Microchimica Acta
https://doi.org/10.1007/s00604-018-3081-2

ORIGINAL PAPER

@ CrossMark

Dual-aptamer-based voltammetric biosensor for the Mycobacterium
tuberculosis antigen MPT64 by using a gold electrode modified
with a peroxidase loaded composite consisting of gold nanoparticles
and a Zr(IV)/terephthalate metal-organic framework
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Abstract

An ultrasensitive aptasensor is described for the voltammetric determination of the Mycobacterium tuberculosis antigen MPT64
in human serum. Firstly, an amino-modified Zr(IV) based metal-organic framework (MOF; type UiO-66-NH,; made up from
Zr603; units and 2-amino-terephthalate linkers) with a high specific surface was synthesized and used as the carrier of the gold
nanoparticles and the aptamers. Then the signalling nanoprobe was fabricated after the horseradish peroxidase was cast on the
nanomaterials. The two aptamers with synergistic effect on binding MPT64 were anchored on the gold electrode. Differential
pulse voltammetry indicated that the peak current is highest if the ratio of the two aptamers is 1:1. The assay has a wide linear
response range (0.02 to 1000 pgrmL ™" of MPT64) and a 10 fgrmL ™" detection limit at a working potential of around —96 mV (vs
Ag/AgCl). The results show this biosensor to be a viable tool for detection of tuberculosis at an early stage.

Keywords Electrochemical aptasensor - Mycobacterium tuberculosis - MPT64 - UiO-66-NH, - Metal-organic framework -

Horseradish peroxidase

Introduction

Tuberculosis (TB) is a lethal and common disease causing
millions of deaths annually [1, 2]. The control of tuberculosis
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has already become a worldwide challenge for public health
for the following reasons: the migration of people, the appear-
ance of resistant strains of Mycobacterium tuberculosis and
especially the HIV co-infection with MTB [3]. Therefore, rap-
id and accurate detection of MTB plays a major role in the
carly diagnosis and treatment of TB.

Numerous methods have been developed for the diag-
nosis of MTB, such as bacterial cultivation assay [4],
specific nucleotide sequences diagnosis [5] and immuno-
logical detection [6]. The bacterial culture and smear mi-
croscopy methods are considered as the golden criterion
and widely used in the detection of MTB. However, the
disadvantages of the two method such as time consuming
and low positive made them can hardly satisfy the de-
mand of fast and accurate diagnosis [7]. Polymerase chain
reaction (PCR) exhibits high sensitivity, reproducibility
and specificity when applied it to the detection of specific
nucleotide sequences of MTB. Nevertheless, complicated
operation and strict demand for the experimental condi-
tions which are hard to afford for most primary medical
units [8].
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According to the early research [9, 10], MPT64 is a
kind of 24-kDa protein only secreted by MTB in the early
and middle period of bacterial growth. This protein can be
utilized for the specific early detection of MTB [11, 12].
And thanks to Qin’s efforts, the aptamers which can spe-
cifically bind to MPT64 had already been discovered [13].
Aptamers are oligonucleic acid or peptide molecules. It
has considerable advantages such as conveniently screen,
reproducibly synthesis, easy to label, immobilize, signal
and regenerate, most importantly, adaptability to various
targets (small molecules [14], proteins [15], and cells
[16]). Electrochemical aptasensor as a robust analytical
tools has aroused tremendous attention for its high sensi-
tivity, selectivity, and reproducibility to the early diagno-
sis of various diseases [17]. Though the electric methods
have many merits, the sensitivity is still not high enough
to satisfy the demand of clinical sample analysis [16]. For
purpose of boosting the electrochemical aptasensor detec-
tion sensitivity, amount of electro catalysts or nanoprobes
have been designed to amplify the detection signal.
Loading enzymes on nanoparticles is a common method
to enhance the signal, such as cast horseradish peroxidase
onto nanomaterials [18]. Therefore, it has great signifi-
cance to explore some new nanomaterials to increase the
detection sensitivity.

Taking advantage of nanotechnology, an increasing num-
ber of nanomaterials were successfully synthesized and
employed in the field of electrochemical detection. Metal-
organic frameworks (MOFs), a new class of hybrid and po-
rous material, have aroused the tremendous attention of peo-
ple. MOFs consist of organic linkers and metal ions and are
connected by a coordinate bond to form reticular crystalline
structure [19]. The increasing number of applications in the
last few years indicated the great potential of these new mate-
rials [20, 21]. Due to the outstanding physical and chemical
properties of MOFs concluding high surface area, adjustable
chemical composition and surface functionality, and well-
defined metal sites [22], they are widely regarded as promis-
ing candidates for the fixing of many substances, for instance,
metal nanoparticles and enzymes [23, 24]. UiO-66-NH,, a
zirconium containing MOF, has a crystalline structure made
up by hexameric ZrgOs3, units and 2-amino-terephthalate
linkers [25]. Moreover, UiO-66-NH, has amino groups which
make it easier to link metal ions on the materials [26].

We chose UiO-66-NH, as the enzyme nanocarrier for
that it has high stability, regular shape, ultra-high surface
area and amino groups on its surface [27]. The surface of
MOF was anchored with gold nanoparticles (AuNPs) by a
one-step hydrothermal synthesis method. To our knowl-
edge, there have not been any targeted investigation on
detecting MTB by using the AuNPs/UiO-66-NH,.
According to earlier research, two aptamers are utilized
for capturing MPT64. There are some reports that
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researchers anchored two different aptamers on electrode
to detect different proteins [28, 29] or cells [30, 31], re-
spectively. For the first time, we incubated gold electrode
with the mixture aptamers to enhance the detection sensi-
tivity. We found that it had higher signal compared with
using single aptamer to capture MPT64. The aptasensor
had good performance on detecting MPT64 with a low
detection limit at 10 fg'rmL ™' and had great potential in
the early detection of TB.

Experimental
Materials and reagents

Zirconium chloride (ZrCly), 2-aminoterephthalic acid (NH,-
H,BDC) were purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China, http://www.macklin.cn/). MPT64 protein
was obtained from Detai Biologics Co., Ltd. (Nanjing,
China, http://www.detaibio.com/) and CFP10-ESAT6 was
purchased from Beijing Protein Innovation. Co. Ltd.
(Beijing, China http://www.proteomics.org.cn/). BSA
(bovine serum albumin) was purchased from Sigma-Aldrich
Chem. Co. (St. Louis, MO, USA, http://www.sigmaaldrich.
com/chinamainland.html). Tris (2-carboxyethyl)phosphine
hydrochloride (TCEP) (a buffer containing 10 mM Tris—HCl
buffer and 1 mM TCEP, pH 7.4) was purchased from Sangon
Biotech. Co. Ltd. (Shanghai China, http://www.sangon.com/),
horseradish peroxidase (HRP), dimethylformamide (DMF),
H,0, (30%, w/w), 6-Mercapto-1-hexanol (MCH), hydroqui-
none (HQ), poly (vinyl pyrrolidone) (PVP, MW 40 k) and
chloroauric acid (HAuCl;-4H,0O) were obtained from Aladin
Chemistry Co., Ltd. (Shanghai, China, http://www.aladdin-e.
com/). The synthesis and purification of thiolated aptamers
were accomplished by Sangon Biotech Co., Ltd. (Shanghai
China, http://www.sangon.com/). The sequence are as follows
and the secondary structure of APT-1 and APT-II were showed
in Fig. S1):

APT-I: 5°-SH-(CH,)s-TGGGAGCTGATGTCGCATGG
GTTTTGATCACATGA-3’

APT-II: 5°-SH-(CH,)s-TTCGGGAATGATTATCAAAT
TTATGCCCTCTGAT-3'

Phosphate buffered saline (PBS) (pH 7.0, 100 mM)
employed as a working solution and PBS of pH 9.0 used to
the preparation of signal nanoprobe were prepared with
Na,HPO,4 12H,0 (62 mM), KH,PO, (38 mM), NaCl
(137 mM) and KCI (2.7 mM). Ultrapure water (18.2 M{2-cm
resistivity, Milli-Q, Millipore) was used for all the experi-
ments. All reagents were of analytical grade and were used
without further purification.
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Apparatus

The field emission scanning electron micrographs (SEM;
Geminni500, Germany, https://www.fei.com/home/),
Transmission electron microscopy (TEM; FEI Tecnai G2
Spirit, Netherlands, https://www.fei.com/home/) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Scientific, USA, https://www.thermofisher.com/cn)
were applied to characterize the morphologies and structures
of the samples we synthesized.

Electrochemical measurements

All electrochemical measurements were accomplished by
using a CHI660E electrochemical workstation (Shanghai
Chenhua Instrument Co., Ltd. Shanghai, China, http://www.
chinstr.com/). A conventional three-electrode system contain-
ing a platinum wire counter electrode, an Ag/AgCl reference
electrode (the KCI concentration in the reference electrode is
saturated solution) and a bare gold electrode (3 mm in diam-
eter) as the working electrode (Gaoss Union Technology Co.,
Ltd. Wuhan, China, http://gaossunion.cn.china.cn/) was
applied. The electrode fabrication was characterized by
electrochemical impedance spectroscopy (EIS) which were
performed in 5 mM [Fe (CN)G]‘H 3 solution containing 0.
5 M KClI (frequency range of 0.01 Hz to 100 kHz and an
amplitude of a 10 mV). Differential pulse voltammetry
(DPV) measurements were performed in 0.1 M PBS (a
saline buffer containing 3 mM H,O, and 2 mM HQ) to inves-
tigate the performance of the biosensor. The working param-
eters were: 50 ms pulse width, 50 mV pulse amplitude, 0.1 s
pulse period and voltage from 0.1 to —0.3 V.

Scheme 1 The process of the

fabrication of the aptamer/HRP/ ZrCl,
AuNPs/UiO-66-NH, nanoprobes NH,-H,BDC
and the electrochemical

aptasensor. (PVP: poly (vinyl PVP
pyrrolidone); HRP: horseradish HAuCl4H,0

peroxidase; MCH: 6-Mercapto-1-
hexanol; HQ: hydroquinone; BQ:
benzoquinone)
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Preparation of AuNP/UiO-66-NH, nanoparticles

AuNPs/UiO-66-NH, nanoparticles were prepared according
to the previous article with minor adjustments [27]. Briefly,
0.12 g of ZrCly, 0.093 g of NH,-H,BDC and 0.60 g PVP were
dissolved in 30 mL DMF-ethanol (v/v = 4:1) mixed solution in
a 50 mL Teflon liner. After dissolved thoroughly, 60 uL of 1 g
mL ! HAuCl,-4H,0 solution was added into Teflon liner, and
then allowed to react at 120 °C for 24 h without stirring. The
samples were collected, washed with fresh DMF and ultrapure
water for three times, relatively.

Preparation of the aptamer/HRP/AuNP/UiO-66-NH,
nanoprobes

Firstly, the previous synthetic nanoparticles were suspended in
PBS (saline of pH 9.0; 100 mM, 1 mg-mL_l). Then 10 pL of
the aptamers (APT-APT-II=1:1, V: V, 5 mM) which was
already incubated with 1 mM TCEP for 1 h at room temper-
ature was added into the solution. Then gently stirring the
resulting solution for 24 h at 4 °C. Finally added 50 puL of
HRP (1 mg'mL™") to the above solution, then the resulting
mixture was incubated at 4 °C for another 1 h under gentle
stirring to form Aptamer/HRP/AuNPs/UiO-66-NH,
nanoprobes. The already synthesized Aptamer/HRP/AuNPs/
UiO-66-NH, nanoprobes were collected and washed with
fresh saline buffer solution.

Construction of the aptasensor

Scheme 1 shows the fabrication process of the nanoprobe and
the detecting mechanism of the aptasensor. Prior to use, the

o NNAANN
120C,24 h Va4 g o
Aptamer-LLII HRP
AuNPs/UiO-66 Nanoprobe
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EHT= 1.00 kv WD = 25 mm Mag= 50.00K X Signal A= InLens

200 nm

gold electrodes were soaked with piranha solution (98%
H,SO0y4/ 30% H,0, =3:1, v/v) for 15 min. Then, 0.3 uM and
0.05 uM alumina slurry were used to polish the electrodes and
ultrasonic sequentially in ultrapure water, ethanol and ultra-
pure water for about 3 min, relatively. Then the electrodes
were further electrochemically cleaned in 0.5 M H,SO,4 and
the potential scanning was from —0.2 to 1.5 V. Firstly, reduce
the disulfide bonds of the thiolated aptamers (APT-1: APT-1I =
1:1, V: V) (0.5 uM) with 1 mM TCEP for 1 h at room tem-
perature in darkness. Subsequently, immersed the already

Fig. 2 DPV responses of the a 0

EHT= 1.00 kv Mag= 15000KX  Signal A=InLens

JEM":"lC400 12.3VKV OS[Og[DlaBte 14:36/60000 x|
Fig. 1 The SEM (a, b) and TEM (¢, d) images of AuNPs/UiO-66-NH,.The scale bar were 100 nm (a), 20 nm (b), 200 nm (c) and 50 nm (d)

prepared gold electrode to the mixture solution mentioned
above at room temperature in humidity for 12 h and washed
with ultrapure water to remove the redundant aptamers. After
that, 1 mM MCH solution was used to block the uncovered
active site of the gold electrode. After that, the electrode was
incubated in 70 uL PBS solution concluding the target
MPT64 protein at different concentrations for 90 min at
37 °C. Finally, a droplet of 10 uL signal nanoprobe was
dropped onto the modified electrode for another 90 min. The
DPV measurements was used for the analysis of

b

aptasensor after incubation with
different concentrations (a to f,
0.02, 0.05, 1, 10, 100, 4
1000 pgrmL~") of MPT64 in

0.1 M PBS (saline of pH 7.0)
containing 3 mM HQ and 2 mM
H,0,. Working parameters of
DPV: 50 ms pulse width, 50 mV
pulse amplitude, 0.1 s pulse
period and scan from 0.1 to f
03V -16+

]
o
N

Current/pA
—
v

3

-6

Current/pA

I(pA)=-8.1035-1.7706 Lg C

R=0.99414
-154

T T
-0.3 -0.2 -0.1

E(V VS.Ag/AgCl)

@ Springer

0.0 o1 ) -1 0 1 2 3
Lg C /(pg/mL)



Microchim Acta Page 5 of 7

Table 1 Comparison of different

methods for MTB detection Detection method Target Linear range Detection limit Ref.
Impedance Heat shock protein 100 fM —1 nM 100 M [32]
ELISA MPT64 2.1-250 ng'mL"™" 2.1 ngmL™ [6]
Voltammetry MPT64 0.02-1000 pg'mL™" 20 fg'mL™! [33]
Voltammetry MPT64 0.02-1000 pg'mL " 10 fgrmL ™! This work

Mycobacterium tuberculosis antigen MPT64. The parameters
of DPV measurements were from 0.1 to —0.3 V with a 50 mV
pulse amplitude in degassed 100 mM PBS (pH 7.0) including
2 mM H,0, and 3 mM HQ.

Results and discussion
Characterization of the nanomaterials

The morphology and structure of AuNPs/UiO-66-NH, nano-
composites were investigated by different characterization
techniques. The SEM images of AuNPs/UiO-66-NH, shows
that the crystal structures exhibited octahedral geometry
(Fig. 1a and b), which indicated that the crystal structure of
Ui0O-66-NH, did not affected by the AuNPs. As Fig. 1b
shows, plenty of Au particles were attached to the surface of
MOF, indicating that the AuNPs/UiO-66-NH, were success-
fully prepared. The TEM images of AuNPs/UiO-66-NH,
(Fig. 1c and d) exhibits intact crystal morphology with aver-
age dimension about 100 nm. The XPS result of AuNPs/UiO-
66-NH, is listed in Fig. S2 and S3.

Electrochemical characterization of the biosensor

EIS results were applied to confirm the stepwise modification
process of the electrode. The results and detailed discussion of
EIS is shown in the Electronic Supplementary Material (Fig. S4).

Optimization of method

The following parameters were optimized: (a) Different ratio
of the capture probe (Fig. S5) and (b) HQ concentration (Fig.
S6). Respective data and Figures are given in the Electronic
Supporting Material. The following experimental conditions
were found to give best results: (a) Best ratio of the capture
probe: 1:1 (APT-I: APT-II); (b) Optimal HQ concentration:
3 mM. Therefore, 3 mM HQ and 2 mM H,O, was regarded
as the optimal concentration for the subsequent experiments.

Performances of the aptasensor in MPT64 detection

Sensitivity plays a crucial role in the evaluation of the electro-
chemical aptasensor. DPV response of the sensing method to
different concentrations of MPT64 was performed under op-
timized experimental conditions. The current change of DPV
is described in Fig. 2a, it shows that with the increase of the
account of standard MPT64 solution from 0.02 to 1000 pg:
mL ', the peak current of the platform gradually increased,
respectively. The calibration plot related to different concen-
trations of MPT64 is depicted in Fig. 2b. It indicated that the
DPV responses was proportional to the logarithm value of
MPT64 and the R value was 0.99664. The regression equation
isT(nA)=-8.1543-1.7625 Lg C (pg~mL_1) and the estimated
detection limit is as low as 10 fgmL ™", The detection limit
was obtained according to the 30 method. The comparison
results of this aptasensor we constructed with other reported

Fig. 3 DPV responses (a) and the a b
. . 0
corresponding histogram (b) of
the resulting aptasensor toward -10+
different analytes. The error bars -31
represent the standard deviations -8+
of three parallel determination < - <
results. (Working parameters of >.:' £ -61
DPV: 50 ms pulse width, 50 mV g §
pulse amplitude, 0.1 s pulse 5 1 5 4
. 8]

period and voltage from 0.1 to —gism EsATe o
-0.3V) 129 | —MpTes -2

e MIX

e BLANK

'] 5 T T T T T 0 -
-0.3 -0.2 -0.1 0.0 0.1 Blank BSA  CFP10ESAT6 MPT64 MIX

E(V VS.Ag/AgCl)
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detection methods for MTB detection is listed in Table 1.
Through the comparison, the biosensor has a wider linear
range and a lower detection limit. The reason maybe account
for the dual-aptamer system and the ultra-high surface of the
nanomaterial which anchored more AuNPs and HRP.

Specificity and reproducibility of the biosensor

It is a very complex environment of the serum and there are
some substances may affect the detection results. In this re-
search, bovine serum albumin (BSA), CFP-10-EAST-6 anti-
gen complex (CFP10-ESAT6), the mixture of MPT64 and
CFP10-ESAT6, were employed to investigate the selectivity
of the aptasensor. Fig. 3a and b show that the DPV responses
of these nonspecific interferents (BSA, CFP10-ESAT-6, 1 ng:
mL™") is not different if compared with the DPV response of
the blank. When the aptasensor was prepared to detect target
protein, MPT64, the current had a significant rise even the
concentration was 100 fold lower (10 pgrmL ") over the in-
terfering agents and it had severe difference between the target
MPT64 and the mixture protein. The DPV results showed the
aptasensor we fabricated had satisfactory selectivity.

To evaluate the reproducibility of the aptasensor, five elec-
trodes, operated in the same way, were used to detect the same
concentration of target protein (10 pg'mL™"). The DPV re-
sponses of each electrode had subtle difference with a relative
standard deviation (RSD) of 5.2%, indicting a good reproduc-
ibility of the sensor.

Performance of the assay in human serum

The standard addition method was chose to assess the electro-
chemical aptasensor in serum by adding the target protein into
the health human serum and the results are displayed in
Electronic supplementary material Table S1. The recovery rate
for the MPT64 added to the diluted health human serum range
from 95.9% to 111.6%. The results demonstrated that the
electrochemical aptasensor can be potentially applied in real
sample and used to the quantitative detection of MPT64.

Conclusion

We describe an electrochemical aptasensor for the ultrasensi-
tive detection of MPT64 based on the dual-aptamer (APT-1
and APT-II) and the hybrid signal-amplifying nanoprobes.
The MOF has a large surface area. Therefore, more AuNPs
and HRP can be immobilized. This has a beneficial effect on
the amplification of signal and the sensitivity of the detection.
And we mixed the two aptamers of MPT64 and immobilized
it on the gold electrode to bind to the target protein. The results
of DPV responses demonstrated that this approach did pro-
mote the detection sensitivity. The aptasensor had eminent

@ Springer

performance in the detection of MPT64 with wide linear
range, great selectivity and a low detection limit. The biosen-
sor do exist some defects such as it still has some difficulty on
clinical application and the modification process of electrode
will be affected by various factors. In the future, the combina-
tion of electrochemical detection and other device such as
microfluidic chip may solve those flaws mentioned above
and well used in the clinical detection.
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