Biosensors and Bioelectronics 54 (2014) 217-221

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Contents lists available at ScienceDirect

Short communication

Aptamer biosensor for sensitive detection of toxin A of Clostridium
difficile using gold nanoparticles synthesized by Bacillus
stearothermophilus

@ CrossMark

Peng Luo**!, Yi Liu™!, Yun Xia? Huajian Xu? Guoming Xie

@ Clinical Laboratory, The First Affiliated Hospital, Chongqing Medical University, Chongging 400016, PR China
b Department of Medical Technique, Chongqing Medical and Pharmaceutical College, Chongqing 400030, PR China
€ Key Laboratory of Medical Diagnostics of Ministry of Education, Chongqing Medical University, Chongqing 400016, PR China

ARTICLE INFO

ABSTRACT

Article history:

Received 15 August 2013

Received in revised form

20 October 2013

Accepted 4 November 2013
Available online 12 November 2013

Keywords:
Clostridium difficile
Toxin

Aptamer
Biosynthesis
Nanoparticles
Biosensor

A sensitive electrochemical biosensor was developed to detect toxin A (TOA) of Clostridium difficile based
on an aptamer selected by the systematic evolution of ligands using exponential enrichment and gold
nanoparticles (GNPS) synthesized by Bacillus stearothermophilus. The thiolated single-stranded DNA used
as the capture probe (CP) was first self-assembled on a Nafion-thionine-GNPS-modified screen-printed
electrode (SPE) through an Au-thiol interaction. The horseradish peroxidase (HRP)-labeled aptamer
probe (AP) was then hybridized to the complementary oligonucleotide of CP to form an aptamer-DNA
duplex. In the absence of TOA, the aptamer-DNA duplex modified the electrode surface with HRP, so that
an amperometric response was induced based on the electrocatalytic properties of thionine. This was
mediated by the electrons that were generated in the enzymatic reaction of hydrogen peroxide under
HRP catalysis. After the specific recognition of TOA, an aptamer-TOA complex was produced rather than
the aptamer-DNA duplex, forcing the HRP-labeled AP to dissociate from the electrode surface, which
reduced the catalytic capacity of HRP and reduced the response current. The reduction in the response
current correlated linearly with the concentration of TOA in the range of 0-200 ng/mL. The detection
limit was shown to be 1 nM for TOA. This biosensor was applied to the analysis of TOA and showed good

selectivity, reproducibility, stability, and accuracy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Clostridium difficile is one of the predominant pathogens involved
in nosocomial intestinal infections, and can cause antibiotic-
associated diarrhea and pseudomembranous colitis in humans and
animals (Rupnik et al,, 2009; Friedman et al., 2013). This organism
produces at least two toxins, designated toxins A and B (Lyerly et al.,
1982). Toxin A (TOA) is the lethal enterotoxin, and can cause
hemorrhage and fluid secretion. Toxin B (TOB) is an extremely potent
cytotoxin for many cultured cells. The incidence of C. difficile infection
(CDI) is increasing throughout the world with the universal use of
antibiotics (Depestel and Aronoff (2013); Varughese et al., 2013).
A rapid and sensitive diagnosis can contribute to the timely treat-
ment of patients and to the control of the nosocomial spread of these
infections (Gerding et al., 2008; Barbut et al., 2005). Currently, the
primary laboratory tests used for a presumptive diagnosis of CDI
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involve the detection of the organism, TOA, or TOB in stool samples
(Kyne et al., 2000; Bartlett and Gerding (2008)). Although micro-
biological culture is the traditional method for determining CDI
(George et al, 1979), it is usually both insensitive and time-
consuming. A cytotoxic assay based on the cytopathic effect of the
bacterium on tissue-culture cells is regarded as the reference method
for the diagnosis of CDI, but this assay is costly and slow, and requires
some expertise (Aldeen et al., 2000). An enzyme immunoassay has
been used to detect CDI in many clinical studies (Musher et al., 2007).
However, some antibodies can cross-react, leading to false positive
results in these enzyme-linked immunosorbent assay (ELISA)-based
tests. Polymerase chain reaction (PCR) should be a rapid and sensitive
diagnostic method, but small amounts of free DNA in a sample would
reduce the positive detection rate, and laborious sample pretreat-
ment would also affect its accuracy (Van den Berg et al. (2007)).

To overcome these limitations, new recognition elements for
bioassays are attracting increasing interest. An aptamer is a synthetic
single-stranded DNA or RNA oligonucleotide that can specifically bind
to target molecules, such as nucleic acids, proteins, cells, and other
organic or inorganic molecules (Shangguan et al, 2006). Apta-
mers have many significant advantages compared with antibodies,
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including their high affinity, low immunogenesis, fast tissue penetra-
tion rate, and low molecular weight (Ray et al., 2012). They can be
chemically synthesized at low cost and easily modified with a variety
of chemical groups, including fluorescent dyes, biotin, thiols, and
enzymes (Yang et al., 1998). The assumption can be made that an
aptamer can recognize a molecular target such as TOA, and can
therefore provide a useful early assay for the identification of CDL

Recently, biosensors based on aptamers have gained much
attention in biochemical analyses (Zhang et al., 2011), clinical
diagnoses (Kim et al., 2011), food quality control (Chen et al,
2012), and environmental monitoring (Goda and Miyahara
(2012)). Therefore, they seem to be excellent candidates for the
rapid and sensitive diagnosis of TOA.

At present, gold nanoparticles (GNPS) have been widely used in
the preparation of biosensors because of their excellent electron
transfer ability and strong adsorptive capacity (Singh et al., 2013;
Rawal et al., 2012; Bertok et al., 2013; Meng et al., 2012). Moreover,
there is a growing need to develop environmentally friendly
processes for GNPS synthesis that do not use toxic chemicals.
Therefore, the microbial synthesis of GNPS has attracted much
interest because many microorganisms can strongly adsorb metal
ions and reduce them to metal nanoparticles with properties
similar to those of chemically synthesized materials (Fayaz et al.,
2011; Rajasree and Suman (2012); Thirumurugan et al., 2012). In
this paper, we report the first attempt to use Bacillus stearother-
mophilus, a Gram-positive bacterium that rarely causes disease in
healthy people, to synthesize GNPS that can immobilize thiolated
single-stranded DNA through an Au-thiol interaction.

We describe a novel disposable biosensor for TOA based on the
structural switching of an aptamer. In the absence of TOA, the
aptamer-DNA duplex formed by the hybridization reaction
between the capture probe (CP) and the aptamer probe (AP)
induces a clear enzymatic catalysis of the oxidation of thionine
by hydrogen peroxide. The addition of TOA induces a conforma-
tional change in the aptamer, resulting in the formation of an
aptamer-TOA complex, which causes the dissociation of the HRP-
labeled AP from the electrode surface, lowering the response
current. The reduction in the response current depends only on
the concentration of TOA, and this characteristic is the basis of the
biosensor designed for the quantitative analysis of TOA. The
analytical performance of and optimal conditions for this biosen-
sor were investigated. Under optimal conditions, the biosensor
response to TOA shows good selectivity, reproducibility, stability,
and accuracy. The proposed aptasensor was used to measure TOA
in stool samples and satisfactory results were obtained.

2. Experimental
2.1. Reagents and apparatus

All oligonucleotides were chemically synthesized by Sangon
Biotechnology Co., Ltd (Shanghai, China). Their sequences are
listed in Table SI1 of the Supplementary information. Toxin A,
Nafion-117 solution, thionine, magnetic beads, chlorauric acid
(HAuCl,), and 6-mercaptohexanol (MCH) were purchased from
Sigma-Aldrich (Shanghai, China). Carbon ink, silver ink, and UV
adhesives were purchased from TaiTungHong (ShenZhen, China).
C. difficile and B. stearothermophilus were gifts from the First
Affiliated Hospital of Chongqing Medical University. All other
reagents were of analytical grade and used without further
purification. All of the solutions were prepared with ultrapure
water from a Millipore Milli-Q system.

Cyclic voltammetric analysis and electrochemical impedance
spectroscopy were performed with a CHI-660D workstation
(Chenhua, China). A transmission electron microscope (Phillips,

Netherlands), ultraviolet-visible spectrophotometer (Persee, China),
flow cytometer (BD, USA), PCR thermocycler (ABI, USA), microplate
reader (Tecan, Switzerland), and a screen printer (Shengjiang, China)
were used.

2.2. Preparation of the aptasensor

The detailed procedures for the selection of the aptamer and
the preparation of GNPS are given in the ‘Experimental’ section of
the Supporting information. The screen-printed electrode (SPE)
with a carbon working electrode (WE; diameter, 3 mm), carbon
counter electrode, and Ag/AgCl reference electrode was fabricated
according to the literature (Yu et al., 2004; Luo et al.,, 2008). The
aptasensor was developed with the following steps. WE was
rinsed thoroughly with ultrapure water and dried at room tem-
perature. Nafion-117 solution (5%, w/w) was diluted to 1% (w/w)
with absolute ethanol; 10 pL of 1% (w/w) Nafion was dropped onto
the WE surface and allowed to dry in air at room temperature;
10 pL of 1 mmol/L thionine (pH 6.5) was dropped onto the Nafion-
modified electrode and allowed to stand for 1 h at room tempera-
ture. After the Nafion-thionine-modified electrode was rinsed
thoroughly with ultrapure water, it was immersed in 20 ml of
GNPS solution for 2 h at room temperature with vigorous stirring.
The pretreated electrode was rinsed with ultrapure water again,
and 10 pL of 100 nM CP solution was dripped onto the surface of
the Nafion-thionine-GNPS-modified electrode for 1 h at 37 °C. The
electrode surface was then passivated with 1 mM of MCH for 1 h.
The electrode surface was washed with ultrapure water to remove
any unbound oligonucleotide. Following these procedures, the
Nafion-thionine-GNPS-CP-modified electrode was immersed in
100 nM HRP-labeled AP solution to hybridize for 1 h at 37 °C. After
thorough rinsing, the biosensor was ready.

2.3. Electrochemical measurements

Phosphate-buffered saline (PBS; 25 uL at pH 7.0) containing
5.0 mM H,0, was dropped onto the biosensor surface without
stirring. The electrochemical signals were obtained using cyclic
voltammetry (CV) with a potential range from -0.1 V to -0.5 V (vs
Ag/AgCl) at a scanning rate of 20 mV/s.

3. Results and discussion
3.1. Characterization of the aptamer

The in vitro selection and amplification of the aptamer are
described in the section ‘Results and discussion’ of the Supporting
information. The binding of the aptamer to the target was monitored
directly with flow cytometry. The selected aptamers were labeled
with fluorescein isothiocyanate (FITC) and incubated with TOA. The
fluorescence intensity measured with flow cytometry represented
the binding capacity of the aptamer for TOA. After incubation with
TOA, the fluorescence intensity shifted to the right relative to that of
the FITC-aptamer, suggesting a significant increase in the fluores-
cence intensity (Fig. SI3). These results indicate that the aptamer
directed against TOA can bind to the target protein. Because aptamers
can be regarded as “shape libraries”, the potential secondary struc-
ture of the selected sequence was predicted using the DNAMan
software. As shown in Fig. SI4, two stable stem-loop structures, each
composed of about eight bases, were formed and the relative free
energy was —4.00. Based on these results, we considered that the
selected aptamer bound TOA of C. difficile because of its sequence and
structural conformation.
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3.2. Characterization of GNPS

The gold nanoparticles were examined by transmission elec-
tron microscopy (TEM). As shown in Fig. 1, differently shaped
particles, including spherical, triangular, and other shapes, were
observed, with diameters of approximately 5-30 nm. The TEM
images confirmed that GNPS were produced. A possible explana-
tion of this phenomenon is that enzymes secreted by B. stear-
othermophilus reduce Au>* to Au®, with the consequent formation
of GNPS. Fig. SI5 shows the UV-visible spectra of GNPS synthe-
sized with the chemical method (curve a) and with the microbial
method (curve b). As shown in Fig. SI5, the GNPS showed a
characteristic plasmon resonance band at 530 nm, indicating the
presence of gold particles with nanoscale dimensions (Silvestrini
and Ugo (2013)). However, the Amax of the GNPS synthesized by
the microbial method exhibited a red shift compared with the A,
of the GNPS synthesized with the chemical method, indicating
that the gold particles synthesized by the microbial method were

Fig. 1. TEM image of GNPS synthesized by B. stearothermophilus (scale bar=50 nm).

A B

Q Nafion-Thionine modified SPE

% HRP-labeled aptamer probe

. gold nanoparticles

larger than those synthesized chemically. This result is consistent
with that reported in the literature (Jin et al, 2007). GNPS
produced by B. stearothermophilus were used throughout the
experiment.

3.3. Principle of the electrochemical aptasensor

Fig. 2 illustrates the principle of the electrochemical biosensor
for TOA based on an AP probe and an enzymatic amplification
protocol. The thiolated CP was first immobilized on a Nafion-
thionine-GNPS-modified SPE through an Au-thiol interaction. The
HRP-labeled AP was then modified on the electrode surface by
hybridizing it with CP to form an aptamer-DNA duplex (Fig. 2A).
Without TOA, the HRP attached to the electrode could catalyze the
oxidation of thionine by hydrogen peroxide. As shown in Fig. 2C,
the oxidized form of HRP, which was produced in the reaction with
hydrogen peroxide, was reduced by the thionine immobilized on
the Nafion film. The thionine was reduced electrochemically on
the electrode. With the addition of the target (TOA), the binding
of the aptamer to TOA produced an aptamer-TOA complex, repla-
cing the aptamer-DNA complex, and causing the dissociation of the
HRP-labeled AP from the electrode (Fig. 2B). This reduced the
catalytic capacity of HRP and consequently the response current.
Because the concentrations of thionine and hydrogen peroxide
were constant, the reduction in the response current depended
only on the concentration of TOA. This characteristic was used as
the basis of the biosensor design for the detection of TOA.

3.4. Electrochemical behavior of the aptasensor

Cyclic voltammograms of the aptasensor were recorded and are
shown in Fig. 3. No obvious peak current was observed for the bare
SPE or the Nafion-modified electrode because there was no
electron mediator (curves a and b). However, in the voltammo-
gram obtained for the Nafion-thionine-modified electrode (curve c),
a symmetrical anodic and cathodic peak was observed, which
showed that a quasireversible redox reaction occurred at the
electrode. A possible explanation is that thionine can be absorbed
by Nafion through ion exchange and performs well as an electron
mediator (Moretto et al., 2013; Ou et al, 2007). The peak currents
increased dramatically after GNPS were introduced into the Nafion-
thionine film (d). This can be attributed to the GNPS, which act as
electron-conducting tunnels to facilitate electron transfer (Guo and

Thi (red) :

Thi (ox)

Electrode

% thiolated capture probe

’ Toxin A of Clostridium difficile

Fig. 2. Schematic representation of the aptasensor for TOA. (A) HRP-labeled aptamer probe hybridizes with the complementary part of the capture probe, (B) HRP-labeled
aptamer probe recognizes toxin A, and (C) the enzymatic mechanism based on HRP reactivity for H,0,.
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Fig. 3. CV curves for different electrodes in PBS (pH 7.0) with 5.0 mM H,0, at a
scan rate of 20 mV/s: (a) bare SPE, (b) Nafion, (¢) Nafion-thionine, (d) Nafion-

thionine-GNPS, (e) Nafion-thionine-GNPS-CP, (f) Nafion-thionine-GNPS-CP-AP,
and (g) Nafion-thionine-GNPS-CP-AP-TOA.

Wang (2007)). However, the peak currents decreased after CP was
immobilized onto the Nafion-thionine-GNPS-modified electrode (e).
A possible reason is that GNPS can covalently immobilize an aptamer
modified with a thiol group via Au-S bonding, and the CP immobi-
lized in the composite film can partly hinder electron transfer. The
modified biosensor was then hybridized with the HRP-labeled AP,
which caused a great reduction in the oxidation peak current and a
sharp increase in the reduction peak current (f). These results clearly
indicate the presence of the HRP-labeled AP on the biosensor
interface and that the peak current response derives from the
electrocatalytic property of the HRP on the electrode surface. After
the aptasensor reacted with TOA, the reduction peak current
decreased further (g), because the introduction of the target induces
a structural switch in the aptamer, resulting in the dissociation of the
HRP-labeled AP from the electrode surface and the simultaneous
decline in the peak current intensity. These results are consistent
with the electrochemical impedance spectroscopy shown in Fig. SI6.

3.5. Optimization of surface coverage

The immobilized CP had a profound effect on the aptasensor
surface coverage, because the lower densities had a limited
number of biorecognition sites, whereas the higher surface den-
sities resulted in steric and electrostatic interference between the
probes and the aptamer. Therefore, the effects of different con-
centrations of CP on the response current of the aptasensor were
investigated. The measurements were made according to the
following procedure: 10 pL of different concentrations of CP
solution (10, 50, 100, 150, or 200 nM) were dripped onto the
surface of the Nafion-thionine-GNPS-modified electrode. Then,
25uL of PBS (pH 7.0) without H,0, was dropped onto this
modified electrode and the response current was recorded. As
shown in Fig. SI7A, as the concentration of CP increased, the
response current decreased and leveled off slowly at concentra-
tions of up to 100 nM. This shows that the surface was saturated
with CP at this concentration. Although 10 nM CP produced the
highest current intensity, 100 nM was selected as the optimal CP
concentration based on the principle that a higher concentration
of probe can better hybridize to the target sequence.

Because the hybridization of CP and AP is the key factor
producing the high current intensity in the absence of the target,
the optimal AP concentration was then assessed experimentally by
varying the AP concentration in the range of 10-200 nM. The
measurements were made according to the following procedure.
The Nafion-thionine-GNPS-CP-modified electrode was immersed

in different concentrations of HRP-labeled AP solution (10, 50, 100,
150, or 200 nM) to hybridize with CP. Then, 25 uL of PBS (pH 7.0)
with H,0, was dropped onto this modified electrode and the
response current was recorded. As shown in Fig. SI7B, the current
increased as the AP concentration increased up to 100 nM, and
then started to plateau. This result indicates that the surface of
the probe-modified electrode was saturated. Thus, 100 nM was
selected as the optimal AP concentration for this study.

3.6. Quantitative measurement of TOA

Under the optimal conditions (provided in the Supporting
information), TOA was quantified using the aptasensor by intro-
ducing increasing concentrations of TOA. Fig. SI9 shows that with
increasing amounts of TOA, the response current decreased
gradually and began to level off when the TOA concentration
was about 300 ng/mL. As shown in the inset of Fig. SI9, the current
increment (Ai) correlated linearly with the concentration of TOA
in the range of 0-200 ng/mL. The calibration equation obtained
from this curve was Ai=0.03C+0.1 (where C is the TOA concen-
tration), with a linear slope of 0.03 and a correlation coefficient of
0.9993. The detection limit was calculated as 1 ng/mL according
with the 3SD/K criterion, where K is the slope of the calibration
graph and SD is the standard deviation (n=3) of the signals in the
blank samples.

3.7. Selectivity, precision, stability, and accuracy

Because selectivity is important in practical applications of the
aptasensor, other toxins, such as TOB of C. difficile, Shiga toxin, and
Botulinum toxin, were used to evaluate the selectivity of the
aptasensor. The concentration of TOA used was 50 ng/mL, whereas
the concentrations of the other toxins were 100 ng/mL in the
selectivity experiment. As shown in Fig. SI10, the signals for Shiga
toxin and Botulinum toxin were close to the signal for TOA.
However, the presence of TOB caused a notable increase in the
response current. A possible reason is that the N-terminal amino
acids of TOB are 64% homologous to those of TOA, which can result
in TOB combined with aptamer of TOA. Although TOB produced by
C. difficile could affect the detection of TOA, the presence of TOB
could also demonstrate a C. difficile infection, and could contribute
to a reduction in the number of missed diagnoses. These results
suggest that the aptasensor developed here can detect C. difficile
infections with good selectivity.

The precision and reproducibility of disposable biosensors
are key factors in their construction and application. To test the
precision and reproducibility of the present aptasensor, 10 differ-
ent disposable aptasensors, developed independently, were used
to test 10 different samples with the same TOA concentration
(50 ng/mL), and a relative standard deviation of 4.8% was obtained,
showing the acceptable detection precision. The aptasensor
showed good stability during storage, with 87.6% of its original
response remaining after storage for 2 weeks at 4 °C in PBS
(pH 7.0).

Recovery tests were used to evaluate the accuracy of the
aptasensor in practical applications. Three TOA samples of differ-
ent concentrations were first analyzed with an ELISA. The samples
were then assayed with the aptasensor. Table SI2 shows the
concentrations found and the recoveries obtained with the apta-
sensor. The aptasensor showed good recovery values. These results
suggest that the biosensor can be used to assay TOA in fecal
samples with high accuracy.
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4. Conclusion

In this study, a novel disposable TOA aptasensor with high
sensitivity was developed. The experimental results demonstrate
that the proposed method may be a valuable screening procedure
for CDI and can be readily extended to the detection of other
clinically important antigens. However, the aptasensor cannot
effectively discriminate between TOA and TOB because their
amino acid structures are similar. Therefore, an anti-TOA aptamer
with a greater recognition capacity will be developed in a future
study.
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