrode for HIV-1 detection. Fig. 5 shows
the dependence of the Ret value on the ssDNA concentration when
incubated with 1.0 × 10-11 M HIV-1. From Fig. 5, it can be observed
that the Ret value increases with an increase of the capture probe
concentration from 1.0 × 10-10 M to 1.0 × 10-8 M due to the increase
of the surface coverage of the ssDNA probe. Then, the Ret value
decreases with the increase of the ssDNA probe concentration from
1.0 × 10-8 M to 1.0 × 10-4 M, which may be related to the fact that
the high-concentration probes might weaken the density of the
capture probes on the electrode surface or the high-concentration
probes might increase the steric hindrance of the microenvironment.
Therefore, a 1.0 × 10-8 M capture probe was used to obtain a high
sensitivity.

Fig. 5. Dependence of the Ret on the concentration of the capture
probe ssDNA. The biosensors were incubated with 1.0 × 10-11 M
HIV-1 gene for 60 min. EIS measurement conditions were the same
as in Fig. 3.

3.4 Performance of the DNA biosensor for HIV-1

The quantitative behaviour of the DNA biosensor was assessed by
measuring the dependence of ΔRet on the concentration of the HIV-1
gene under optimized conditions. Fig. 6A shows Nyquist plots of the
faradic impedance spectra for the biosensor with different
concentrations of the target HIV-1 gene (1.0 × 10-12 M ~ 1.0 × 10-9

M). The inset of Fig. 6A shows the logarithmic relationship between
ΔRet and the concentration of the HIV-1 gene. The regression
equation was ΔRet = 15945 log C + 75728 (C is in units of M) with a
regression coefficient of 0.9936. The detection limit was estimated
to be 3.0 × 10-13 M HIV-1 gene (S/N = 344, 45, 46). A comparison of
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this method with some reported genosensors in terms of the
detection limit and the signal amplification strategy is provided in
Table 1. The detection limit obtained is comparable to the 5.0 × 10-13

M obtained from a DNA impedimetric biosensor23 and the 1.1 × 10-

13 M obtained from an impedimetric genosensor using a diazonium-
functionalized GO-modified electrode.22 It is higher than that of the
genosensors using gold nanorod decorated graphene oxide sheets,25

supersandwiches13 and bioconjugated nanoparticle amplification.7
Although the detection limit obtained by differential pulse
voltammetry with a gold nanorod decorated graphene oxide sheet is
quite lower than that obtained in our work, it requires a complicated
decorating procedure.25 Therefore, the detection limit obtained here
is considerably satisfactory. Based on the reported work in coupling
polymer-based membrane47-54 or nanomaterials,55-58 significantly
enhanced sensitivity may be achievable.

Fig. 6. (A) Nyquist plots of impedance spectra of the DNA biosensor
for different concentrations of HIV-1 gene for 60min: (a) 0; (b) 1.0 ×
10-12; (c) 5.0 × 10-12; (d) 1.0 × 10-11; (e) 5.0 × 10-11; (f) 1.0 × 10-10; (g)
5.0 × 10-10; and (h) 1.0 × 10-9 M. Inset: Dependence of ΔRet on the
logarithm of the concentration of HIV-1 gene. (B) The ΔRet obtained
with the DNA biosensors after the electrodes were incubated with
target-free hybridization buffer, non-complementary DNA, two-
base mismatched DNA and complementary DNA for 60 min. The
concentration of the DNA sequences was 1.0 × 10-11 M. The
illustrated error bars represent the standard deviations of three
repeated measurements. EIS measurement conditions were the
same as in Fig. 3.

The reproducibility of the DNA biosensor was estimated for the
detection of 1.0 × 10-11 M target HIV-1 gene. The relative standard
deviation obtained was 4.7 % using five individual biosensors and
was 4.2 % for seven independent measurements using the same
biosensor. This indicates that the reproducibility of the fabricated
biosensor is feasible. The storage stability of the DNA biosensor was
also examined. After storage at 4°C in 10 mM PBS (pH 7.40) for
one week, the biosensor showed an average EIS value that was 95.6
% of initial EIS value for 1.0 × 10-11 MHIV-1 gene.

Table 1 Comparison of the proposed method with some reported
genosensors

a ECL: electrogenerated chemiluminescence; ASV: anodic stripping
voltammetry; SWV: square wave voltammetry; DPV: differential
pulse voltammetry.

We also investigated the responses of the impedimetric DNA
biosensors by incubating the ssDNA/ERGO/GC electrodes in
target-free hybridization buffer and hybridization buffers containing
different DNA sequences including non-complementary DNA and
two-base mismatched DNA under optimized conditions. The results
are shown in Fig. 6B. A negligible ΔRet value was observed after the
ssDNA/ERGO/GC electrodes were incubated in the target-free
hybridization buffer, implying that the fabricated biosensor was
stable under the present conditions. The increased EIS value
(ΔRet/Ret) was 3.3 for the perfect-matched HIV-1 gene. In stark
contrast, the increased EIS value was only 0.76 for non-
complementary DNA and 1.5 for two-base mismatched HIV-1 gene.
The values were smaller than that observed with complementary
DNA, allowing discrimination of mismatched sequences. The
increased Ret value was due to less efficient hybridization, attributed

Detection
technique/a

Detection
Limit (M)

Signal amplification
strategy

Reference

EIS 1.0 × 10-13 Label-free ERGO-modified
electrode

This work

EIS 1.1 × 10-13 GO anchored on a diazonium-
functionalized electrode

[22]

EIS 1.7 × 10-9 Supersandwich [10]

EIS 5.0 × 10-13

3,4,9,10-perylene
tetracarboxylic acid

functionalized graphene-
modified electrode

[23]

EIS 2.5 × 10-10 Modified printed carbon
electrodes

[24]

DPV 3.5 × 10-15 Gold nanorod decorated
graphene oxide sheet

[25]

SWV 1.0 × 10-10 Methylene blue as a
hybridization redox indicator

[15]

Fluoresc-
ence

8.0 × 10-16 Bioconjugated nanoparticles [7]

Fluoresc-
ence

4.0 × 10-11 FAM-labelled GO/polymer
complex

[59]

Chemilum-
inescence

6.5× 10-10 GO as chemiluminescence
quencher

[60]

ECL 2.2 × 10-14 Supersandwich [13]

ECL 5.0 × 10-12 Gold nanoparticle-modified
electrodes

[11]
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to the mismatched bases in the sequence.22 The ΔRet values were to
be 45.0% and 22.8% of that of hybridization with complementary
DNA for two-base mismatched and non-complementary sequences.
The results were in accordance with that obtained from an ECL
DNA biosensor for the detection of the HIV-1 gene with a
supersandwich ds-DNA structure and a ruthenium complex as an
intercalated signal-producing compound.13 In principle,
hybridization with fully complementary sequences induced much
greater interfacial property changes compared to with mismatched
sequences due to the higher hybridization efficiency.22 Hence, the
largest ΔRet value was observed after hybridization with
complementary sequences in the present study. More mismatched
bases exhibited greater interference with hybridization efficiency,
resulting in less double helix formation and a lower signal intensity.

4. Conclusion

By taking advantage of GO with abundant oxygen-containing
functional groups to immobilize the ssDNA probe and the good
electrochemical properties of ERGO, we have developed an
impedimetric DNA biosensor for the detection of the HIV-1 gene. It
was found that the employment of ERGO as immobilization
platform could efficiently accelerated the electron transfer and
enhance the EIS response of the DNA biosensor. The
ssDNA/ERGO-based DNA biosensor was sensitive and selective for
the target DNA with a low detection limit down to 0.3 pM. And a
good discrimination of mismatched or non-complementary sequence
was also observed. Compared with the existing methods for DNA
detection, the strategy eliminated the requirement for DNA labelling,
representing a comparatively simple method. This method may also
hold promise for potential applications in DNA biosensing and DNA
nanostructure framework construction.
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Text: 

A sensitive impedimetric DNA biosensor for the determination of the HIV gene was developed by 

employing electrochemically reduced graphene oxide as a sensing platform. 
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