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Abstract

The authors describe an electrochemical immunoassay for ultrasensitive determination of the Mycobacterium tuberculosis (MTb)
secretory protein MPT64 which is an antigen for early diagnosis of infection with M7b. Protein G was used to immobilize
antibodies against MPT64 on a gold electrode. Graphene oxide with its large surface area was used as a carrier to anchor
magnetite (Fe;O,4) and platinum (Pt) nanoparticles. The nanocomposite of type GO @Fe;0,@Pt was used as a signal reporter
with excellent catalytic activity and recyclability. The nanocomposite exhibits peroxidase-like activity for hydrogen peroxide,
best at —0.25 V (vs. Ag/AgCl). It works over a wide range of pH values (2-10) and temperatures (25—65 °C). Further signal
amplification strategy was accomplished by rolling circle amplification. This voltammetric assay has a linear response to the
logarithm of MPT64 concentration in the range from 5.0 fgrmL " to 1.0 ng'mL " and a detection limit 0f 0.34 fg-mL "' (at a signal
to noise ratio of 3, for n = 10). The assay can be completed within 4 h. It was successfully applied to the determination of MPT64
in spiked serum samples. Conceivably, the assay has a large potential in providing laboratory evidence for rapid diagnosis of M7h
infection.

Keywords MPT64 - Aptamer primer - Biosensor - Nanocomposite - Magnetite - Protein G - Horseradish peroxidase - Differential
pulse voltammetry - Circular DNA

Introduction estimated 1.7 million people died of TB with most deaths

ascribed to the large gaps in proper diagnosis and follow-up

Tuberculosis (TB), a critical disease caused by MTh, remains a
global health issue [1]. In 2016, it was estimated that approx-
imately 10.4 million people developed TB, but only 6.3 mil-
lion new cases were diagnosed and reported officially. And an
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treatment [2]. Hence, it is urgent to develop an appropriate
method to detect M7b for early and rapid diagnosis of TB.
At present, the detection methods for M7h mainly include
bacterial culture [3], sputum smear microscopy [4], tuberculin
skin test and fluorescence quantitative PCR [5]. Bacterial cul-
ture is still the gold standard for M7b detection. However, this
method cannot be widely used because it is time-consuming
(4-6 weeks). Although sputum smear microscopy is widely
used because it is simple and cost-effective, the sensitivity
needs to be improved. The tuberculin skin test is not suitable
for people who are immunocompromised or those who have
been vaccinated with Bacillus Calmette-Guerin [6]. Although
fluorescence quantitative PCR has high sensitivity and accu-
racy for detection of MTb, a professional trained staff is need-
ed to operate the rigorous experimental protocol, which limits
its application in primary medical units. Yin et al. reported that
MTb secretory protein MPT64 was a specific antigen for the
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early diagnosis of MTb infection [7] . Purohit et al. proposed
an immunostaining method based on MPT64 for diagnosis of
MTD infection [8]. A micro-fluidic biosensor was proposed to
diagnose TB by the detection of MPT64, but the sensitivity
required improvement [9]. Furthermore, a voltammetric bio-
sensor was developed to quantitate MPT64, but the use of
non-conductive chitosan reduces the sensitivity of the method
[10]. Therefore, it is necessary to investigate a rapid and ac-
curate method with desirable sensitivity and specificity for the
early diagnosis of M7b infection by a good marker, such as
MPT64.

To enhance the performance of the new method, a good
way is to introduce nanocomposite. GO can strongly ad-
sorb single-stranded DNA (ssDNA) through m stacking
interactions [11]. This property determines that GO can
be used in conjunction with a nucleic acid amplification
system such as rolling circle amplification (RCA). For the
large surface area, GO 1is also a good carrier to anchor
nanoparticles. Both Fe;O4 and Pt nanoparticles have cat-
alytic activity, especially the Pt nanoparticles [12].
However, the widespread use of Pt nanoparticles is not
feasible for its rare and expensive. Thus, we try to syn-
thesize GO@Fe;0,@Pt nanocomposite. It can both ad-
sorb ssDNA and has excellent catalytic activity, and can
also be reused easily by magnetic separation.

RCA, an isothermal amplification platform, has re-
ceived increasing attention due to its simplicity and high
efficiency [13]. Compared with other isothermal amplifi-
cation platforms, such as hybridization chain reaction [14]
and loop-mediated isothermal amplification [15], RCA
does not require a complicated design of hairpin probes
or primers. In a typical RCA process, a short DNA primer
is first hybridized to the circular DNA template (cDNA),
and then the primer is extended continuously around the
cDNA with the help of phi29 DNA polymerase. Finally,
extremely long ssDNA is obtained, which contains thou-
sands of tandem repeats.

As the aptamers, single-stranded oligonucleotides
(DNA or RNA) have the advantages of flexible modifica-
tion, low cost, high affinity and specificity toward target
[16]. In previous research, our group described a biosensor
to detect Staphylococcal enterotoxin B with the recogni-
tion element of DNA aptamer [17]. A new electrochemical
method is presented here for ultrasensitive detection of
MTb secretory protein MPT64. A GO@Fe;0,@Pt nano-
composite was synthesized and used as a signal reporter by
efficiently catalysing the decomposition of H,O,. APP was
used to both specifically recognize MPT64 and trigger the
amplification process of RCA reaction. Because RCA
products (RCPs) are long ssDNA, they can be strongly
adsorbed by GO@Fe;04@Pt nanocomposite to greatly
amplify the detection signal. This synergistic amplification
strategy based on GO@Fe;04@Pt nanocomposite and
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rolling circle amplification has not been reported previous-
ly. Because protein G (PG) can force the antibody to ex-
pose its binding sites by specifically interacting with
antibody’s fragment crystallizable region [18], it was
used to immobilize antibodies on electrode surface.
This contributed to improve the efficiency of capturing
MPT64. The stepwise fabrication process and assay
principle are depicted in Scheme 1. As expected, with
the increasing concentration of MPT64, the amplified
current signal increased accordingly. Therefore, this
electrochemical biosensor has great potential in clinical ap-
plication for early and rapid detection of MT7b.

Experimental
Reagents and materials

GO was purchased from Pioneer Nanotechnology Co.
(Nanjing, China, http://www.xfnano.com). Amino-
functionalized Fe;O4 nanoparticles (100-200 nm) were ob-
tained from Aladdin (Shanghai, China, http://www.aladdin-
e.com). Chloroplatinic acid hexahydrate (H,PtCls-6H,0), 1-
ethyl-3-3(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), and bovine serum albumin
(BSA, 96-99%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA, http://www.sigmaaldrich.com). All
oligonucleotide sequences were synthesized and purified
by high-performance liquid chromatography (HPLC) at
Beijing Genomics Institute (BGI, China, http://www.
genomics.cn). The sequences are listed in Table S1. The
antibody against MTb secretory protein MPT64 (anti-
MPT64) was obtained from Lifespan Biosciences, Inc.
(Seattle, USA, https://www.Isbio.com). Recombinant
MPT64 protein and MTh secretory protein Ag85B were
obtained from CUSABIO (Wuhan, China, http://www.
cusabio.cn). T4 DNA ligase, phi29 DNA polymerase,
exonuclease I (Exo I) and exonuclease III (Exo III) were
purchased from Thermo Fisher Scientific (MA, USA,
https://www.thermofisher.com). His-tagged recombinant
protein G, deoxyribonucleotide triphosphate mixture
(dNTPs) and 3,3',5,5'-tetramethylbenzidine (TMB) were
purchased from Sangon Biotechnology, Co. (Shanghai,
China, http://www.sangon.com). Ultrapure water (Milli-
Q18.2 MQ-cm, Millipore System, Inc.) was employed in
all the experiments. All other reagents used in this work
were of analytical grade without further purification.

Apparatus and measurements
Cyclic voltammetry (CV), electrochemical impedance

spectroscopy (EIS) and differential pulse voltammetry
(DPV) were carried out on a CHI 660E electrochemical
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Scheme 1 Schematic of electrochemical detection of MPT64

workstation (Shanghai Chenhua Instruments Co., China).
The EIS data was fitted with the equivalent circuit model
by Zview 2 software. Gold electrode was used as a work-
ing electrode, Pt wire and Ag/AgCl (in saturated KCl)
served as counter electrode and reference electrode, re-
spectively. Transmission electron microscopy (TEM,
JEM-1400 Plus, Japan) was used to characterize the mor-
phology of nanomaterials. An energy dispersive spec-
trometer (EDS, Merlin Compact, Germany) was used to
analyse the components of nanomaterial. The absorbance
was recorded by Multi-Mode Microplate Reader (Biotek
Eon, Vermont, USA). Fluorescence spectra were mea-
sured by a Cary Eclipse fluorescence spectrophotometer
(Agilent, California). All measurements were performed
at room temperature unless otherwise stated.

Preparation of GO@Fe;0, nanocomposite

First, the solid GO was dissolved in ultrapure water with more
than 2 h ultrasonication to form a homogeneous GO solution
(1 mg:mL™"). Then, the carboxylic group of GO was activated
by 75 mmol-L™" EDC and 25 mmol-L™' NHS with stirring
vigorously at room temperature for 1 h. The activated GO
was collected by centrifugation at 8000 rpm (4310 rcf) for
10 min. Then, amino-functionalized Fe;O,4 nanoparticles
(1 mg'mL™") was added to the activated GO solution with
stirring at 50 °C for 1 h. After magnetic separation, the
GO @Fe;04 nanocomposite was obtained and stored at 4 °C
for further use.

O cDNA

Synthesis of GO@Fe3;0,@Pt nanocomposite

GO@Fe;04@Pt nanocomposite was synthesized by in-situ re-
duction of Pt ions according to the literature with modification
[12]. Briefly, the prepared GO@Fe;04 nanocomposite (1 mg)
was added to chloroplatinic acid hexahydrate solution
(H,PtCls-6H,0, 1%, 2 mL). After mixing thoroughly, the mix-
ture was kept in the shaking table at 30 °C for 12 h so that the
H,PtCls'6H,O was adsorbed onto GO@Fe;0, surface suffi-
ciently. The free H,PtCls-6H,O was removed by magnetic sep-
aration. Subsequently, the solid was transferred to a glass bottle
with 2 mL of ultrapure water. Sodium borohydride (NaBHy,
1%) was added to reduce Pt ions in-situ with ultrasonication for
30 min. Finally, the GO@Fe;0,@Pt nanocomposite was ob-
tained by magnetic separation and stored at 4 °C for future use.

Preparation of the circular DNA template

The primer (0.5 umol-L ") and phosphorylated padlock probe
(0.5 umol-L™") containing two complementary sequence re-
gions with primer were hybridized by heating at 95 °C for
5 min and cooling down to 22 °C gradually over 1 h (almost
1 °C/min) to form circular DNA. T4 DNA ligase (0.5 U/uL)
was used to connect the nick in the cDNA at 22 °C overnight
in a 20 pL reaction system. The product was obtained by
ethanol precipitation after deactivation of T4 DNA ligase at
65 °C for 15 min. The leftover ssDNA or dsDNA were
digested by Exo I (2 U/uL) and Exo III (5 U/uL). After the
enzymes denatured at 85 °C for 15 min, the cDNA was
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purified by ethanol precipitation again. The concentration of
c¢DNA was measured by NanoDrop.

Fabrication of the biosensor

The gold electrode (3 mm diameter) was polished with alumina
slurry (0.3 um and 0.05 pm) on a polishing cloth, followed by
ultrasonic cleaning of the electrode in ultrapure water, absolute
ethyl alcohol and ultrapure water, respectively, for 10 min. After
being treated with freshly prepared piranha solution (98%
H,S04:30% H>0,, 3:1 v/v), a mirror-like surface was obtained
on gold electrode. The prepared electrode was incubated with
his-tagged PG (15 pug-mL ") at 4 °C for 2 h. After washing with
phosphate buffer (PB, 10 mmol-L "}, pH 7.4), it was immersed
in anti-MPT64 (20 pugrmL™") at 4 °C overnight. In order to
reduce the non-specific adsorption, 0.25% BSA was applied to
block the non-binding sites on the surface of the gold electrode
at room temperature for 1 h. Finally, the biosensor was obtained
after another round of washing with PB and stored at 4 °C by
immersed in PB (10 mmol-L ", pH 7.4) for future use.

Determination of MPT64 protein by electrochemical
biosensor

The prepared biosensor was incubated with 10 pL of different
concentrations of MPT64 at 37 °C for 1 h. Tris-HCI buffer
(20 mmol-L ", pH 8.0) was used to dilute MPT64. After wash-
ing with PB (10 mmol-L ™, pH 7.4), 10 uL of 200 nmol-L !
APP probe was dropped on the electrode and incubated at 37 °C
for 1 h. Subsequently, the electrode was immersed in the RCA
reaction solution to proceed at 37 °C for 1 h. The composition of
the RCA reaction solution was cDNA (100 nmol-L "), dNTPs
(0.5 mmol-L ™), phi29 DNA polymerase (0.1 U/ puL) and 10 x

RCA reaction buffer (33 mmol-L ™! Tris-HCl (pH 7.9),
10 mmol-L ™" MgCl,, 66 mmol-L ™ 'KCl, 0.1% (v/v) Tween 20,
1.0 mmol- L™ dithiothreitol). Then, the reaction solution on the
electrode surface was washed out thoroughly. Afterward, the
GO @Fe;04@Pt nanocomposite (10 uL, 0.5 mg~mL71) was
dropped on the electrode and incubated at 37 °C for 40 min.
Then, the electrode was immersed in PB working solution
(10 mmol-L", pH 4.0) containing 20 mmol-L™! H,0, for
DPV measurement (from —0.6 V to 0.1 V at the sweep rate of
50 mV s ). The measurement process of MPT64 in unknown
(real) samples was the same as the above steps and the concen-
tration can be calculated by calibration plot.

Results and discussion
Choice of materials

GO was graphene-family nanomaterial with a large surface area.
It has attracted widespread attention due to its excellent
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physicochemical properties [19]. For example, Chen et al. uti-
lized the large surface area of the reduced GO to load
polyaniline for the detection of M7b [20]. Li et al. built a bio-
sensor for microRNA detection based on GO’s strong adsorp-
tion with single-stranded DNA [21]. These researches indicated
that GO was a good candidate both in loading materials and in
interacting with DNA. Magnetic nanomaterials were used in
many fields for separation, such as water purification, food pro-
duction and medical science [22]. Interestingly, Fe;O,4 nanopar-
ticles not only possess magnetic property, but also have catalytic
activity [23]. Pt is a noble metal nanomaterial best known for its
excellent catalytic activity, such as carbon monoxide oxidation,
methanol oxidation, and hydrogen oxidation [24]. However, the
widespread use of Pt is limited because it is rare and expensive.
Thus, it is necessary to recycle Pt to reduce the cost of corre-
sponding methods. In the comprehensive consideration of the
properties of GO, Fe304, and Pt, GO @Fe;0,@Pt nanocompos-
ite was synthesized. Combined the catalytic activity of Fe;O4
and Pt for the decomposition of H,O,, a much higher electron
transfer signal was detected. Importantly, the nanocomposite
can be reused by magnetic separation.

Characterization of the GO@Fe;0, and GO@Fe;0,@Pt

The morphology of GO@Fe;0,4 and GO@Fe;0,@Pt were
characterized by TEM. Figure 1a shows that Fe;O4 nanopar-
ticles are anchored on the GO surface. This indicates that
GO@Fe;0;, is synthesized successfully via covalent bonding
of carboxyl groups to amino groups. After the in-situ reduc-
tion of Pt ions, large amounts of small Pt nanoparticles are
uniformly distributed on the surface of GO @Fe;0, nanocom-
posite (Fig. 1b). The EDS technique was used to confirm the
presence and distribution of the elements of GO@Fe;0,@Pt.
As shown in Fig. 1c, the peaks of Fe, Pt, C, and O are clearly
observed, which indicates that FesO4 and Pt nanoparticles are
well anchored on the GO surface.

To verify the catalytic activity of GO@Fe;0,@Pt nanocom-
posite, both GO@Fe;0,@Pt and HRP were treated at a range
of pH (2.0-10.0) and temperatures (25-65 °C) for 30 min,
respectively. The results indicate that GO @Fe;0,@Pt nano-
composite can endure the harsh conditions in comparison with
HRP (Fig. S1). Moreover, the recyclability of the
GO@Fe;0,@Pt nanocomposite was also investigated (Fig.
S2). The interaction of GO@Fe;0,4@Pt nanocomposite with
ssDNA was analysed by a fluorescent probe. The results dem-
onstrate that GO@Fe;0,4@Pt nanocomposite can adsorb
ssDNA as well as GO. It can be a good signal reporter through
the adsorption with ssDNA produced by RCA (Fig. S3).

Validation of rolling circle amplification

Agarose gel electrophoresis assay (120 V, 30 min) was used to
validate that cDNA was synthesized successfully and RCA
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Fig. 1 Characterization of
nanocomposite. a TEM image of
GO@Fe;04. b TEM image of
GO@Fe;0,@Pt. ¢ EDS pattern
of GO@Fe;0,@Pt

can be performed well. As shown in Fig. S4a, there is one
bright black band and many sub-bands in lane 3 after T4
DNA ligase incubation with padlock probe and primer. The
bright black band is considered as cDNA for its position in the
lane, which is supported by Roh’s report [25]. The sub-bands
are the excessive padlock probe and primer or the mismatch
between them. After being treated with Exo I and Exo III, the
sub-bands in mixture are disappeared, leaving the cDNA only
(lane 4). This suggests that cDNA is prepared successfully for
its resistance to enzymatic digestion. Whether the APP probe
can trigger RCA reaction like a primer was also examined. As
seen in Fig. S4b, large molecule weight RCPs are observed in
both lane 3 and lane 4 using primer and APP, respectively, for
RCA reaction. These RCPs are the bright black bands which
barely move in gel analysis. In contrast, RCPs cannot be ob-
served in lane 1 and lane 2 due to the lack of cDNA in RCA
reaction solution. These results indicate that APP can be
served as a primer to trigger RCA reaction, and cDNA is
successfully synthesized in this work. Figure S5 further
indicates that RCA signal amplification strategy coupled
with GO@Fe;0,@Pt nanocomposite can effectively im-
prove the sensitivity.

Electrochemical characterization of the modified
electrode

The stepwise modification processes of the gold electrode
were characterized by CV in PB working solution (10 mmol-
Lt pH 7.4) containing 5 mmol-L™" K;[Fe(CN)g]/
K4[Fe(CN)g] and 0.1 mol-L ™! KCl at a scan rate of 0.1 V/S.

8 9

10 11 12

As described in Fig. 2a, the current response of the modified
electrode is decreased evidently due to the electron transfer
being hindered by nonconductive substances (including PG,
anti-MPT64, BSA, APP and RCPs). Compared with bare gold
electrode (curve a), PG modified electrode has a reduced cur-
rent response value (curve b), which demonstrates that PG is
connected successfully on the surface of gold electrode due to
the well-known affinity of his-fag to gold [26]. After anti-
MPT64 and BSA are fixed on the electrode, the current re-
sponse is decreased further (curve ¢ and curve d). With the
MPT64 being captured as a target, the current response is
decreased again (curve e). Curve f and curve g represent the
results of APP fixed and subsequent RCA reaction on the gold
electrode. This suggests that APP is connected successfully on
the electrode surface by specific recognition of MPT64, and
then trigger RCA reaction after the gold electrode im-
mersed in RCA reaction solution. The CV results were
further verified by EIS (high frequency: 10° Hz, low
frequency: 0.1 Hz) which suggested that the constructed
biosensor is feasible (see electronic supplementary material
1.6 for details).

Optimization of experimental conditions

Various experimental parameters were optimized, including
the different APP, the concentrations of key elements (PG,
anti-MPT64, APP2), the RCA time, and the pH of working
solution. APP2 is chosen to be used in the next experiments.
The optimal concentrations of PG, anti-MPT64 and APP2 are
15 pg'mL ", 20 pg'mL " and 200 nmol-L ™", respectively. The
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Fig. 2 Electrochemical characterization of the modified electrode. a
Cyclic voltammetry results and b Nyquist plots (including fitting
curves) obtained from different electrodes: (a) bare gold electrode, (b)
PG/gold electrode, (c) Ab/PG/gold electrode, (d) BSA/Ab/PG/gold
electrode, (e) MPT64/BSA/Ab/PG/gold electrode, (f) APP/MPT64/

optimal reaction time of RCA is 60 min. The suitable working
solution pH is 4.0. (Fig. S6).

Analytical property of the biosensor
Linearity range and limit of detection

Under the optimized experimental conditions, different con-
centrations of MPT64 were detected by the biosensor. As
shown in Fig. 3a, the DPV current signal is increased with
the increasing concentration of MPT64. Moreover, the current
signal intensity shows a good linear relationship with the log-
arithm of MPT64 concentration ranging from 5.0 fgrmL ™" to
1.0 x 10° fg'-mL"". The calibration plot is depicted in Fig. 3b.
The linear regression equation is I (LA) =2.713logc + 10.873
with a linear correlation coefficient (R?) of 0.9962. The detec-
tion limit (LOD) was estimated to be 0.34 fg~mL_1 (signal to
noise ratio: 3, n = 10) which was calculated by the following
equation: LOD = 3SD/k (SD represents the standard deviation
of the blank, k represents the slope of the linear regression
equation) [27]. Compared with other methods of MTh detec-
tion, the biosensor displays a good performance in analytical
range and detection limit (Table 1) which indicate that it is a
promising strategy for M7b detection.

b 1600
1400
1200
1000
800
600
400
200

-Z"/ohm

0 1000 2000 3000 4000 5000
Z'lohm
BSA/Ab/PG/gold electrode, (g) RCPs/APP/MPT64/BSA/Ab/PG/gold
electrode. These experiments were performed in PB working solution
(10 mmol-L !, pH 7.4) containing 5 mmol-L ™! [Fe(CN)(,]Sf/‘" and
0.1 mol'L ! KClI (scan rate of CV: 0.1 V/S)

Specificity

The specificity of the biosensor was assessed by detecting
several interfering proteins such as BSA, M7b secretory pro-
tein Ag85B (Ag85B), procalcitonin (PCT), glucose-regulated
protein 78 (GRP78) and inhibitor of differentiation (ID).
Under the same experimental conditions, there are negligible
current changes among those interfering proteins when com-
pared with blank. However, a strong current response is ob-
served with the presence of MPT64 (Fig. 3c). These results
indicate that the biosensor has a high specificity.

Repeatability

The repeatability of the biosensor is studied by measuring
different concentrations of MPT64 (1.0 x 102, 1.0 x 10%,
1.0 x 10° fgrmL ") for 10 times (Fig. S7). The relative stan-
dard deviation (RSD) is used to assess the repeatability. They
were 3.66%, 3.76%, and 2.60%, respectively (n = 10).

Stability

The stability of the biosensor was studied by measuring
MPT64 at different time points during storage. As shown in

a s b 30 C 30

40+ 1=2.713logc + 10.873 25
R?=0.9962

35+ 10° fg-mL" 251 201
30+

< 25 < 20- < 154

-~ -~ -~

- - = 10
207 15+
151 51
10 T T T T T T 10 : -

06 -05 -04 -03 -02 -0.1 0.0 0 2 4 6 Blank BSA Ag85B PCT GRP78 ID MPTé64
E/V logc / fg-mL”

Fig. 3 Analytical property of the electrochemical biosensor. a DPV curves
of different concentrations of MPT64 (0, 5, 10, 102, 10°, 10%, 10°,
10° fg'mL™"). b The calibration plot showing the relationship between
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the DPV current signal obtained at —0.25 V and the logarithm of MPT64
concentration. ¢ Specificity of the biosensor toward different analytes with
the same concentration of 1 ng~mL71 (Error bars=SD, n =5)



Microchim Acta Page 7 of 9

Table 1 Performance comparison for M7b detection

Detection method MTDb target Linearity range LOD References
Voltammetry MPT64 1.0 fgmL™'-1.0 x 10° fgrmL™ 0.9 fgmL™" [10]
Voltammetry MTb DNA sequence 0.1 pM-10 nM 50 fM [20]
Impedance 16 kD heat shock protein 100 ftM—1 nM 100 M [28]
ELISA MPT64 2.1 ngmL =250 ng'mL"" 2.1 ngmL™’ [29]
Voltammetry MPT64 1.0x10° fgmL '-1.0 x 107 fgrmL "' 0.3 fgmL ™’ [30]
Voltammetry MPT64 20 fgrmL ™ "'-1.0 x 10° fgmL™ 20 fgmL™! [31]
Voltammetry MPT64 5.0 fgmL '-1.0 x 10° fgmL™" 0.34 fgomL™ This work

Table S3, the biosensor shows good stability within 15 days’
storage at 4 °C by immersed in PB. Compared with initial
current signal of the biosensor, the current signal retains
97.31%, 95.21%, and 90.23%, respectively, by measuring at
5, 10, and 15 days’ storage.

Clinical application
Recovery test

In order to evaluate the feasibility of the biosensor for clinical
application, recovery tests were performed by the standard
addition method in healthy human serum samples. The serum
samples were spiked with MPT64 at concentrations of 10.0 fg:
mL ", 1.0 x 10° fgrmL 'and 1.0 x 10° fgmL ™", respectively.
Then, these serum samples were quantified by the biosensor,
and the corresponding results were listed in Table S4. The
recovery values range from 97.97 to 106.50% and the relative
standard deviation range from 2.50 to 3.13% (n=15). These

Fig. 4 Detection of MPT64 in clinical serum samples (Error bars = SD,
n=15).* Non-TB represents the serum samples collected from the patients
with other bacterial pulmonary infections

results indicate that the biosensor had great potential in clinical
application for the detection of MPT64 in serum samples.

Detection of MPT64 in clinical serum samples

To further prove the feasibility of the biosensor, we tried to
detect MPT64 in thirty clinical serum samples. These serum
samples were collected from The First Affiliated Hospital of
Chongqing Medical University, including the TB group, healthy
group, and non-TB group. The non-TB group serum samples
were provided by the patients with other bacterial pulmonary
infections such as Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Haemophilus influenzae. Each group has ten
serum samples. As shown in Fig. 4, negligible current signals
are observed when the biosensor is applied to detect the serum
samples of healthy group (X =5.22 +0.79 pA, ngmple = 10)
and non-TB group (X = 5.31 £ 1.02 pA, ngmpe = 10), re-
spectively. However, when the biosensor is applied to detect
the serum samples of TB group, significantly high current
signals (X =19.96 +3.92 pA, ngample = 10) are obtained,
indicating the existence of MPT64 in these TB group samples.
These results suggest that the electrochemical biosensor can
effectively identify M7b infection by detecting MTb secretory
protein MPT64.

Conclusion

In summary, a novel electrochemical biosensor was construct-
ed for ultrasensitive and rapid detection of MPT64 with the
synergetic signal amplification strategy of RCA and
GO@Fe;0,@Pt nanocomposite. GO with its large surface
areca was used as a carrier to anchor Fe;O4 and Pt nanoparti-
cles. GO@Fe;04@Pt nanocomposite was a well signal re-
porter for its excellent catalytic activity and recyclability.
Based on this, the biosensor had a wide linearity range and
low detection limit of 0.34 fg-mLfl. Moreover, the detection
process was completed within 4 h, which might contribute to
rapid diagnosis of TB. More importantly, this biosensor was
successfully applied to detect MPT64 in clinical serum

@ Springer
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samples to discriminate M7b infection. This electrochemical
biosensor has been shown to have broad application potential
for early and rapid diagnosis of TB. However, this method
also has some limitations. The number of reuses of
GO @Fe;0,@Pt nanocomposite still needs to be improved.
The synthesis process of nanomaterial is relatively sophisti-
cated. And present method is not assembled to a POCT device
for clinical direct use. In future research, we will attempt to
assemble this electrochemical biosensor into electrochemical
biochip sensor for simultaneous detection of multi-markers.
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