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A B S T R A C T

The authors described a universal amperometric DNA biosensor for rapid and ultrasensitive detection of the
specific IS6110 DNA sequence of Mycobacterium tuberculosis (MTB). Surprisingly, when tufted carbon nanotubes
(CNTs) doped with polyaniline (PAN), a unique flower-like structure with large surface area, abundant active
groups and efficient redox activity was obtained. Accordingly, CNTs-PAN nanohybrid was designed both as
novel redox nanoprobe and nanocarrier to decorate signal probe, forming tracer label for the generation and
amplification of electrochemical signal. In addition, functionalized fullerene (C60) nanoparticles (FC60) were
employed as sensor platform to accelerate electron transfer and increase the loading of capture probe (CP).
Moreover, enzyme-assisted target recycling amplification including three-way DNA junction could resolve the
restriction of target sequences and make this method universal for other analytes. In the presence of target DNA,
the assistant probe (AP), together with target DNA, could hybridize with CP and open its hairpin structure to
form the Y-shaped junction and recognition sequence for nicking endonuclease. Once the CP was cleaved, the
released AP and target DNA could hybridize with another CP to trigger the next cycle of cleavage, resulting in a
large number of cleaved CP. After hybridization between cleaved CP and tracer label, a significantly enhanced
electrochemical signal of CNTs-PAN could be easily read out. Based on the multiple signal amplification strategy,
a wide detection linear range from 1 fM to 10 nM was obtained for target DNA of MTB. More importantly, the
universal DNA biosensor also showed high specificity and sensitivity for MTB detection in clinical samples,
which may provide a pragmatic tool for MTB testing and hold a great potential for other analytes.

1. Introduction

Although fighting with tuberculosis (TB) has last for many years, the
world is still beset by high burden of this disease, which is mainly
caused by the infection of Mycobacterium tuberculosis (MTB). But un-
fortunately, the current method for TB diagnosis is facing great chal-
lenge and remaining in its infancy. At present, TB diagnosis mainly
relies on MTB detection by microscopic examination and bacterial
culture of MTB. However, sputum smear microscopy has low positive
rate and poor sensitivity. With regard to bacterial culture, the slow
growth of MTB usually takes about 4–6 weeks to yield satisfied result,
causing delay diagnosis of TB patients (Steingart et al., 2006; Caceres
et al., 2013). To convert this adverse situation, recently, people found

the genetic sequence of MTB could be an alternative approach for TB
diagnosis. Following this finding, nucleic acid testing methods such as
polymerase chain reaction (Lee et al., 2014) and oligonucleotide mi-
croarray (Thuong et al., 2008) have been used for detecting MTB and
become promising tools for TB diagnosis due to their improved detec-
tion performance. However, due to the low concentration of bacterial in
specimens and some inherent deficits of these methods, there is still no
satisfactory result for TB diagnosis.

So far, electrochemical DNA biosensors have received extensive
attention in the field of pathogen diagnosis due to its high sensitivity,
low cost and easy simplicity of operator (Su et al., 2011; She et al.,
2015). Owing to low concentration of pathogenic organisms in or-
ganism, nanomaterials and biological amplification technologies are
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widely employed in electrochemical DNA biosensors to enhance de-
tection sensitivity (Chen et al., 2013; Dong et al., 2015). Polyaniline
(PAN), with large surface area, high conductivity, environmental sta-
bility and unique electrical properties, has been utilized in many fields,
including supercapacitors (Meng et al., 2010), batteries (Wu et al.,
2013) and biosensors (Ji et al., 2008). Nevertheless, to our best
knowledge, only few studies considering the redox property of PAN
focus on electrochemical detection (Dhand et al., 2011). Since the redox
signal of PAN can only be obtained in strong acid solution, while most
bioanalytes cannot stand this unfriendly environment and there is a
large impediment in its wide application (Ding et al., 2007). For-
tunately, we previously found that carbon material can improve the
intrinsic redox activity of PAN (Bai et al., 2017; Chen et al., 2017).
When PAN was doped with some certain kinds of carbon nanomaterials,
the designed nanohybrids exhibited better redox activity and con-
ductivity performances than that of pure PAN in neutral condition,
which provided innovative strategies for the generation and amplifi-
cation of response signal in electrochemical biosensors to enhance the
detection performances.

With regard to other carbon nanomaterials, carbon nanotubes
(CNTs) has attracted considerable attention due to its high aspect ratio,
outstanding conductivity and strong thermal stability (Guldi et al.,
2006; Trojanowicz, 2006). More interestingly, we found that when
tufted CNTs doped with PAN, the CNTs-PAN nanohybrid displayed
unique flower-like structure and possessed larger surface area than that
of sole CNTs and PAN, which would provide extra advantages ac-
cording to some related literatures. For example, Dong et al. (2018)
found that the wool-ball-like structure of La-based MOFs may provide
more active sites to increase enzyme immobilization amount and thus
have a superior electrochemical sensing performance towards H2O2

detection. Wang et al. (2016) reported that a flower-like HKUST-1
showed increasing catalytic ability, which was subsequently used in
detection of hydrogen peroxide in biological samples. In this work,
flower-like CNTs-PAN nanohybrid not only possessed large surface area
with abundant amine groups for further modification, but also dis-
played excellent electronic conductivity and redox activity, which
mainly benefited from the unique synergistic effect of the two compo-
nents. On the basis of these remarkable advantages, CNTs-PAN nano-
hybrid was employed both as a novel redox nanoprobe and an ideal
nanocarrier in the designed amperometric DNA biosensor.

On the other hand, nucleic acid test based on molecular hy-
bridization is often a 1:1 recognition system between capture probe and
signal tag, which may lead to low signal response and can not meet the
requirement of highly sensitive detection (Liu et al., 2012). In order to
overcome the shortcoming of traditional method and enhance the
sensitivity of detection method, enzyme-assisted amplification strategy
was developed. For example. Chen et al. (2010) presented a sensitive
DNA electrochemical biosensor based on nicking endonuclease assisted
strategy. Zuo et al. (2010) introduced a exonuclease III-aided target
recycling strategy in fluorescence DNA detection for signal amplifica-
tion. These methods changed the 1:1 recognition system because the
target can be used for many cycles, resulting in enhanced detection
sensitivity. However, the major limitation of these methods was the
limitation of nucleotide sequence for target DNA, because the specific
cleaved site of nuclease was generally located in target DNA, which
restricted the wide application of these methods. Recently, a novel
enzyme-assisted target recycling amplification strategy has owned great
popularity due to its unique enzyme digestion process (Wang et al.,
2012). This strategy consists of a three-way DNA junction-aided enzy-
matic recycling process and the cleavage site of nicking endonuclease is
isolated from target, which could overcome the restriction of target
DNA sequences. Therefore, it is possible to flexibly change the sequence
of capture probe and assistant probe according to different target
analytes, greatly expanding its application.

Herein, a new electrochemical DNA biosensor for ultrasensitive
detection of the specific IS6110 DNA sequence of MTB was constructed

by using CNTs-PAN nanohybrid and enzyme-assisted signal amplifica-
tion strategy. First of all, electrodeposited gold nanoparticles (AuNPs)
combined with functionalized fullerene (C60) nanoparticles (FC60) had
large surface area and high conductivity, which provided a suitable
sensing platform to facilitate electron transfer and increase the loading
of capture probe (CP). Secondly, the flower-like CNTs-PAN nanohybrid
with large surface area, excellent redox activity and abundant amine
groups could be decorated with AuNPs and labeled with signal probe to
form a new tracer label for the generation and amplification of elec-
trochemical signal. In addition, a nicking endonuclease assisted three-
way DNA junction system was introduced for target DNA recycling,
which could overcome the restriction of target sequence, making this
method universal in wide field of bioanalysis. When target DNA was
introduced in this system, the assistant probe (AP), together with target
DNA, could hybridize with CP and open its hairpin structure to form a
Y-shaped junction, as well as form the double-stranded recognition
sequence for Nt.BbvCI. Once the CP was cleaved from the junction, the
released target DNA combined with AP could hybridize with another CP
and initiate the next cycle, resulting in a large number of cleaved CP.
After the hybridization between cleaved CP and tracer label, a sig-
nificantly enhanced electrochemical signal of CNTs-PAN could be easily
read out. As a result, the designed DNA biosensor may provide a uni-
versal and powerful tool for other pathogenic microorganism and bio-
molecules in laboratory and clinical application. The stepwise fabrica-
tion process of the biosensor, the preparation procedure of tracer label,
as well as the Y-shaped junction structure of the proposed sensing
system, were depicted and discussed in detail in Fig. 1A, B and C, re-
spectively.

2. Experimental

2.1. Reagents and materials

Cholorauric acid (HAuCl4), poly (diallyldimethylammonium
chloride) (PDDA, 30%), poly (amino-amine) dendrimers (PAMAM, 5wt
% in methanol) were purchased from Sigma-Aldrich Chemical Co.
(USA). Carbon nanotubes (CNTs) and fullerene (C60, 99.5%) were
purchased from XFNANO Nanotechnology Co., Ltd (Nanjing, China).
Potassium persulfate (K2S2O8, 99%) and bovine serum albumin (BSA)
were purchased from J&K Scientific Ltd (Beijing, China). Nicking en-
donuclease (Nt.BbvCI) and NEB buffer were purchased from New
England Biolabs Ltd. (Beijing, China). Patients’ sputum samples were
supplied by the First Affiliated Hospital of Chongqing Medical
University. DNA dissolution and dilution was achieved using 10mM
Tris-HCl buffer (pH 7.4) containing 50mM KCl and 1mM MgCl2.
Solution of K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM) containing 0.1 M KCl was
used to characterize stepwise fabrication process of the DNA biosensor.
Phosphate buffer (0.1 M, pH 7.0) containing 2mM MgCl2 and 10mM
KCl was used throughout the experiment. All other reagents were of
analytical grade. The specific IS6110 DNA sequence was used as target
DNA of MTB throughout the experiment. All oligonucleotides were
provided by Sangon Biotech. Co. Ltd. and the details of each oligonu-
cleotide sequences were listed in Table S1 (see Supplementary mate-
rial).

2.2. Apparatus and characterization

Differential pulse voltammetry (DPV), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements were
carried out using a CHI660E electrochemical work station (Shanghai
Chenhua Instrument Co, China). The electrochemical detection was
taken with a three-electrode system: modified glass carbon electrode
(GCE, 4mm in diameter) as working electrode, platinum wire as aux-
iliary electrode, saturated calomel electrode (SCE) as reference elec-
trode, respectively. The morphologies of the as-synthesized nanoma-
terials were characterized by field emission scanning electron
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microscopy (FE-SEM, JSM7800F, Japan) and Transmission electron
microscopy (TEM, itachi-7500158, Hitachi Co., Ltd, Japan). X-ray
photoelectron spectroscopy (XPS) was carried out using a VG Scientific
ESCALAB 250 spectrometer (Thermoelectricity Instruments, USA).
Fourier transform infrared spectroscopy (FTIR) was recorded on a
Nicolet 6700 FTIR spectrometer (Thermo Nicole, USA). UV–vis ab-
sorption was obtained with a U1800 spectrophotometer (Shimazu,
Japan). PCR amplification was carried out using MJ MINITM Personal
thermal cycler (Bio-Rad, Singapore) and subsequent visualization was
obtained with an imaging system (Bio-rad, Italy).

2.3. Fabrication of the electrochemical DNA biosensor

First, functionalized C60 nanoparticles (FC60) were prepared ac-
cording to the literature with a little modification (Han et al., 2015).
The details for preparation of FC60, CNTs-PAN and tracer label were
shown in Supplementary material. Prior to use, bare GCE was initially
polished with 0.3 and 0.05 µm alumina powder respectively, then it was
rinsed with water and ethanol for 5min. Subsequently, 6 μL of FC60

solution was placed on the mirror-like surface and dried in the air,
followed by electrodeposition of HAuCl4 (1%) to obtain uniformly
AuNPs layer. Then 20 μL of capture probe (5 μM) was dripped onto the
modified electrode surface and incubated overnight at room tempera-
ture. After washing with ultrapure water to remove unbound capture
probe, 20 μL of BSA (1%) was placed on the electrode surface for 1 h to
block the nonspecific binding site. Next, 20 μL mixture solution con-
taining 10 μL different concentrations of target DNA, 7.5 μL assistant
probe (2 μM), 0.5 μL Nt.BbvCI (10,000 U/mL) and 2 μL NEB buffer was
placed on the as-pretreated surface of electrode and incubated for 1 h at
37 °C. Last, 10 μL of tracer label solution was added and hybridized at
37 °C for 1.5 h. After that, outstanding electrochemical response signal
can be easily read out by DPV measurements (the potential from − 0.4
to 0.3 V with 50mV pulse amplitude and 50ms pulse width) in 0.1 M
phosphate buffer (pH 7.0). Fig. 1 showed the fabrication process and
sensing mechanism of the proposed electrochemical DNA biosensor.

2.4. Analysis of clinical application

Twenty-seven groups of sputum samples (20 groups from TB pa-
tients and 7 groups from other patients) were collected from the First
Affiliated Hospital of Chongqing Medical University. To ensure the
quality of clinical samples, sputum specimens from different patients

were collected (more than 1mL per specimen) early morning and stored
at − 80 °C until use. Then each specimen (1mL) was treated with 5mL
NaOH solution (1M) at 37 °C for 1 h to obtain liquefied sputum. After
centrifugation, the precipitate was resuspended in 1mL distilled water.
Next, genomic DNA was extracted by a TIANamp Bacteria DNA Kit.
Afterward, PCR amplification (total 25 μL containing 4 μL genomic
DNA) was carried out as follows: initially denatured at 94 °C for 2min
followed by 35 cycles of 94 °C for 30 s, 62 °C for 30 s, 72 °C for 1min
and 1 cycle of 72 °C for 5min. In order to obtain single-stranded DNA
(ssDNA), the PCR production was heated at 100 °C for 7min and im-
mediately placed on the cold ice for 5min. The resulting ssDNA was
further used for electrochemical analysis.

3. Results and discussion

3.1. Sensing mechanism of the three-way DNA junction

To further explain the sensing mechanism of the three-way junction
amplification strategy and evaluate the specific roles of employed as-
sistant probe (AP) and Nt.BbvCI, control experiments were tested. As
shown in Fig. 2A, the proposed DNA biosensor (incubated with 10 nM
target DNA) exhibited an outstanding current response (curve a). When
target DNA or AP was absent in the sensing system, the hairpin of
capture probe (CP) can not be opened and it was unable to form the
double stranded recognition sequence for Nt.BbvCI. Therefore, there
was no cleaved CP to hybridize with tracer label and only negligible
background signal responses could be observed (curve b and c). In the
absence of Nt.BbvCI, the Y-shaped three-way DNA junction would
stably exist on electrode surface, while the tracer label also could not
hybridize with CP. As a consequence, no remarkable electrochemical
response signal was introduced (curve d).

The gel electrophoresis experiment was further employed to de-
monstrate the procedure of nicking enzyme-assisted three-way junction
amplification strategy. In Fig. 2B, lanes 1–4 showed the electrophoresis
images of CP, CP mixed with 10 nM target DNA and Nt.BbvCI, CP mixed
with AP and Nt.BbvCI and CP mixed with AP and 10 nM target DNA,
respectively. The electrophoresis lanes 2 and 3 showed almost the same
location as lane 1, suggesting that only target DNA or AP can not open
the hairpin structure of capture DNA. When target DNA and AP were
both introduced in absence of Nt.BbvCI (lane 4), some diffuse bands
appeared besides the main band, owing to the formation of some Y-
shaped junctions. These results were in accordance with that of

Fig. 1. (A) Schematic representation of
the stepwise fabrication process of the
electrochemical DNA biosensor: (a)
FC60 modified GCE; (b) electro-
depositing AuNPs on the surface of
FC60/GCE; (c) assembling capture
probe on AuNPs/FC60/GCE; (d)
blocking nonspecific sites with BSA;
(e)-(g) target recycling process based
on nicking endonuclease-assisted three-
way DNA junction process; (h) hy-
bridization between cleaved capture
probe and tracer label for electro-
chemical signal generation. (B)
Illustration of the preparation proce-
dure of the tracer label. (C) The Y-
shaped three-way DNA junction struc-
ture of the proposed sensing system,
which contains a two “A” bases un-
paired bulge in assistant probe and re-
cognition sequence for Nt.BbvCI (in red
box) in assistant probe and capture
probe. The arrow marked between two
bases in capture probe is the cleavage

site.
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electrochemical detection described above. When Nt.BbvCI was added
to trigger the recycling process (lane 5), two new bands appeared. The
high band (as shown by the blue arrow) was the initial formation of
duplex DNA resulted in slow migration. While the low band (as shown
by the red arrow) was the resulting cleaved CP contained a large
number of short nucleic acid fragments with faster migration. These
results confirmed that recycling cleavage of CP was successfully
achieved based on nicking enzyme-assisted three-way junction system.

3.2. Characterizations of nanomaterials

The size and morphology of the as-synthesized nanomaterials were
measured by FE-SEM. As shown in Fig. 3A, FC60 showed irregular
polyhedral structure and distributed homogeneously over the surface.
Fig. 3B clearly displayed the filiform tubules of CNTs. Interestingly, it
could be seen from Fig. 3C that when CNTs doped with PAN, flower-like

nanocluster appeared, exhibiting much larger surface area and porous
structure. Fig. 3D showed that shining cluster of AuNPs (as shown by
the red arrows) were stably attached on the surface of CNTs-PAN, in-
dicating the successful synthesis of Au-CNTs-PAN nanocomposite.
Moreover, the structural features of PAN and CNTs-PAN, as well as the
morphological properties of CNTs-PAN and Au-CNTs-PAN, were further
characterized using UV–vis and FTIR, TEM and XPS, respectively (Fig.
S1 and Fig. S2, see Supplementary material).

3.3. Characterization of the electrochemical DNA biosensor

The interface properties of the surface modified electrodes were
monitored by EIS. The Nyquist diagrams of redox couple [Fe(CN)6]3-/4-

at different modified electrodes were displayed in Fig. 4A and the
semicircle diameter of EIS was equal to the electron transfer resistance
(Ret). Bare GCE had a relatively high Ret (curve a) compared to AuNPs/

Fig. 2. (A) DVP responses of different modified electrodes: (a) the proposed biosensor incubated with 10 nM target DNA; (b) without assistant probe; (c) without
target DNA; (d) without Nt.BbvCI. (B) The gel electrophoresis imaging of different sensing system.

Fig. 3. FE-SEM images of (A) FC60, (B) CNTs, (C) CNTs-PAN and (D) Au-CNTs-PAN.
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FC60 modified electrode (curve b), which was attributed to the large
surface area and high conductivity of AuNPs and FC60. When capture
probe was assembled onto the electrode surface, the stem-loop DNA
structure greatly impeded the electron transfer (Xiao et al., 2005),
causing the dramatic increase of Ret with a big semicircle domain (curve
c). After non-conductivity BSA blocked non-specific sites on the elec-
trode surface, further increase of Ret was observed (curve d). When the
electrode was incubated with the mixture of assistant probe, target DNA
and nicking endonuclease, Ret decreased greatly (curve e). This may
attribute to the formation of Y-junction structure and subsequent
cleaved process to produce cleaved capture probe on electrode surface,
which reduced the impediment of electron transfer causing by stem-
loop capture probe. The stepwise fabrication process of the DNA bio-
sensor was also investigated by CV (Fig. 4B) and the data from CV were
in accordance with that from EIS, further indicating the successful
construction of the DNA biosensor.

3.4. Analytical performance of the biosensor

To investigate the application of the proposed biosensor for MTB
detection, the specific IS6110 DNA sequence of MTB (Marangu et al.,
2015) was detected in this experiment and DPV measurements was
used to evaluate the performance. As illustrated in Fig. 5A, the peak
current increased gradually with the increasing concentrations of target
DNA in 0.1M phosphate buffer (pH 7.0). The standard calibration curve
for target DNA detection was shown in Fig. 5B. The peak current was
proportional to the logarithm value of target DNA concentration over 7
orders of magnitude range from 1 fM to 10 nM, and the limit of de-
tection (LOD) was estimated as 0.33 fM (S/N=3). The regression
equation was I=− 36.76 lgc – 4.364 with a correlation coefficient of
0.9910.

In addition, the reproducibility of the biosensor was also in-
vestigated by using five different electrodes with the same DNA con-
centration (10 nM). Fig. 5C shows that these electrodes exhibited the
closely current response and the relative standard deviation (RSD) was
3.17%, suggesting satisfying reproducibility of our strategy. For the
long-term storage stability, as shown in Fig. 5D, the current response of
these five electrodes retained from 94.5% to 96.9% of their corre-
sponding initial current response after storage for 10 days (4 °C), which
demonstrated that our method presented a good stability. Moreover,
the selectivity of the biosensor was studied and the results were shown
in Fig. S3 (see Supplementary material), indicating high specificity for
target DNA of MTB.

TB diagnostic is often based on direct identification of MTB (Perez-
Risco et al., 2018; Yan et al., 2016). LOD was an important factor to
analyze the detection performance for MTB testing. For example, Pang
et al. (2015) reported a specific real-time PCR, of which the LOD was
250 fold lower compared with conventional real-time PCR, resulting an
enhanced sensitivity. Similarly, a multiplexed real-time PCR assay

reported with low LOD had achieved a satisfying result compared with
the standard method recommend by World Health Organization (Reed
et al., 2016). Thus, as shown in Table 1, MTB detection in this work had
lower LOD compared with other previous reported methods, which
exhibited much higher sensitivity. In addition, this detection method
with wider linear range may have the potential to monitor the response
of TB treatment in more early stage (Friedrich et al., 2013).

3.5. Clinical sample analysis

Clinical PCR product was often used for assessment of the practical
performance of DNA biosensor (Liu et al., 2016; Wang et al., 2014).
Thus, twenty-seven groups of clinical PCR products of patients’ sputum
samples (20 groups from TB patients and 7 groups from other patients)
were used to explore the potential application of the proposed DNA
biosensor for TB diagnosis. Every sample was repeatedly tested three
times for reliable data. The patients’ information and results were
presented in Fig. S4 and Table S2 (see Supplementary material). The
data showed that the 6th, 7th, 16th, 17th, 18th, 22th and 23th groups
of sputum samples from non-TB patients exhibited insignificant current
response while the rest samples from TB patients showed much higher
signal response. The results obtained through electrochemical sensing
were in great accordance with that from gel electrophoretic analysis
and clinical diagnosis and the RSDs were in range of from 0.5% to 9.4%
based on three parallel determination results. Therefore, it was quite
evident that the obtained results primitively demonstrate the possibility
application of our strategy in clinical practice.

4. Conclusions

In summary, a universal electrochemical DNA biosensor for MTB
detection was successfully constructed. Compared with other biosen-
sing for MTB detection, this method showed a superior sensitivity with
lower LOD and wider linear range, which attributed to the employment
of multiple signal amplification strategy. More importantly, satisfactory
results for clinical PCR products determination was obtained, indicating
this method may provide a powerful tool for the early diagnosis and
monitor of TB disease. It should be noted that the number of clinical
samples may not be enough and the clinical samples still need pre-
treatment of PCR. Therefore, the future work should be done to analysis
a large number of clinical specimens to further prove the feasibility and
efficiency of our method in clinical application. Meanwhile, it is still
important to find the easier way for sample pretreatment, which may
further simplify the whole detection process.
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Fig. 5. (A) The peak current obtained
by DPV with corresponding concentra-
tions of target DNA (scan range from
− 0.4 to 0.3 V, in 0.1M phosphate
buffer). (B) The calibration plots of
DPV peak current versus the logarithm
of target DNA concentration (The error
bars represent the standard deviations
of three parallel determination results).
(C) Reproducibility of the DNA bio-
sensor based on detection of five dif-
ferent electrodes. (D) Long-term stabi-
lity of the DNA biosensor after 10 days
of storage (4 °C) based on the corre-
sponding five electrodes.

Table 1
Detection performances compared with other methodologies for MTB.

Detection method Linear range LOD (M) Ref.

SWV 1.5× 10−9

–1.25× 10−8 M
1.3× 10−9 (Yesil et al.,

2016)
ECL 10−10–10−7 M 4×10–11 (Li et al., 2014)
SWV 10–14–10−9 M 8.7× 10–15 (Zhang et al.,

2015)
Impedimetric

analysis
10–14–10−8 M 10–14 (Perumal et al.,

2018)
DPV 10–15–10−9 M 3.3× 10–16 This work

SWV: square wave voltammetric; ECL: electrochemiluminescence; CV: cyclic
voltammetry; DPV: differential pulse voltammetry; LOD: limit of detection.
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