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Abstract
This paper describes a voltammetric method for sensitive determination of specific sequences of DNA. The assay is based on
three-dimensional nitrogen-doped graphene (3D–NG) which, due to its excellent electrical conductivity, provides a favorable
microenvironment to retain the activity of immobilized probe single-strandedDNA and also facilitates electron transfer. The free-
standing 3D–NG electrode was characterized by scanning electron microscopy, Raman and X-ray photoelectron spectroscopy,
cyclic voltammetry, and electrochemical impedance spectroscopy. Differential pulse voltammetry was applied to monitor DNA
hybridization using Methylene Blue as an electrochemical indicator. Under optimal conditions, the peak currents (best measured
at 0.28 V vs. Ag/AgCl) increase linearly with the logarithm of the concentrations of ssDNA in the 10 f. to 10 nM concentrations
range, with a 3.5 f. detection limit (at a signal/noise ratio of 3). The biosensor exhibits good selectivity for ssDNA and can
distinguish even single-base mismatches. The capability of the method was tested with spiked serum samples, and excellent
reproducibility and stability is found. This indicates that the strategy is promising for use in clinical applications.
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Introduction

Deoxyribonucleic acid (DNA) is an essential biomolecule
that encodes and regulates the expression of genetic in-
formation in living organisms. The determination and
quantification of specific DNA sequences is increasingly
important for the diagnosis of several genetic diseases,
including cancer [1, 2]. Therefore, the highly selective
and sensitive detection of specific DNA sequences is a

crucial research goal with immense potential in biomedi-
cal applications [3, 4]. Many techniques have been devel-
oped for DNA detection [5], including fluorescent and
chemically modified probes, surface plasmon resonance
spectroscopy, and the use of a quartz crystal microbalance
[6, 7]. Among these approaches, electrochemical DNA
biosensors pose some advantages, including but not lim-
ited to high sensitivity, ease of use, low cost, speed, de-
vice portability, and the requirement for only small
amounts of sample [8–10].

Many functional materials have unique abilities to
promote faster electron transfer kinetics, and offer ex-
cellent biosensing response characteristics towards a
number of biomolecules [11, 12]. Graphene, a two-
dimensional (2D) material composed of carbon atoms,
is an attractive biosensor material due to its extraordi-
nary electrical, structural, and mechanical properties
[13, 14]. Recently, three-dimensional foam-like
graphene macrostructures (3D–G) were directly synthe-
sized by chemical vapor deposition (CVD), which com-
prised a highly electrically conductive network structure
that offers increased surface area for biomolecule load-
ing and catalytic reactions [15, 16]. Moreover, the
seamlessly interconnected 3D–G networks show
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excellent electrical conductivity, which may improve
electron transfer, and therefore may be suitable mate-
rials for biosensors [17].

The electrical properties, surface structure, and other
intrinsic properties of graphene can be effectively tuned
and enhanced by chemical doping with heteroatoms [18].
Among numerous dopants, N-doped graphene (NG) may
form stronger interactions with biomaterials, contributing
to enhanced biomolecule adsorption capacity [19, 20].
Moreover, compared with pristine graphene, NG shows
higher electron activity and better stability in biological
and other applications [21, 22]. NG has been used in the
oxygen reduction reaction in an alkaline electrolyte, and
displayed higher activity and selectivity than graphene
[23]. Feng et al. developed a new electrochemical sensor
based on NG sheets for the ultrasensitive detection of
dopamine [24].

To the best of our knowledge, although 3D–NG has
been used in electronic devices and supercapacitors, its
applicability to the electrochemical determination of
nucleic acid hybridization has not been examined.
Here, we use the advantages of a conductive 3D–NG
network to develop a new electrochemical DNA biosen-
sor. Chitosan - is a natural polysaccharide derived from
the incomplete deacetylation of chitin, and displays re-
markable properties such as superior film-forming abil-
ity, good adhesion, high water permeability, nontoxicity,
and biocompatibility [25, 26]. Considering this, we
choose chitosan as a binder to further enhance probe
single-stranded DNA (ssDNA) immobilization. In this
work, 3D–NG foam was prepared by CVD using nickel
foam as a substrate. With the unique architecture and
exceptional properties of 3D–NG foam, the biosensor
exhibited superior performance for DNA detection, with
a low detection limit, a wide detection range, high sen-
sitivity, and good stability in human serum samples.
The designed strategy was applied to the ultrasensitive
analysis of DNA.

Experimental

Apparatus and materials

Electrochemical measurements were performed on a
CHI 600D electrochemical workstation (Shanghai CH
Instruments, China). A conventional three-electrode sys-
tem was used consisting of a modified 3D–G working
electrode, a platinum disk auxiliary electrode, and an
Ag/AgCl reference electrode. Samples were morpholog-
ically characterized using a FEI Nova 400 field-

emission scanning electron microscope (FESEM) and a
Zeiss LIBRA 200 transmission electron microscope
(TEM). The phase composition of the samples was
evaluated by X-ray diffraction (XRD) on a Bruker D8
Advance X-ray diffractometer. X-ray photoelectron
spectroscopy (XPS) measurements were conducted
using a 5300 ESCA instrument (Perkin-Elmer PHI
Co., USA). Methylene blue MB and Tris-HCl were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Other reagents were purchased from Chongqing
Chuan-dong Chemical Co., Ltd. All chemicals were of
analytical grade. Deionized (DI) water was produced
using a Milli-Q system.

Probe DNA and target DNA were synthesized and
purified by Sangon Biological Engineering Tech. Co.
Ltd. (Shanghai, China). All oligonucleotide stock solu-
tions were prepared with 0.01 M phosphate buffer
(pH 7.4) and stored at 4 °C. Their base sequences were
as follows:

Capture probe DNA: 5 ′- GCTATAATGCGACA
GGAGATAGGCT-3′.
Complementary ta rge t DNA (CP) : 5 ′ -CGAT
ATTACGCTGTCCTCTATCCGA-3′.
Single-base mismatched target DNA: 5 ′-CGAT
ATTACGCAGTCCTCTATCCGA-3′
Three-base mismatched target DNA: 5 ′-CCAT
ATAACGCAGTCCTCTATCCGT-3′
Non- comp l imen t a r y t a rg e t DNA: 5 ′ -TTGT
CCAGGTAGGAGCACAGGATG-3′.

Preparation of 3D N-doped graphene electrodes

The 3D–NG was synthesized by the chemical vapor
deposition (CVD) method [27, 28]. Typically, a piece
of nickel foam (2 cm × 2 cm, thickness 1.0 mm) was
employed as the growth template and put into a quartz
tube under H2 (20 sccm) and Ar (200 sccm) .
Ethylenediamine (0.25 mL) was the precursor and the
reaction temperature was raised from room temperature
to 900 °C at a heating rate of 10 °C. min−1. The reac-
tion was allowed to proceed for 30 min. Then, after
cooling down to room temperature, the nickel foam
was removed to obtain the final product as the follow
procedure. The 3D–NG/Ni foam was drop-coated with a
PMMA solution, and then dried for 10 min at 150 °C.
Thus, a thin PMMA film that prevents the destruction
of graphene structure upon the removal of the nickel
template was formed on the 3D–NG surface. Then,
nickel was removed by immersing the sample in HCl
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(3 M) solution at 80 °C for 5 h. Finally, the freestand-
ing 3D–NG was obtained by dissolving the PMMA pro-
tective layer in hot acetone. After washing with DI wa-
ter, the freestanding 3D–NG was fabricated as an elec-
trochemical electrode.

Fabrication of the DNA electrochemical biosensor

0.25 g Chitosan was added to 1% acetic acid to obtain a
0.5 wt% chitosan solution. Then 3D–NG was immersed
into the solution and ultrasonicated for 2 h to fabricate
the 3D–NG chitosan composite. After that, the sample
was washed with DI water to clean the acetic acid on
the surface. After drying at room temperature, 5 μL of
ssDNA (1 × 10−6 M) solution was drop-cast to cover the
modified electrode and incubated for 1.5 h at 25 °C.
The electrode modified with probe DNA was then ob-
tained (Fig. 1).

Hybridization with target ssDNA and electrochemical
measurements

Hybridization was performed by immersing the probe
DNA modified electrode into buffer (pH 7.4) containing

various concentrations of target DNA at 30 °C for
50 min. The hybridized electrode was rinsed with buffer
to remove any nonspecifically adsorbed DNA and was
incubated in a 20 μM Methylene Blue solution (con-
taining 20 mM NaCl) for 20 min and then washed by
sodium dodecyl sulfate (SDS) solut ion. Cycl ic
voltammetric (CV) were carried out with the scan rate
of 100 mV/s. Electrochemical impedance spectroscopy
(EIS) investigation was performed with the frequencies
ranging from 104 to 10−1 Hz. Finally, the electrochem-
ical response was measured by differential pulse volt-
ammetry (DPV) in 0.1 M buffer (pH 7.5) using a scan-
ning from −0.5 V to 0 V (modulation time: 50 ms,
interval time: 0.5 s, step potential: 5 mV, modulation
amplitude: 50 mV).

Results and discussion

Characterization of the 3D–NG-based biosensor

The morphology was characterized by using SEM. The
well-defined, foam-like, porous structure of 3D–NG is
shown in Fig. 2a. The pore diameter ranged from 200 to
600 μm. Fig. 2b–e exhibits the porous structure of the

Fig. 1 a Fabrication process for 3D–NG. b Fabrication and detection process of the DNA biosensor
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interconnected 3D scaffold. High-magnification SEM
demonstrated wrinkles on the 3D–NG surface (Fig.
2f), which are typical features of CVD-grown graphene,
and were generated by differential thermal expansion
during the growth process.

The Raman spectra of 3D graphene and 3D–NG
foam obtained at different positions are shown in
Fig. 3a. The relatively weak 2D bonds indicate the

presence of graphene sheets with few layers. For 3D–
G, there was no obvious D band which indicates the
absence of significant defects. When nitrogen atoms
were doped into the graphene foam, the D band was
observed at 1355 cm−1. The D band is usually related
to a series of defects, including bonding disorders and
vacancies in the graphene lattice induced by nitrogen
doping.

Fig. 2 a Photographs of graphene grown on nickel foam. b-f SEM images of the CVD-grown 3D–NG with different magnification
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Survey scans of 3D–NG and 3D–G, and N 1 s narrow
scan XPS spectra of 3D–NG are shown in Fig. 3b. A pre-
dominantly narrow C 1 s peak at ∼285 eV was obtained
with both 3D–NG and 3D–G, while the N 1 s peak at
∼400 eV was present only with 3D–NG. The corresponding
element contents in 3D–NG are 97.29% and 2.71% for C
1 s and N 1 s, respectively [29]. The 3D–NG contained no
Ni, indicating that its successful removal by acid treatment.
The high-resolution XPS N 1 s spectrum shown in Fig. 3c
reveals the presence of five types of nitrogen atoms within
the graphene structure, including pyridinic N (398.3 eV),
pyrrolic N (400.4 eV), graphitic N (401.3 eV), N-oxide
(403.3 eV), and N2 (405.5 eV).

Electrochemical properties of the prepared biosensor

CV was used to test the performance of the modified
electrode. Fig. 4a displays several CV curves corre-
sponding to different graphene-based electrodes, in-
cluding (a) conventional 2D graphene, (b) 3D–G, and
(c) 3D–NG. Curve c shows the highest current value,
suggesting that 3D–NG has the best electrochemical
activity. The results indicate that the 3D structure and

the doped-N atoms of 3D–NG enhance the electron
transfer rate and improve the electrocatalytic activity.
The N-doping along with the high specific surface area
of the 3D porous structure provided an abundance of
adsorption sites for probe ssDNA loading. When
ssDNA was successfully adsorbed on to the electrode,
there was an obvious decrease in the current (curve d),
suggesting efficient immobilization. After hybridiza-
tion with target DNA, the peak current of the modified
electrode further decreased (curve e). The reason for
the decrease is that the movement of [Fe(CN)6]

4−/3-

towards the electrode surface is hindered by the pres-
ence of DNA molecules.

Electrochemical impedance spectroscopy (EIS) was
also used to characterize the different electrodes (Fig.
4b). For EIS, [Fe(CN)6]

4−/3- was utilized as the redox
probe and the semicircle diameter was equal to the
electron-transfer resistance. The data were fit with an
equivalent circuit (inset in Fig. 4b). EIS results were
also in good agreement with the CV responses of
[Fe(CN)6]

4−/3- on the different modified electrodes, in-
dicat ing the successful fabricat ion of the DNA
biosensor.

Fig. 3 a Raman spectra of 3D–
NG and 3D–G. XPS spectra of
(b) survey scan of 3D–NG and
3D–G. cN 1 s narrow scan of 3D-
NG
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Optimization of the experimental conditions

The following parameters were optimized: (A) pH val-
ue; (B) hybridization temperature and (C) hybridization
reaction time. Respective data and Figures are given in
the Electronic Supporting Material. The following ex-
perimental conditions were found to give best results:
(A) A pH value of 7.5; (B) hybridization temperature of
30 °C; (C) hybridization temperature of 50 min.

Target DNA sensing

Differential pulse voltammetry is a sensitive electrochemical
technique that is widely applied for analytical purposes. The
sensitivity of the 3D–NG DNA biosensor was investigated
under optimal conditions by varying the target DNA

sequence. Freestanding ssDNA/3D–NG on the ITO was used
as the work electrode. As displayed in Fig. 5, the electrochem-
ical response was very sensitive to changes in the target DNA
concentration, rising with increased DNA concentration. The
peak currents were logarithmically related to the target DNA
concentration from 1.0 × 10−14–1.0 × 10−8 M and the corre-
sponding regression equation was ΔI (μA) = 64.23 +
4.506 × lg c (M), with a correlation coefficient of 0.9927.
The limit of detection was estimated to be 2.38 × 10−15 M
(n = 3). The sensor was compared to other electrochemical
DNA biosensors. Table 1 shows that it displays excellent per-
formance owing to its 3D porous structure, which provides a
large surface area with excellent electrical conductivity.

Specificity, reproducibility, and stability of the DNA
biosensor

The ability of the biosensor to selectively detect DNA of a
specific sequence is extremely important. The specificity of
the proposed biosensor was investigated by exposing it to
equal concentrations of four DNA sequences: a perfect com-
plementary target sequence (TD), a one-base mismatch se-
quence (1TD), a three-base mismatch sequence (3TD), and a
non-complementary sequence (NC; Fig. 6a). As anticipated,
the highest peak current increment was observed after hybrid-
ization with the TD. However, when hybridized with the NC,
the current changes were comparable to the blank. In addition,
the peak current was higher with a one-base mismatch com-
pared with three, suggesting that the sensor can distinguish
between these sequences. These results indicate the advanta-
geous selectivity of the sensor.

Moreover, the reproducibility of the biosensor was
confirmed by preparing five DNA biosensors and using

Fig. 4 a CV of different modified electrodes in 1.0 mM Fe(CN)6
3−/4-

containing 0.1 M KCl solution. 2D–G (a), 3D–G (b), 3D–NG (c),
ssDNA/3D–NG (d), dsDNA/3D–NG (e). b EIS characteristics of
different modified electrodes in 1.0 mM Fe(CN)6

3−/4- containing 0.1 M
KCl solution. 2D–G (a), 3D–G (b), 3D–NG (c), ssDNA/3D–NG (d),
dsDNA/3D–NG (e)

Fig. 5 DPV curves after hybridization with 0 M, 1.0 × 10−14 M, 1.0 ×
10−13 M, 1.0 × 10−12 M, 1.0 × 10−11 M, 1.0 × 10−10 M, 1.0 × 10−9 M,
1.0 × 10−8 M target ssDNA (curves a-g, respectively), Inset: plot of
peak current vs. log of the concentration of target ssDNA
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them to detect the TD at 1.0 × 10−10 M. The relative stan-
dard deviation (RSD) of the measurements for the five
electrodes was 4.3%, which is very low and demonstrates
the high reproducibility of DNA detection. These results
might be attributed to the excellent conductivity and good
construction of 3D–NG. Similarly, the stability of the bio-
sensor was investigated over the course of one week (one
measurement per day) using five biosensors independent-
ly. The values obtained showed no distinct changes (Fig.
6b), which indicated that the biosensor had sufficient sta-
bility for the continued detection of the TD.

Detection of DNA in human plasma samples

The biosensor was tested in human blood serum samples
under optimal experimental conditions, and the determi-
nation of target DNA was performed by the standard ad-
dition method. Blood samples were diluted 100× in
0.10 M phosphate-buffered saline. As shown in Table 2,
the biosensors displayed good recovery values (94–
103.7%) with an RSD of 1.83–3.08%. These results indi-
cate that our proposed biosensor has great potential in
clinical applications.

Conclusions

In this study, an innovative and simple electrochemical
DNA biosensor was successfully fabricated from 3D–
NG. Because of its high electron transfer efficiency and
large surface area for probe ssDNA loading and catalytic
reactions, the 3D NG-based biosensor displayed extreme-
ly high sensitivity, good selectivity, and repeatability.
Under optimum conditions, the biosensor had a detection
limit of 2.38 × 10−15 M and a linear range (1.0 × 10−14–
1.0 × 10−8 M), successfully discriminates the target DNA
from even single-base mismatches, and displayed good
pe r f o rmanc e i n human b l ood s e r um samp l e s .
Importantly, this electrochemical DNA biosensor can be
conveniently applied to other nucleic acids by changing
the corresponding DNA sequences. But this biosensor is
Methylene blue needed; further action is exploit no label-
ing process or external indicators. Thus more research is
needed to generate reliable, robust, sensitive microchip
technology for rapid and automated nucleic acid analysis
in real samples, we believe that our present work will
result in novel biosensors for diagnostic use against dif-
ficult to cure diseases such as cancer. Future efforts in our
laboratory will be directed toward this goal.

Table 1 Comparison of linear
ranges and detection limits of the
different electrochemical DNA
sensors

Modified material
and electrode

Detection
technique

Linear range (M) Detection limit (M) References

Ag/CCTS/O2/Si DPV 100 f - 10 nM 17 nM [30]

MPA/GO-PAMAM/Au/AuE DPV 1.0 pM - 1.0 μM 1.0 pM [31]

MNAzyme DPV 100 pM - 0.25 μM 79 pM [32]

Ph-NH2/GO/GCE EIS 1.0 pM - 1.0 μM 11 pM [33]

Au NPs/TB–GO DPV 1.0 × 10−11

-1.0 × 10−9
2.9 pM [34]

CdS-labeled blocker DNA DPV 5.0 pM - 1.0 nM 1.2 pM [35]

Au-rGO-PANI DPV 0.1 pM - 10 nM 50 fM [36]

3D–NG DPV 1.0 × 10−14

-1.0 × 10−7
3.5 fM This work

Fig. 6 a Comparison of DPV
responses of the blank and the
four different types of DNA
sequences. (single-base mismatch
target, 1MT; three-base mismatch
target, 3MT; noncomplementary
sequence, NC). b Signal intensi-
ties of the five biosensors (a–e)
were obtained within 1 week
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