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quantitation of the tuberculosis-associated biomarker CFP-10
in sputum
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Abstract
An electrochemical aptamer-based assay is described for the determination of CFP-10 which is an early secretary biomarker of
Mycobacterium tuberculosis. CFP-10 is specifically captured by its aptamer and then induces a DNA cross-linking click reaction,
the release of CFP-10, and an amplification cycle of repeated CFP-10 release. This mechanism (with dual amplification via DNA
click and target release cycle) causes more and more CFP-10 Apt strands on the electrode surface to expose their 5′ overhang and
to hybridize with the DNA complexes linked to the gold nanoparticles (AuNPs). Consequently, large amounts of AuNPs, each
loaded with a number of quadruplex DNA motifs, can be bound on the electrode surface and remarkably enhance the signal.
Under optimal conditions, the method has a detection limit as low as 10 pg.mL−1 of CFP-10. The method was successfully
applied to the diagnosis of M. tuberculosis in sputum.
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Introduction

Mycobacterium tuberculosis (Mtb) remains one of the biggest
health threats in the developing and some industrialized coun-
tries, of high rates of morbidity and mortality [1–4].
Therefore, establishing a sensitive, and highly efficient detec-
tion method for Mtb has always been an active area of re-
search, with significant importance for human health.
Currently, many diagnosis methods have been developed,
such asmycobacterial culture, tuberculin skin test, and sputum
smear microscopy method, but none of which are without
their own problems [5–10]. For instance, the gold standard
method for Mtb diagnosis is mycobacterial culture, which is
often time consuming [11, 12]. Tuberculin skin test is the most
widely used method, but it has low specificity [13–16]. While
sputum smear microscopy method depends on both the qual-
ity and bacterial load of the sputum specimen and is of low
sensitivity [17]. Over the past few years, although great efforts
have been devoted to improve tuberculosis-detection
methods, there is still an urgent need for an ultrasensitive,
and efficient method for tuberculosis detection.
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To overcome the drawbacks of the traditional methods,
many attempts have been made to use novel techniques such
as the surface-plasmon resonance (SPR) [7, 11], and electro-
chemical method [18–21]. Among them, electrochemical
methods exhibit unique merits of high sensitivity, which have
attracted much attention in the field of disease diagnosis.
However, most of the electrochemical methods for the assay
of tuberculosis are based on one-way signal amplification
strategy, which is not enough for the detection of low concen-
tration biomarkers [22–25]. Since the level of tuberculosis
antigen is very low, such as culture filtrate protein10 (CFP-
10) protein, which is an early secretary antigen and used as an
antigen for the detection of early tuberculosis (TB) infection.
It is still highly required to develop amplification approaches,
which may present more satisfactory results for tuberculosis
assays.

Here, we have proposed a dual amplification strategy for
CFP-10 detection based on DNA click ligation induced target
cycling and G-quadruplex-hemin complex. This electrochem-
ical method is not only the first report for CFP-10 antigen
detection based on DNA nano-machinery, but it also has sev-
eral advantages. (1) First, due to the specificity of aptamer
toward CFP-10, this method demonstrates high selectivity.
(2) Very low detection limit can be achieved due to the dual
amplifications, which is conducive to the early diagnosis of
tuberculosis. (3) The aptamer of CFP-10 lays the foundation
for dual-signal amplification strategy and allows cost-efficient
analysis as compared to the use of expensive antibodies. So,
the strategy in this work may provide better performance in
tuberculosis diagnosis.

Materials and methods

Materials

CFP-10 antigen and 6 kDa early secretory antigenic target
(ESAT-6) antigen were obtained from Cusabio Co., Ltd.
(https://www.cusabio.com/). CFP-10 ELISA kit was purchased
from Jianglai Biotechnology Co., Ltd. (http://jianglai.foodmate.
net/). H2O2, Bovine serum albumin (BSA), tris (2-
carboxyethyl) phosphine hydrochloride (TCEP), hemin,
EDTA, hydroquinone (HQ), and 6-mercapto-1-hexanol
(MCH) were purchased from Sigma-Aldrich Chemical Co.,
Ltd. (https://www.sigmaaldrich.com/). Sputum samples were
obtained from the Second Hospital of Nanjing. Other reagents
used in this study were of analytical grade and used as
purchased without further purification. Phosphate buffered
saline (PBS; 0.1 M; pH 7.4) was prepared by dissolving 2.2 g
Na2HPO4, 8.5 g NaCl, and 0.2 g NaH2PO4 in 1000 mL doubly
distilled water. The buffer used in this work also included
electrochemistry determination buffer (0.1 M PBS containing
0.2 mM HQ and 1.0 mM H2O2, pH 7.4), TE buffer (10 mM

Tris-HCl and 1 mM EDTA, pH 7.4), and DNA immobilization
buffer (10 mMTris-HCl, 10 mMTCEP, 0.1MNaCl and 1 mM
EDTA, pH 7.4). Sample treatment solution was prepared by
dissolving 4 g NaOH in 100 mL isopropanol. 12 sputum sam-
ples including 6 samples from tuberculosis patients and 6 sam-
ples from healthy volunteers were collected from the
Department of Tuberculosis, the Second Hospital of Nanjing,
which were approved by the ethical committees of the Second
Hospital of Nanjing. Treatment of sputum samples: 1 mL spu-
tum were added into 2 mL sample treatment solution, and in-
cubated at room temperature for 10 min after severe shocks.
The liquefied sputum solution was used to detect CFP-10.
DNAOligonucleotides (HPLC purified) used in this work were
synthesized by Sangon Biotechnology Co., Ltd. (https://www.
sangon.com/). And the sequences were listed as follows (from
5′ to 3′ end):

Dibenzocyclooctyne (DBCO)-DNA, SH-CGTACAAC
CAAC-DBCO;

CFP-10 aptamer (CFP-10 Apt) [26, 27],
TCCTGAAAGGGGCCTGCCCCACTATCTCACAT

GGGGTTCAGTTGGTTGTACG;
Complementary probe (CP) DNA,
TGAACCCCATGTGAGATAGTGGGGCAGGCCCC

TTTCAGGA;
DNA 1, TGGGTAGGGCGGGTTGGGTTTTTT-SH;
DNA 2, GGGGCAGGCCCCTTTCAGGATTTTTT-SH;
and azido (N3)-DNA, N3-TGAACCCCATGTGA

GATAGT.
The fraction of CFP-10 Apt written in italics can bind with

CFP-10 antigen.

Preparation of AuNP-DNA complexes

AuNPs and AuNP-DNA complexes were prepared according
to methods previously reported [28, 29]. Two different
thiolated oligonucleotides (10 μM, 100 μL, molar ratio of
DNA 1/DNA 2 = 1:10) were activated with TCEP (50 mM)
for 2 h. Then the DNA solution was added into 1 mL AuNPs.
After standing for 12 h with gentle shaking at 37 °C, 0.1%
sodium dodecyl sulfate (SDS) was added into above system
and the sodium chloride concentration was brought to 0.5 M.
The solution was then centrifuged for 20 min at 12000 rpm
and rinsed three times (10 mM PBS, pH 7.4) to remove the
unbound DNA. The AuNP-DNA complexes were finally
redispersed in 1 mL of PBS and stored at 4 °C for further use.

Electrochemical detection of CFP-10 (10-kDa culture
filtrate protein) antigen

The gold electrode (3.0 mm in diameter) was prepared as in
the previously report [30]. Then the gold electrode was incu-
bated with oligonucleotides immobilization solution contain-
ing DBCO-DNA (1 μM) overnight, followed by treating with
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an aqueous solution of 1 mMMCH for 20min to prevent non-
specific adsorption. Then, the electrode was further rinsed
with double-distilled water and dried again with nitrogen.
Subsequently, the modified electrode was incubated with
CFP-10 Apt (0.5 μM) and CP DNA (0.5 μM) for 1 h,

followed by incubation with 0.25 μM N3-DNA (dissolved in
TE buffer, pH 7.4) mixed with different concentrations of
CFP-10 antigen for 40 min at 37 °C. The electrode was incu-
bated with 10 μL AuNP-DNA complexes at 37 °C for 1.5 h,
Then, 10 μL hemin solution (25 mM HEPES, 50 mM KCl,

Scheme 1 Schematic illustration
of the detection of CFP-10. a
Detection procedure. b The
reaction between DBCO-DNA
and N3-DNA. c The construction
of AuNP-DNA complexes.

Fig. 1 a TEM image of the AuNPs, and the inset is the DLS size
distribution of the AuNPs. b TEM image of AuNP−DNA complexes,

ant the inset is the DLS size distribution of the AuNP−DNA
complexes. (C) UV-vis spectra of (a) AuNPs, and (b) DNA/AuNPs
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200 mM NaCl, 12.5 mM MgCl2) was added on the electrode
surface at 37 °C for 2 h, followed by electrochemical measure-
ments. Electrochemical measurements were carried out on
660D Electrochemical Analyzers with a conventional three
electrode system, which is consisted of a saturated calomel
electrode (SCE) as the reference electrode, a platinum wire
as the counter electrode, and a gold electrode as the working
electrode. Differential pulse voltammetry (DPV) was per-
formed in electrochemistry determination buffer, while the
electrochemical impedance spectra (EIS) experiments were
performed in 5 mM [Fe(CN)6]

3−/4− with 1 M KNO3. The
experimental parameters were listed as follows: for DPV ex-
periments, scan range, −0.1 V to 0.2 V; for EIS, bias potential,
0.213 V; amplitude, 5 mV; frequency range, 0.1 Hz to
100 kHz.

Enzyme-linked immunosorbent assay (ELISA)
for CFP-10

These steps were carried out according to the instructions of
CFP-10 kit.

Results and discussion

Method design

The principle of our design is illustrated in Scheme 1. CFP-10
Apt is first modified onto the electrode surface. In the presence
of the CFP-10 antigen, which can bind to the aptamer (Apt)
which will undergo a conformational change, releasing its
complementary DNA that originally covers the upper portion
of the Apt sequence. This can expose the DCBO group at the
terminus of DCBO-modified DNA that still pairs with the
stock of the Apt strand. The azide group of N3-DNA can
trigger the click chemical reaction smoothly. Subsequently,
N3-DNA shares the same complementary sequence as the
released CP DNA, can bind with the CFP-10 Apt to liberate
the antigen for the next cycle. This cycling of the target protein

Fig. 2 Electrochemical impedance spectra of (a) the bare gold electrode,
(b) the electrode treated with DBCO-DNA and MCH, (c) the electrode
treated with CP DNA, and CFP-10 Apt. (d) the electrode treated with CP
DNA, CFP-10 Apt, N3-DNA, and AuNPs-DNA complexes, and (e) the
electrode treated with CP DNA, CFP-10 Apt, CFP-10, N3-DNA, and
AuNPs-DNA complexes. Inset is the equivalent circuit. Rs, Ret, W and
Q represent the solution resistance, the charge-transfer resistance, the
warburg impedance and the constant phase element, respectively

Fig. 3 DPV curves for different concentrations of CFP-10 (ng.mL−1): (a)
0.01, (b) 0.05, (c) 0.1, (d) 0.5, (e) 1, (f) 5, (g) 10, (h) 50, and (i)
100 ng.mL−1 in 0.1 M PBS (pH 7.4) containing 1.0 mM H2O2 and
0.2 mM HQ. The inset is the calibration plot. Error bars indicate standard
deviation of three independent experiments

Fig. 5 DPVs obtained at the modified electrode incubated with biological
samples. The sputum samples from (b) healthy volunteers, and (c) tuber-
culosis patients respectively. (a) Blank control: 10 mM PBS (pH 7.4)

Fig. 4 Comparison of the DPV peak currents in the presence of BSA,
ESAT-6, and CFP-10 respectively. All targets are at 100 ng.mL−1. The
error bars represent the standard deviation of three measurements. Blank
control: 10 mM PBS (pH 7.4)
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can be viewed as the first amplification step. Upon pairing
with the N3-DNA, the 5′ overhang of CFP-10 Apt become
exposed and can hybridize with AuNPs-DNA complexes.
After addition of hemin in the above system, G-quadruplex-
based DNAzyme is formed due to the guanine-rich sequences
of DNA 1. TheG-quadruplex-hemin complex can catalyze the
oxidation of hydroquinone by hydrogen peroxide to produce
hydroquinone, which has a redox reaction on the surface of
the electrode and produces a peak current, resulting the quan-
tification of CFP-10. The signal of G- quadruplex-hemin com-
plex and AuNPs occur at the same voltage in the presence of
H2O2 and hydroquinone. And the signal of G-quadruplex-
hemin complex is higher than AuNPs. Thus, the second am-
plification can be achieved mainly through the signal of G-
quadruplex-hemin complex.

Characterization of AuNPs and AuNP-DNA complexes

Figure 1 a, b show the TEM images of the synthetic AuNPs
and AuNPs−DNA respectively. The results show that AuNPs
are monodispersed spherical particles, which have a narrow
particle size distribution. And there is no obvious differences

of morphology and dispersity between AuNPs and AuNP
−DNA complexes. Dynamic light scattering (DLS) has been
selected to analyze the hydrodynamic diameters of the AuNPs
and AuNP−DNA complexes. As shown in the insets of Fig.
1a, b, the diameters of the AuNPs and AuNP−DNA com-
plexes are about 12.6 and 20.4 nm, respectively. UV-vis spec-
trophotometry has been used to validate the modification of
DNA to AuNPs. As shown in Fig. 1 c, compared with the UV-
vis spectra of AuNPs (curve a), a strong absorbance peak at
260 nm can be detected for AuNP-DNA complexes, which
shows an obvious change in the shape, position and symmetry
of the absorption peak (curve b). The result demonstrates that
AuNP-DNA complexes have been constructed successfully.

Characterization of the electrode modification

EIS has been selected to validate the modification processes of
the electrode surface [31]. As shown in Fig. 2, the bare gold
electrode displays as a straight line, suggesting the good elec-
tron transfer capability of electrode (curve a, 52 Ω). After
incubation with DBCO-DNA and MCH sequently, a semicir-
cle appears, meaning the DBCO-DNA andMCH are modified
on the electrode, because the interfacial electron transfer resis-
tance is increase (curve b, 478 Ω). After treatment with CP
DNA and CFP-10 Apt sequently, the diameter of the semicir-
cle increases again, meaning the binding of CFP-10 Apt with
DBCO-DNA (curve c, 1264 Ω). Subsequently, treatment of
the electrode with N3-DNA and AuNP-DNA complexes does
not change the impedance significantly, because AuNP-DNA
complexes cannot bind with CFP-10 Apt in the absence of
CFP-10 antigen (curve d, 2058 Ω). However, the diameter of
the semicircle significantly increases in the presence of CFP-
10 antigen due to the CFP-10 Apt binding with AuNP-DNA
complexes (curve e, 2904 Ω).

Condition optimization

The following parameters are optimized: (a) the concentration
of DBCO-DNA; (b) the concentration of CFP-10 Apt; (c) the
ratio of DNA 1/DNA 2; (d) the pH of TE butter; (e) the incu-
bation time; (f) the incubation time of hemin. The following

Table 1 A comparison of the
method with previously reported
ones

Detection method Linear Range Detection
limit

Assay times References

1 Plasmonic ELISA 0–0.1 μg. mL−1 0.01 μg. mL−1 9.5 h [32]

2 Surface plasmon resonance (SPR) 0.1–1 μg. mL−1 100 ng. mL−1 Not provided [33]

3 Surface plasmon resonance (SPR) 0.1–150 ng. mL−1 0.1 ng. mL−1 2.5 h [7]

4 Electrochemical 20–100 ng. mL−1 15 ng. mL−1 3 h [18]

5 Electrochemical 0.01–100 ng.
mL−1

10 pg.mL−1 5.5 h This study

Fig. 6 The comparison between this method with ELISA. 1: Blank
control: 10 mM PBS; 2–7: 6 sputum samples from healthy volunteers;
8–13: 6 sputum samples from tuberculosis patients. Error bars indicate
standard deviation of three independent experiments
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experimental conditions are found to give best results: (a) the
concentration of DBCO-DNA is about 1.0 μM (Fig S1); (b)
the concentration of CFP-10 Apt is about 0.5 μM (Fig S2); (c)
the ratio of DNA 1/DNA 2 is about 1:10 (Fig S3); (d) the pH
of the TE is about 7.4 (Fig S4); (e) the incubation time is about
40 min; (Fig S5); (f) the incubation time of hemin is about 2 h
(Fig S6).

Electrochemical assay for the 10-kDa culture filtrate
protein (CFP-10)

Under the optimized conditions, the concentration of CFP-10
antigen is investigated by DPV. As can be seen in Fig. 3, an
increase of the electrochemical signal can be observed as the
concentration of CFP-10 antigen increases from 10 pg.mL−1

to 100 ng.mL−1. The linear relationship between the logarithm
of CFP-10 antigen concentration and the electrochemical sig-
nal is obtained as y = −1.33 x-4.52, with a correlation coeffi-
cient of R2 = 0.996. The detection limit is calculated to be
10 pg.mL−1 based on signal to noise ratio of 3 (S/N = 3),
which is suitable for quantitative analysis of low-level tuber-
culosis antigen.

Selectivity of the electrochemical method

To test the selectivity of this electrochemical method, bovine
serum albumin (BSA), and ESAT-6 have been selected as the
interfere proteins for the assay. ESAT-6 is secreted by
Mycobacterium tuberculosis, which is a lowmolecular weight
protein and can be serve as a biomarker for early diagnosis of
tuberculosis. As shown in Fig. 4, high peak current response
can be obtained only for the samples containing the CFP-10
antigen. In the contrary, these control proteins will not produce
significant electrochemical signal response. So, the dual am-
plification strategy can be used for the development of new
method for selective detection of CFP-10 antigen.

Sputum sample analysis

To further explore the practical application of the sensing
method for CFP-10 assay in complex sample, we have used
this method to detect CFP-10 antigen in sputum samples of
6 TB patients and 6 healthy volunteers from the Second
Hospital of Nanjing. As shown in Fig. 5, the CFP-10 antigen
level of TB patients (curve c) is much high than healthy vol-
unteers (curve b). To evaluate the reliability of the method, the
assay results of CFP-10 antigen in sputum samples using the
method are compared with the reference values obtained by
ELISA. As shown in Fig. 6, the estimated values obtained by
ELISA are nearly the same to our method, indicating an ac-
ceptable accuracy.

Conclusions

A dual amplification strategy for ultrasensitive detection of
CFP-10 antigen has been established in this work through
the DNA click ligation induced target cycling and gold nano-
particles loaded with G-quadruplex DNAmotifs. The strategy
may have several distinct advantages. First, this assay shows
high selectivity toward CFP-10 antigen, because of the spec-
ificity of aptamer. Second, owing to the recycling target pro-
teins and the G-quadruplex DNA motifs induced by clicking
chemical reaction, the assay can achieve a lower detection
limit toward CFP-10 antigen with 10 pg.mL−1 (Table 1).
Third, using aptamer allows cost-efficient analysis compared
to the use of antibodies. Considering the above advantages,
the method for CFP-10 antigen assay based on the strategy
proposed in this work might hold a great potential for further
applications in biomedical research and clinical diagnosis in
the future.
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