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Abstract

The 6-kDa early secretory antigenic target referred to as ESAT-6 is a virulence factor secreted by Mycobacterium tuberculosis
(MTB). This work describes a voltammetric aptasensor for ultrasensitive detection of ESAT-6. Reduced graphene oxide doped
with metal-organic framework (MOF-rGO) was deposited on a glassy carbon electrode (GCE). This increases the immobilization
of electroactive Toluidine Blue (TB) and facilitates the electron transfer from TB to the modified GCE. Platinum/gold core/shell
(Pt@ Au) nanoparticles were used to assemble thiolated ESAT-6 binding aptamer (EBA) on a modified electrode and to further
amplify the response to TB. The modified GCE, typically operated at —0.36 V (vs. SCE), has a linear response in 1.0 x 10~ to
2.0 x 10> ng-mL"" ESAT-6 concentration range, and the limit of detection (LOD) for ESAT-6 is as low as 3.3 x 10> ng-mL™". It
exhibits satisfactory specificity and reproducibility when analyzing spiked human serum.

Keywords Aptasensor - Pt@ Au nanoparticles - Cyclic voltammetry - Electrochemical impedance spectroscopy - Signal
amplification - Electrochemical detection - Effective surface area

Introduction

Tuberculosis is one of the most prevalent and fatal infectious
diseases caused by Mycobacterium tuberculosis (MTB),
which seriously threatens people’s life safety. Because of its
long course of treatment, low cure rate and high recurrence
rate, it causes a great burden on the national economy [1].
Thus, rapid and accurate detection of MTB has important
significance for the early diagnosis and control of tuberculo-
sis. This can reduce the aggravation of patient’s condition due
to misdiagnosis [2]. At present, the conventional methods for
MTB diagnosis exist several defects, which limit theirs wide
application. For example, bacterial culture takes a long time
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and its positive rate is low [3, 4], polymerase chain reaction
(PCR) has high technical requirements and low reproducibil-
ity [5, 6], and the enzyme-linked immunosorbent assay
(ELISA) often suffers from low specificity [7, 8]. Therefore,
in order to find more ideal MTB diagnostic assays for clinical
use, novel detection approaches and biomarkers are being
explored. Biosensors targeting MTB related components have
been demonstrated to be a promising MTB detection
technique.

The current study illustrates that the qualitative and quan-
titative analyses of MTB antigen components and their own
protective cytokines (MPT64, 10-kDa culture filtrate protein
(CFP-10) and 6-kDa early secreted antigenic target (ESAT-6),
etc.) have clinical significance in the diagnosis, treatment and
control of tuberculosis [9, 10]. Compared to other antigens,
ESAT-6, a low molecular weight secreted protein isolated
from short-term MTB culture filtrates, shows a higher speci-
ficity [11, 12]. It is encoded by the Rv3874 gene in the RD1
region. Genomics analysis revealed that RD1 was present in
pathogenic MTB genomes, whereas this region was absent in
all BCG vaccine strains [13]. Detection of ESAT-6 can avoid
the false positive results caused by BCG vaccination.
Moreover, ESAT-6 appears early when the organism is infect-
ed by MTB and plays an important role in the early diagnosis
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of tuberculosis. Therefore, ESAT-6 can be used as a desirable
candidate for detection of MTB [14, 15]. With the in-depth
study of nucleic acids, aptamers, artificial synthetic single-
stranded oligonucleotides, are widely employed as identifica-
tion elements in the field of basic research, biological detec-
tion and targeted drug delivery [16, 17]. Compared with tra-
ditional detection approaches, aptamer-based biosensors
(aptasensors) possess the advantages of high sensitivity and
selectivity, fast response and low cost, has broad application
prospects in disease diagnosis, environmental monitoring and
bioanalysis [18, 19]. To date, aptasensor for ESAT-6 detection
has rarely been reported. In order to obtain higher sensitivity
of electrochemical aptasensor for trace analysis, variety of
signal amplification strategies have been extensively studied,
particularly in the application of nanomaterials [20, 21].
Metal-organic framework (MOF) has attracted great attention
in supercapacitors [22] and biosensors due to its porous struc-
ture and high theoretical capacity [23, 24]. For example, Tang
and co-workers developed a sandwich-type immunosensor for
the detection of galectin-3 based on Fe-MOF nanomaterial
with a low detection limit [25]. However, the application of
MOF in electrochemical sensor often suffers from its poor
electronic conductivity. Fortunately, reduced graphene oxide
(rGO) is a fascinating nanomaterial whose high conductivity
has overcome this hurdle [26]. Accordingly, MOF doped rGO
(MOF-rGO) nanohybrid may possess many favorable proper-
ties, including larger specific surface area, higher conductivity
and stability, which not only increases the immobilization of
electroactive material, but also facilitates the electron transfer
from signal substance to the electrode [27]. Furthermore, a
nanocomposite functionalized with poly
(diallyldimethylammonium chloride) (P-MOF-rGO) prevents
the agglomeration of MOF-rGO and enhances the dispersity
and stability of the nanocomposite.

In this study, a label-free electrochemical aptasensor with a
P-MOF-rGO nanohybrid as the sensitive sensing platform
was fabricated for ultrasensitive detection of ESAT-6, which
overcame the challenges of the traditional MTB detection
methods such as unsatisfactory LOD and specificity, compli-
cated operation and long time-consuming. Firstly, P-MOF-
rGO nanocomposite was employed to enhance the loading
of electroactive toluidine blue (TB). Then, Platinum aurum
core shell (Pt@ Au) nanoparticles [28, 29] that hold more ex-
cellent electrical properties than single metal nanoparticles
provided abundant active sites for the immobilization of
thiolated ESAT-6 binding aptamer (EBA) and further ampli-
fied the electrochemical response signal of TB. After the spe-
cific recognition between ESAT-6 antigen and EBA, signifi-
cant change of electrochemical signal indicated that the
aptasensor was successfully constructed. Compared with oth-
er sensors used for MTB detection [30, 31], this aptasensor is
more specific in the choice of this target. In addition, the
nanocomposite employed to modify the electrode possesses
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a larger electroactive specific surface area, which is conducive
to increase the immobilization of the electroactive substances.

Materials and methods
Reagents and materials

ESAT-6 was obtained from Prospec-Tany Technology Co.,
Ltd. (Israel). TB, PDDA, 2-aminoterephthalic acid,
K;[Fe(CN)g] and K4[Fe(CN)g] were purchased from Sigma-
Aldrich Chemical Co. (USA, www.sigmaaldrich.com).
Graphene oxide (GO) was furnished by XFNANO
Nanotechnology Co., Ltd. (Nanjing, China, www.xfnano.
com). N, N-dimethylformamide (DMF) and ethanol were ob-
tained from Kelong (Chengdu, China, www.cdkelong.com).
FeCl;-6H,O was achieved from Chongqing Chuandong
Chemical Group Co., Ltd. (Chongqing, China, www.
cqchemgroup.com). Bovine serum albumin (BSA), ascorbic
acid (AA), chloroauric acid (HAuCl,) and chloroplatinic acid
(H,PtCls) were obtained from J&K Scientific Co., Ltd.
(Beijing, China, www.Jkchemical.com). CFP-10 was provid-
ed by Biomart Biotechnology Co., Ltd. (Beijing, China).
Healthy human serums used for the recovery experiment were
obtained from the First Affiliated Hospital of Chongqing
Medical University (Chongqing, China). The EBA was pur-
chased from Sangon Biological Engineering Technology Ltd.
(Shanghai, China, www.sangon.com), and the sequence of
sythesized oligonucleotide as follow [32, 33]:

EBA: 5'-SH-(CH,)s-GGG AGC TCA GAA TAA ACG CTC
AAC CTC CCT GGG TCA CCATAG ACT CCATCT AAG
ATG CTT CGA CAT GAG GCC CGG ATC-3'

20 mM TES buffer (pH 7.4) containing 1 mM EDTA,
0.1 mM NaCl and 10 mM Tris (2-carboxyethy) phosphine
hydrochloride was used to prepare the oligonucleotide solu-
tion. Fe(CN)s> ' solution (5 mM) containing 0.1 M KCI was
employed to calculate the effective surface area of different
modified electrodes and monitor the each step of the
aptasensor construction process. The electrolyte solution used
for electrochemical characterization was phosphate buffer
(0.1 M, pH 7.0) containing 10 mM KCI and 2 mM MgCl,.
All other reagents used in the experiment were analytical re-
agent grade and without additional treatment. Ultrapure water
(with the resistivity of 18.2 M{2.cm) from a Millipore Mill-Q
purification system was used throughout the course of the
experiment.

Apparatus and measurements

All electrochemical experiments were carried out with a
CHIG660E electrochemical workstation (Shanghai Chenhua
Instrument, China) at room temperature using in a convention-
al three-electrodes system: a platinum wire auxiliary
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electrode, a saturated calomel reference electrode (SCE) and
the modified glassy carbon electrode (GCE, ® =4 mm) as
working electrode. Cyclic voltammetry (CV) scan, taken from
—0.70 to 0.30 V (vs. SCE) at a scan rate of 100 mV/s in
phosphate buffer (pH 7.0), was employed to analyse the per-
formance of the aptasensor. Electrochemical impedance spec-
troscopy (EIS) was used to investigate fabrication process was
taken from —0.20 to 0.60 V (vs. SCE) at a scan rate of
100 mV/s in 5.0 mM Fe(CN)> ' solution. The size and
morphology characterization of nanomaterials was supplied
by transmission electron microscopy (TEM) (H600, Hitachi
Instrument, Japan) and field emission scanning electron mi-
croscopy (FESEM, JSM7800F, Japan). Fourier-transform in-
frared (FTIR) spectroscopy (Thermo Nicole, USA) and X-ray
photoelectron spectroscopy (XPS) (Thermo, ESCALAB 250,
USA) were used to characterize the structure and elemental
composition of nanomaterials .

Preparation of MOF and P-MOF-rGO

MOF were prepared according to the literature [34] with slight
modification. Detailed description of the preparation process
was given in ST1 (see Electronic Supplementary Material).

The synthesis method of P-MOF-rGO (1.0 mg/mL) was as
follows: 5 mg GO was added into 5 mL ultrapure water and
vigorously sonicated for 3 min. Subsequently, 40 uL of
PDDA (20%) was added to the above solution under stirring
for 30 min at room temperature. Then 100 pL hydrazine hy-
drate (80%) was added to the solution and the mixture was
placed in a water bath at 90 °C for 4 h. After that, 5 mL MOF
(2.0 mg/mL) was added into the dispersion and stirred for
24 h. The product was centrifuged and washed with ultrapure
water to remove surplus reactants. The precipitate was then re-
dispersed homogeneously in 10 mL of ultrapure water and
stored at 4 °C before use.

Preparation of Pt@Au nanoparticles

First of all, 20 mL colloidal Au nanoparticles were prepared
(see Electronic Supplementary Material) and added into
30 mL ultrapure water and heating to 80 °C. Then 2.5 mL
H,PtCls was quickly added into the mixture with vigorous
stirring. After that, 1.75 mL (1%) AA was added into the
solution mentioned above and was heated to reflux until the
color of black did not change. The obtained Pt@ Au nanopar-
ticles was transferred to 50 mL brown volumetric flask and
stored at 4 °C.

Fabrication of the aptasensor
Prior to constructing the aptasensor, the surface of electrode

was polished carefully with 0.3 pum and 0.05 pm alumina
slurry in this order. It was ultrasonically washed several times

with ultrapure water until the solution was no longer cloudy,
and then washed successively with ethanol and ultrapure wa-
ter for 5 min each.

Afterwards, a droplet of 10 uL P-MOF-rGO solution was
cast onto the pretreated electrode and dried in air. Then
5 uL TB solution was added to the surface of the modified
electrode overnight and rinsed with ultrapure water, followed
by adding 8 pL. Pt@Au nanoparticles for 1 h. Then 20 uL
EBA (2 uM) was dropped onto the electrode surface for 8 h
and blocked with 10 uL BSA (3%) for 1 h. After washing with
ultrapure water, the prepared electrode was incubated with
20 puL of ESAT-6 solution with different concentrations at
room temperature for 1 h. The electrochemical response signal
originated from TB changed before and after the specific rec-
ognition between EBA and target ESAT-6, which gave the
quantitative criteria for electrochemical detection of ESAT-6
antigen. The stepwise fabrication process of the aptasensor
was depicted in Scheme 1.

Results and discussion
Choice of materials

MOF has been chosen as electrode material due to its
uniquely porous structure, this structure endowes it with
large specific surface area and the ability to promote
electron transfer. However, poor conductivity limits its
application in sensor field. To overcome this obstacle,
we have chosen rGO doping into MOF. rGO possesses
features of high electrical conductivity, excellent thermal
stability, outstanding flexibility and susceptibility to elec-
trochemical modifications, the incorporation of the car-
bon layer greatly improves the electrical conductivity of
the MOF.

Biosensors serving MOF-rGO hybrid nanocomposite as
matrix have been reported, which exhibited high sensitivity
and reliability in the simultaneous quantitative electrochemi-
cal determination of catechol and hydroquinone [35].

In order to further promote the electrochemical perfor-
mance of the designed aptasensor, we have functionalized
the MOF-rGO hybrid nanocomposite with PDDA. As a strong
cationic polyelectrolyte and high-molecular antistatic agent,
the incorporation of PDDA prevents the agglomeration of
MOF-rGO and enhances the dispersity and stability of the
nanocomposite. Compared with single nanomaterial, the P-
MOF-rGO composite possessed many favorable characteris-
tics, including increased specific surface area (Fig. S4, see
Electronic Supplementary Material), improved conductivity
and satisfactory film formation. Thus, P-MOF-rGO nanocom-
posite was chosen as immobilization matrix of aptasensor in
our work.
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Scheme 1 Schematic illustration of the stepwise construction procedure of the electrochemical aptasensor

Characterization research
Characterization of different nanomaterials

The size and morphology characterization images of the
synthesized nanomaterials were supplied by TEM and
FESEM. As shown in Fig. 1a, MOF demonstrated reg-
ular octahedron structure with a diameter of about
100 nm, while rGO showed a lamella structure with
folds (Fig. 1b). As shown in Fig. lc, a great deal of
MOF nanoparticles covered on the surface of rGO ho-
mogeneously and densely, indicating the successful
preparation of P-MOF-rGO. Pt@ Au nanoparticles exhib-
ited a burr-like spherical structure and dispersed uni-
formly (Fig. 1d).

FTIR and XPS studies

The FTIR spectra studies of P-rGO, MOF and P-MOF-rGO
were shown in Fig. S1 (see Electronic Supplementary
Material). XPS was further used to confirm the chemical
structure and elemental composition of P-MOF-rGO
nanohybrid (Fig. S2, see Electronic Supplementary Material).

@ Springer

Electrochemical characterization of the aptasensor

CV was employed to characterize the electrochemical
performance of surface-modified electrodes during the
fabrication process. As shown in Fig. 2, when the
GCE was coated with P-MOF-rGO, the current response
(curve b) obviously increased compared with bare GCE
(curve a), which ascribed to the fact that increased con-
ductivity due to the synergistic effect of rGO and MOF.
After the electroactive TB was modified on the elec-
trode surface, a pair of obvious redox peaks appeared
(curve c¢). When Pt@ Au nanoparticles were deposited on
the modified GCE, the peak current greatly increased
(curve d), attributing to the Pt@Au can significantly
enhance the effective surface area and facilitate the elec-
tron transfer. It can be seen that the response decreases
when the modified electrode was incubated with EBA
(curve e), BSA (curve f) and the target (curve g), re-
spectively. The reason was that non-electroactive
aptamer and large protein greatly inhibited the electron
transfer. In summary, all the experiment results clearly
demonstrated the successful construction of the
aptasensor.
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Fig.1 FESEM images of a MOF,
b rGO nanosheets, ¢ P-MOF-rGO
nanocomposite and TEM image
of d Pt@ Au nanoparticles
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The interfacial properties of the steps of aptasensor con-
struction process were investigated by EIS (Fig. S3, see
Electronic Supplementary Material).

The electroactive specific surface area of different modified
electrodes was calculated by performing CV measurements at
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Fig. 2 CV responses for each immobilized step: a bare GCE, b P-MOEF-
rGO/GCE, ¢ TB/P-MOF-rGO/GCE, d Pt@ Au/TB/P-MOF-tGO/GCE, e
EBA/Pt@Auw/TB/P-MOF-rGO/GCE, f BSA/EBA/Pt@ Au/TB/P-MOEF-
rGO/GCE and g ESAT-6/BSA/EBA/Pt@Au/TB/P-MOF-rGO/GCE
were taken from —0.70 to 0.30 V (vs. SCE) in phosphate buffer
(pH 7.0). The voltage at the peak current was —0.36 V
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different sweep speeds and the results were shown in Fig. S4
(see Electronic Supplementary Material, ST6).

Optimization of the aptasensor preparation
conditions

In order to achieve the optimal analysis performance of
the aptasensor, the dosage of TB (1.0 mg/mL) and
Pt@Au (0.50 mg/mL) nanoparticles was investigated.
As shown in Fig. 3a, with increasing amount of TB
incubated on the electrode surface, the peak current in-
creased. It was clearly observed that the current response
increased greatly and tended to a constant value at 5 pL.
Thus, 5 uL was selected as the optimal volumn of TB.
The volume of Pt@Au nanoparticles was explored to
provide a favorable platform for immobilizing EBA.
As shown in Fig. 3b, as the volume of Pt@Au nanopar-
ticles increased from 3 pL to 8 uL, the current response
showed a continuous upward trend, and then the current
change tended to be steady when the volume reached to
8 pL. Therefore, 8 uL was chosen as the volume of
Pt@Au to modify the electrode .

@ Springer
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Performance of the aptasensor
Analytical performance of the aptasensor

CV measurement was employed to estimate the quantitative
range of the aptasensor by detect ESAT-6 standard solution
at various concentrations under the optimal detection condi-
tions in phosphate buffer (pH 7.0). As shown in Fig. 4a, the
current responses of the aptasensor gradually reduced with
increasing concentrations of target ESAT-6 in the range of
1.0 x 107 ng/mL~2.0 x 10° ng/mL due to the blocking of
electron transfer by macromolecules. When the concentra-
tion of ESAT-6 is less than 1.0 x 10™* ng/mL (curve b), there
is almost no change in the peak current compared with the
bare electrode. This is due to the fact that the concentration
of ESAT-6 is so low that it cannot combine with EBA to
form enough target-aptamer complexes to cause current
changes. When the concentration is higher than 2.0 x
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Fig. 4 a CV responses of the aptasensor incubated with different
concentrations of ESAT-6 standard solution: (a) blank, (b) 1.0 x
1075 ng/mL, (¢) 1.0 x 10™* ng/mL, (d) 1.0 x 10> ng/mL, (e) 1.0 x
102 ng/mL, () 1.0 x 10 ng/mL, (g) 1.0 ng/mL, (4) 1.0 x 10" ng/mL,
(1) 5.0 10" ng/mL, (j) 2.0 x 10> ng/mL, (k) 2.0 x 10*> ng/mL in phos-
phate buffer (pH 7.0) from —0.70 to 0.30 V at a scan rate of 100 mV/s (vs.
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10% ng/mL, the binding of ESAT-6 to EBA is almost satu-
rated, and the peak current increases slowly. The calibration
curve for quantitative determination of ESAT-6 obtained by
using the logarithm of the target concentration as the abscis-
sa and the peak current as the ordinate was illustrated in Fig.
4b. A wide linear relationship was observed in the range
from 1.0 x 10* ng/mL to 2.0 x 10* ng/mL with a linear
regression equation is /=10.2 lgc-123. The electrochemical
sensitivity was 706 wA ng'mL ™' cm ? combined with the
effective surface area of electrode. The limit of detection
(LOD) of this aptasensor for ESAT-6 was estimated to be
3.3 %10 ng/mL based on the 30/m criterion (where o is
the standard deviation of the blank and m is the slope of the
calibration plot). The favorable detection performance was
mainly attributed to the synergistic effect of P-MOF-rGO
and Pt@Au nanoparticles, which not only promoted the
electron transfer, but also provided large electroactive sur-
face for the immobilization of aptamers.
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SCE). b Relationship between peak current and ESAT-6 concentrations in
the range from 1.0 x 10~° ng/mL to 2.0 x 10° ng/mL. Inset showed the
calibration plots of CV peak current versus the logarithm of ESAT-6
concentration (n = 3). The voltage at the peak current was —0.36 V
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Fig. 5 a ESAT-6 (1 ng/mL) against the interference molecules: Glucose
(I ng/mL), BSA (1 ng/mL), AA (1 ng/mL) and CFP-10 (1 ng/mL) (n = 3).
b Stability of the aptasensor incubated with 1 ng/mL ESAT-6 under suc-
cessive CV scans for 50 cycles. ¢ Five different electrodes were scanned

Specificity, stability and reproducibility of the aptasensor
for ESAT-6 detection

Since ESAT-6 was mainly isolated from the MTB culture
filtrate, the endogenous molecules coexisting in the serum
of tuberculosis patients, such as glucose, BSA, AA and
CFP-10, were used to evaluate the specificity of this sen-
sor. Figure 5a showed the corresponding histogram of the
aptasensor toward different analytes. Compared with the
same concentration of interferents, the specific recogni-
tion of target and aptamer caused a significant decrease
in the electrochemical signal of the aptasensor, indicating
that the sensor had satisfactory selectivity for ESAT-6
detection.

To investigate the stability of the aptasensor, the elec-
trode was taken successive cyclic scans under the opti-
mal conditions. Compared with the initial current re-
sponse, the response decreased only about 3.5% after
50 cycles’ continuous CV scans (Fig. 5b). The conse-
quence demonstrated the electrochemical aptasensor
hold a favorable stability.

As shown in Fig. Sc, five electrodes incubated with same
concentration of ESAT-6 (1 ng/mL) were analyzed. Under the
same optimized conditions, the current responses measured by
all electrodes exhibited a similar electrochemical response
with a relative standard deviation (RSD) of 2.9%, indicating
the aptasensor had acceptable reproducibility.

Moreover, the detection performances of the aptasensor
and those of other ESAT-6 test approaches reported in the
literatures were compared methodologically, and the results
were illustrated in Table S1 (see in Supplementary data,
ST7). Accordingly, this aptasensor based on P-MOF-rGO
nanocomposite showed a wider linear range with lower detec-
tion limit for ESAT-6 detection.

08 -06 -04 -02 00 02 04 No. 1 2 3 4 5
Potential / V

CV measurement under the same optimized conditions (n=3). CV was
taken in phosphate buffer (pH 7.0) at a potential ranging from (—0.70 to
0.30) V with a scan rate of 100 mV/s

Application for the analysis of serum samples

Because ESAT-6 was mainly isolated from tuberculosis pa-
tients’ early culture filtrates of MTB, healthy human serum
was selected as the matrix for spiked recovery. Recovery
experiments used to assess the analytical reliability and ap-
plication of the aptasensor were performed by standard ad-
dition methods. The biosensor was applied to human dilut-
ed serum samples spiked with 1.0 x 10~* ng/mL, 2.0 x
10" ng/mL and 2.0 x 10? ng/mL ESAT-6 solution. As
shown in Table S2 (see Electronic Supplementary
Material), the recoveries for three concentrations of
ESAT-6 was 102%, 99 and 101%, while the RSD was
4.83%, 3.47 and 3.79%, respectively. These results sug-
gested that the aptasensor had the potential application in
quantitative detection of ESAT-6 in human serum.

Conclusions

In this work, a specific aptasensor for ultrasensitive detection
of ESAT-6 using P-MOF-rGO nanocomposite as immobiliza-
tion matrix has been successfully developed, it has overcome
the challenge of early diagnosis of MTB. The sensor, which
used a specific binding of aptamer and ESAT-6 as a recogni-
tion element was first reported for the quantitative detection of
ESAT-6 antigen. Owing to the synergistic effect of MOF and
GO, a large specific surface (17.0 mm?) of P-MOF-rGO was
provided for the immobilization of electroactive TB, so that
the sensor had a low detection limit of 3.3 x 10> ng/mL. The
results of recovery experiment exhibited excellent specificity
and favorable spike recovery for ESAT-6 determination in real
serum samples, which might provide a promising technology
platform for timely and accurate identification of MTB
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infection. We believe that with the discovery of new targets
and nanomaterials, the sensitivity, specificity, detection limit,
linear range, and other characteristic parameters of
aptasensors will be significantly improved, and MTB detec-
tion methods with more clinical applicability will be
developed.
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