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Rapid detection of drug-resistant bacteria can facilitate the early diagnosis of various infections and
provide essential guidance for appropriate usage of antibiotics. An ultrasensitive electrochemical DNA
(E-DNA) sensor based on isothermal strand-displacement polymerization reaction (ISDPR) for detection
of mecA gene in methicillin-resistant Staphylococcus aureus (MRSA) was proposed in this study. Methy-
lene blue (MB)-labeled hairpin probes were self-assembled on a gold electrode to confine MB molecules
close to the electrode surface for efficient electron transfer. The hairpin probes were then hybridized
with complementary target DNA and undergone conformational changes, which led to a decreased elec-
trochemical response. The primers annealed with the opened stems of hairpin probes were extended by
DNA polymerase, which in turn released the target DNA to trigger the next polymerization cycle. Finally,
each target DNA underwent through many rounds, resulting in a mass of MB molecules moved away from
the electrode surface, which generated significant amplified current suppression for mecA gene detec-
tion. With this target recycling amplification strategy, the proposed DNA biosensor could offer excellent
analytical performance for the detection of mecA gene and provide a new electrochemical method for

the early diagnosis of drug-resistant bacteria.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) is a major
cause of human bacterial infections worldwide, some of which
are life threatening, such as sepsis, necrotizing pneumonia, and
toxic shock syndrome [1-3]. Clinical evidence has shown that
rapid diagnosis and appropriate early treatment of MRSA infections
have positive influence on making infection control strategies and
decreasing the morbidity and mortality rate [4]. So far, the existing
assays for MRSA identification are mainly standard microbiology
methods and real-time polymerase chain reaction (PCR). However,
these culture-based methods for MRSA detection are insensitive,
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cumbersome, and time-consuming (24-72 h) [5]. Although PCR is
regarded as the “golden standard” method because of its high sen-
sitivity and promptness, it also suffers from several drawbacks
like labor-intensive, expensive, and unportable [6-8]. Therefore,
new methods for sensitive, rapid, and convenient determination of
MRSA need to be developed.

The mechanism underlying resistance to a family of antibiotics
isreportedly based on the acquisition of a chromosomal mecA gene
[9,10]. The mecA gene encodes penicillin-binding protein (PBP2a
or PBP2’) and permits methicillin resistance [11,12]. Hence, detec-
tion of mecA gene is tantamount to methicillin resistance detection.
Currently, a number of optical [13,14], electrochemical [15-17],
and piezoelectric [18] approaches based on DNA hybridization of
mecA gene have been developed to investigate MRSA. Among these
sensing devices, electrochemical biosensor has been proven to be
a particularly promising approach because of the following advan-
tages: convenience, sensitivity, speed, and portability. Thus, this
sensing device can meet the requirements in conventional MRSA
analysis.
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Since the electrochemical DNA (E-DNA) sensor was first devel-
oped by Fan et al. for nucleic acid detection [19], it has received
substantial attention [20-22]. In this method, the target binding-
induced conformational changes of the redox tag-labeled probes
can be monitored by detecting the distance-dependent electron
transfer between the attached signal molecules and the electrode.
This E-DNA sensor does not need target labeling, so the detection
process is fast and simple [23]. In addition, the application of hair-
pin probes provides high selectivity [24]. However, the sensitivity
of this biosensor for DNA detection is limited by the lack of sig-
nal amplification recycling. To overcome this issue, an effective
amplification strategy is needed to improve the sensitivity of the
traditional E-DNA sensor.

Inrecent years, isothermal strand-displacement polymerization
reaction (ISDPR) has been widely used for ultrasensitive nucleic
acid detection [25,26]. In ISDPR, the hybridization between the
hairpin probe and target DNA can induce polymerization reac-
tion in the presence of a primer. The polymerization reaction
produces a new strand to replace the target strand. The released
target DNA opens another hairpin probe to initiate next polymer-
ization reaction, thereby resulting in target DNA recycling and
achieving signal amplification. Compared with other signal ampli-
fication techniques such as PCR [27], exonuclease-based methods
[28,29],and rolling circle amplification [30,31],ISDPR does not need
repeated thermal cycling, a specific recognition site, and a specially
designed circular template. Thus, ISDPR can be conveniently used
to fabricate DNA biosensors. Hu’s group reported a portable and
sensitive personal glucose meter to analyze a single DNA strand by
using ISDPR [32]. Feng and Qiu constructed an optical bifunctional
signaling probe via a target recycling signal enhancement tech-
nique to detect different disease markers in parallel [33]. Li and
Zhou developed a label-free fluorescence DNA biosensor for nucleic
acid detection combining polymerization reaction with graphene
oxide with a low detection limit of 4 pM [34]. The ISDPR advantages
mentioned above prove that this target recycling method has great
potential to improve the detection sensitivity of electrochemical
biosensor.

In this work, we developed a novel sensing system for ultra-
sensitive detection of mecA gene in MRSA. The electrochemical
signal was transmitted by an E-DNA sensor and amplified by
ISDPR. After target DNA hybridization with the hairpin probe, the
primer released the target DNA to go through a new hybridiza-
tion and displacement cycle on the biosensor’s surface, thereby
resulting in successful target recycling. The detection mechanism
of this DNA biosensor involved distance variation between the
redox tags and the gold electrode, which was associated with
target-induced conformational changes of hairpin probe. The sub-
tle current changes can be directly monitored by electrochemical
measurements. The proposed electrochemical biosensor exhibited
good analytical performance in mecA gene detection, thereby pro-
viding a rapid and convenient sensing platform for nucleic acid
detection.

2. Experimental
2.1. Reagents and materials

The mecA gene-related oligonucleotides were synthesized and
HPLC-purified by Sangon Biotechnology Inc. (Shanghai, China),
and their base sequences were listed (supplementary informa-
tion, Table 1). Polymerase Klenow fragment exo~ (KF exo~)
and deoxynucleotide solution mixtures (dNTPs) were obtained
from Fermenta Biotechnology Co., Ltd. (Ontario, Canada). Tris—HCl
and 6-mercapto-1-hexanol (MCH) were purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China). Premix Taq Version 2.0,

DL500 DNA Marker, and agarose were purchased from Takara Co.
(Dalian, China). Ethylenediaminetetraacetic acid (EDTA) and Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP) were supplied
from Sigma-Aldrich Co. (St. Louis, USA). All other reagents were
of analytical grade and were used as received. The buffer solutions
used in this work were in supplementary information.

2.2. Apparatus and measurements

All electrochemical measurements were performed on a
CHI660D electrochemical workstation (Shanghai CH Instruments
Co., China). A conventional three-component electrochemical cell
was used in all experiments. A platinum wire was used as the
auxiliary electrode; a KCl-saturated Ag/AgCl electrode was used
as the reference electrode; and a modified gold electrode was
used as the working electrode. EIS and cyclic voltammetry (CV)
measurements were used to monitor the interface properties of
the modified electrode. Square wave voltammetry (SWV) mea-
surements were obtained in working buffer within the potential
range from —0.5 to 0.1V under pulse amplitude of 25mV and a
frequency of 25Hz. All electrochemical measurements were car-
ried out at room temperature (RT, 25+2°C). An atomic force
microscope (AFM) NanoWizard II (JPK Instruments Inc., Germany)
was employed to observe the images of different modified
electrodes.

2.3. Preparation of the electrochemical biosensor

First, the gold electrode (3mm in diameter) was mechan-
ically polished to a mirror-like surface using alumina powder
of 0.3 and 0.05um, followed by successive ultrasonic treat-
ment for 10 min each in ultrapure water, ethanol, and ultrapure
water. The electrode was then immersed in freshly pre-
pared piranha solution (98% H;SO4: 30% H,0,, 3:1, v/v) for
10min (Caution: Piranha solution dangerously attacks organic
matter!) and further electrochemically cleaned by scanning in
0.1M H,SO, between -0.2 and 1.6V until a stable cyclic
voltammogram was obtained. Finally, the gold electrode was thor-
oughly washed with ultrapure water and dried with nitrogen
gas.

Prior to modification, the thiol-modified hairpin probes were
reduced for 1h at RT by mixing 100 pL of 10 wM of the hairpin
probes with 1 wLof 100 mM TCEP and subsequently diluted to 1 uM
with TE buffer [35]. Then, the mixture was annealed by incubat-
ing at 95°C for 5min and slowly cooled to RT to form the hairpin
structure. The cleaned gold electrode was immersed in the above
solution for 8 h at RT in the dark. After rinsing with ultrapure water,
the electrode was incubated with 1 mM MCH solution for 1h at
37°C to block the remaining bare area. The electrode was then
washed and ready for the next modification.

2.4. Electrochemical detection of mecA gene

The modified electrode was immersed in 10 pL hybridization
buffer, which contained various concentrations of target DNA. This
process was performed in the dark at 37 °C for 2 h and was termi-
nated by thorough washing. Subsequently, target recycling based
on ISDPR was carried out by dipping 10 p.L of the polymerase reac-
tion mixture (5 U KF exo~, 500 wM dNTPs, 100nM primer, and
1 x KF buffer) on the as-prepared DNA biosensor surface for 2 h at
37°C. The electrode was then washed three times with ultrapure
water. Finally, SWV measurements of the resulting DNA biosensor
were recorded in working buffer solution. All analyses were made
in triplicate.
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Scheme 1. Schematic illustration of the electrochemical DNA biosensor fabrication process.

3. Results and discussion
3.1. Principle of this sensing system

The principle of this sensing mechanism was depicted in
Scheme 1. A hairpin-structured probe, dually labeled with 5'-
SH and 3’-MB, possessed a stem of 10 base pairs enclosing a
24 unpaired nucleotide loop. The loop region was complementary
to the target strand, whereas the 3’ terminal of the stem portion
was complementary to the primer. The hairpin probe was first self-
assembled on the gold electrode through Au-S binding, and was
kept upright due to the immobilized MCH. The two terminals on the
stem of the hairpin probe were aligned. Hence, the MB molecule,
which has efficient electrochemical activity, can be restricted close
to the gold electrode surface and produced a large Faradaic current.

When challenged with the mecA gene, the hairpin probe partly
hybridized with target strand and underwent a conformational
change. The conformational change led to stem separation, which
altered the distance between the MB molecule labeled at the 3’
end of the hairpin probe and the gold surface. The distance varia-
tion generated a decreased current response. Then, the primer was
annealed with the opened stem and was extended by the DNA poly-
merase, which enhanced the release of the target DNA. The replaced
target strand was then bound with another hairpin probe to trig-
ger the second polymerization cycle. Eventually, each mecA gene
underwent many cycles, and more MB molecules then moved away
from the electrode surface, which led to a dramatically decrease of
the electrochemical signal.

Moreover, the stem of hairpin probe was designed long enough
to ensure primer failure in initiating the polymerization reaction
without target DNA. Therefore, the background signal was very
weak. In conclusion, this electrochemical biosensor produced a
readily measured current suppression that could be related to the
presence and concentration of the mecA gene.

3.2. Characterization of the DNA biosensor

EIS is an effective and convenient tool to monitor the step-
wise modification of the gold electrode. In an impedance spectrum,
the larger semicircle diameter represents larger electrode-transfer
resistance (Re;) of the modified electrode. All EIS tests were car-
ried out under open circuit potential. EIS data were fitted by an
equivalent electrical circuit (inset in Fig. 1A). The EIS of differ-
ent surface-modified biosensors is exhibited in Fig. 1A. The bare
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Fig. 1. Electrochemical characterization of the proposed biosensor. (A) EIS
responses of: (a) bare gold electrode; (b) hairpin probe/gold electrode; (c)
MCH/hairpin probe/gold electrode; (d) mecA gene/MCH/hairpin probe/gold elec-
trode; and (e) after ISDPR in phosphate buffer solution (pH 7.0) containing 5 mM
[Fe(CN)s]3>~/4~ and 0.1 M KCl. (B) CVs of: (a) hairpin probe/gold electrode; (b) mecA
gene/MCH/hairpin probe/gold electrode; and (c) after ISDPR in Tris—HCl buffer solu-
tion (20 mM, pH 7.4) containing 140 mM NaCl and 5 mM MgCl,.
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Fig. 2. AFM images for the changes of interfacial properties of each immobilization step: (A) hairpin probe/gold electrode and (B) after mecA gene hybridization with

self-assembled hairpin probe in the presence of a certain polymerase reaction mixture.

gold electrode showed a very small semicircle domain (curve a),
thereby suggesting an excellent electron transfer process at the
gold electrode surface. After immobilization of hairpin probes, the
impedance increased (curve b) because the negatively charged
phosphoric acid backbones produced an electrostatic repulsion
force to anionic [Fe(CN)g]3~/4-. Subsequently, the blocking of MCH
increased the diameter of the semicircle (curve c), implying that the
immobilized MCH inhibited electron transport to the electrode sur-
face with nonconductive properties. In the presence of mecA gene,
the value of Re; further increased (curve d) because of the accu-
mulation of negative charges on the electrode upon the formation
of double-stranded DNA. When the electrode was incubated with
polymerase reaction mixture, strand displacement and polymerase
reaction were initiated and the R, value increased significantly
(curve e), because the target circulation produced a large amount
of double-stranded DNA. Therefore, these observations showed the
successful preparation of the sensing interface.

CV measurement was also employed to characterize the changes
of interfacial properties during the E-DNA sensor fabrication. As
shown in Fig. 1B, a couple of strong redox peaks were observed
at —0.24 and —-0.26V in the potential window (curve a). The MB-
modified stem-loop probes were immobilized on the surface of
gold electrode. Upon the addition of the complementary target
strand, the redox current decreased (curve b), which indicated that
the target DNA was loaded onto the electrode surface. With the
primers hybridized with the opened hairpin probes in the pres-
ence of DNA polymerase, an obvious decline in redox current was
obtained (curve c). This finding implied that many MB molecules
moved away from the electrode surface to generate strong current
suppression. Similarly, the CV results demonstrated the success of
the stepwise modification.

AFM was utilized to further verify the working electrode mod-
ification processes [36]. The three-dimensional height maps of the
modified probes in the absence or presence of mecA gene with a
certain polymerase reaction mixture are shown in Fig. 2A and B.
A rough and blunt appearance was obtained after modification of
the hairpin-structured probes (Fig. 2A). The surface mean rough-
ness (Sa) of this electrode was 2.465 nm, and the surface root mean
square roughness (Sq) was 3.185 nm. In addition, a more intensive
and towering image was observed upon hybridization and poly-
merase reaction (Fig. 2B). The Sa of this electrode was 4.774 nm and
the Sq was 6.619 nm. Thus, DNA hybridization and ISDPR smoothly
occurred on the electrode surface.

3.3. Feasibility of the electrochemical biosensor

The viability of this DNA detection system was investigated
using SWV method. As exhibited in Fig. 3, no electrochemical
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Fig. 3. Feasibility investigation of the electrochemical biosensor. SWVs of: (a)
bare gold electrode; (b) hairpin probe/gold electrode; (c) mecA gene/MCH/hairpin
probe/gold electrode; and (d and e) after ISDPR in the presence and absence of
target DNA respectively. The target DNA concentration was 200 pM. All data were
recorded in Tris-HCl (20 mM, pH 7.4) buffer solution containing 140 mM NaCl and
5mM MgCl,.

response was measured onto the bare gold electrode (curve a), since
no redox indicator was introduced to the gold electrode surface.
After immobilization of redox-labeled hairpin probes, a remarkable
Faradaic current can be observed and a well-defined current peak of
MB appeared at about —0.272 V (curve b), which can be attributed
to the stem-loop probes holding a large amount of MB molecules
around the electrode, thereby enabling efficient electrode trans-
fer. Upon hybridization with the mecA gene, an obvious decrease in
response current was observed (curve c). The double-stranded con-
formation of hairpin probe moved a number of MB molecules away
from the electrode surface, which suppressed electron transfer. By
contrast, a sharper decrease in current signal was obtained when
the biosensor was incubated with the polymerase reaction mixture
(curve d). Obviously, the detectable reduction in redox current was
caused by target recycling and strand displacement, which forced
MB molecules to continuously move away from the electrode. How-
ever, the current intensity only changed slightly (curve e) upon the
addition of the polymerase reaction mixture without DNA, which
suggested that the primers were unable to open the stem of hairpin
probes because the stem hybridization affinity was stronger than
the hybridization affinity with the primers. Because of the target
recycling amplification, a small amount of target DNA can induce
a highly suppressed current. These results showed that the devel-
oped E-DNA sensor with the amplification of ISDPR could be carried
out to quantitatively analyze the concentration of mecA gene.
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Fig.4. Effects of (A) hairpin probe concentration; (B) hairpin probe incubation time; (C) the length of the primer; and (D) polymerase reaction time on the current suppression.
The black pillar represents the current signal variation of target DNA and the red pillar stands for the blank. When one parameter changed, the others kept on their optimal
conditions. The target DNA concentration was 200 pM. Error bars represent standard deviations of the measurements (n=3).

3.4. Optimization of the experimental conditions

To achieve the perfect assay performance for this electrochem-
ical biosensor, various crucial experimental factors including the
density of MB-labeled probe, the length of the primer, and the
reaction time of the polymerization reaction were selectively opti-
mized.

Previous studies indicated that the probe density dependence of
E-DNA sensor is complicated [37]. To an E-DNA signaling system,
the hybridization efficiency may be reduced as the probe density
increases, but higher signal suppression will be observed with a
higher probe density [38]. Hence, the concentration and the incu-
bation time of hairpin probe, which were related to the density
of the hairpin probe on the gold electrode, should be tested. As
shown in Fig. 4A, AI (SWV current decrease, the peak current vari-
ation between the absence and presence of mecA gene fragment
with a certain polymerase reaction mixture) increased with hairpin
probe concentration from 0.2 wM to 1.0 wM. Further increase in the
concentration of hairpin probe resulted in a slight decrease in the
signal suppression. Therefore, 1.0 wM of hairpin probe was used
for the following experiments. The dependence of the Al on the
self-assembly time was studied in the range of 2-12 h (Fig. 4B). The
results showed that Al increased gradually with increasing time
and stabilized after 8 h. Thus, 8 h was selected as the optimal probe
incubation time for this electrochemical biosensor.

The length of the primer was a key factor affecting the reaction
efficiency of strand displacement, three different lengths of primers
were designed to maximize the signal-to-noise ratio and the detec-
tion sensitivity. As illustrated in Fig. 4C, the black pillar represents
the current variation obtained by applying target DNA hybridiza-
tion and ISDPR. The red pillar stands for the electrochemical signal
obtained by straightforward ISDPR without introducing the tar-
get DNA. Obviously, the current responses of the target strand

increased as the length of primer increased. However, the back-
ground signal also increased with increasing length of the primer
sequence. Therefore, the 9-nucleotides primer which induced the
maximum signal-to-noise ratio was selected for further research.

Based on the optimization strategy mentioned above, poly-
merase reaction time was also investigated. As displayed in Fig. 4D,
Al increased remarkably with increased polymerase reaction time
before reaching the saturation condition at 120 min. The results
suggested that a polymerase reaction time of 120 min was the ideal
reaction time for subsequent studies.

3.5. Analytical performance of the DNA biosensor

Under the optimized experimental conditions, the perform-
ances of the integrated biosensor were evaluated by SWV
measurement. Fig. 5 presents the steady-state response of the
proposed biosensor for different concentrations of mecA gene. As
shown in Fig. 5A, the addition of mecA gene resulted in a signifi-
cant decrease in the peak current of MB compared with the blank
(curve 1). Meanwhile, with the increasing concentration of the tar-
get DNA, more MB molecules moved away from the electrode,
thereby increasing the suppression of current response (curves
2-14). Fig. 5B illustrates the dependence of the current response
upon the mecA gene concentration range from 0pM to 400 pM.
Moreover, the calibration curve exhibited a good linear relation-
ship between AI and the concentration of target strand over the
detection range of 0.075-200 pM (inset in Fig. 5B). The regression
equation can be expressed as AI(pA)=1.875+0.132log C (M) with
a coefficient of determination (R?) of 0.997, where C is the mecA
gene concentration (n=3). The detection limit was estimated at
63fM (S/N=3), thereby indicating that a small amount of mecA
gene can result in a measurable suppressed current because of the
target recycling amplification. The analytical performance of the
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Fig.5. (A) SWV responses of the electrochemical biosensor with the increasing con-
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50, 100, 200, 300 and 400 pM, respectively). (B) Relationship between the current
response suppression and mecA gene concentration. Inset: calibration curve of the
SWV current decrement versus the logarithm of complementary DNA concentration.
Error bars represent standard deviations of the measurements (n=3).

proposed method for the detection of mecA gene was compared
with the performance of previously reported methods (supplemen-
tary information, Table 2). Obviously, the proposed method in this
study showed good performance in terms of analytical range and
detection limit.

3.6. Specificity, reproducibility, and stability

The specificity of the proposed biosensor was verified by expos-
ing the biosensor to four types of target sequences including
perfectly complementary DNA (T1), one-base mismatched DNA
(T2), three-base mismatched DNA (T3), and non-complementary
DNA (T4) (inset in Fig. 6). Among the four types of DNA sequence,
the current change of complementary strand was much greater
than those of the other mismatched sequences. As shown in Fig. 6,
the corresponding suppression of T2 and T3 was much less than
that of T1. Thus, the electrochemical biosensor was effective in dis-
criminating the complementary sequence from the one-base and
three-base mismatched DNA. Moreover, the detection of T4 showed
an even smaller current decrease (13.6%, similar to T1), and this
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Fig. 6. Specificity of the proposed electrochemical biosensor: (T1) complementary
DNA; (T2) one-base mismatch DNA; (T3) three-base mismatch DNA; (T4) non-
complementary DNA; and the blank. Inset: the SWV responses of different DNA
sequences and the blank. The DNA concentration was 200 pM. The current signals
were measured in Tris—HCl buffer solution (20 mM, pH 7.4) containing 140 mM NaCl
and 5mM MgCl,. Error bars represent standard deviations of the measurements
(n=3).

percentage was nearly the same as blank ground current. These
current responses indicated that the present DNA sensing strategy
has a high electrochemical specificity.

The electrode-to-electrode reproducibility was also evaluated.
Five integrated biosensors prepared with the same procedure were
tested in multiple assay concentrations at 0.25pM, 1pM, and
10pM. The relative standard deviations (RSD) were 4.8%, 5.6%,
and 6.0% respectively. The excellent reproducibility strongly con-
firmed that the label-free signal amplification method remarkably
minimized the biosensor-to-biosensor deviation. Stability of the
fabricated biosensor was also examined. After the biosensor was
stored at 4 °C for over 2 weeks, no obvious changes in electrochem-
ical response were obtained, thereby indicating a high stability.

3.7. Real sample detection

To prove whether the fabricated DNA biosensor could detect
actual samples sensitively, the mecA gene extractive of standard
mecA-positive strains of S. aureus (SA0129) was collected as the
detecting targets (see in supplementary information).

4. Conclusions

An ultrasensitive E-DNA sensor based on target recycling sig-
nal amplification for the detection of mecA gene in MRSA is
presented in this study. With the help of the amplification capa-
bility of ISDPR, the proposed electrochemical biosensor exhibited
remarkable analytical capability toward the mecA gene. A sensitive
detection limit of 63 fM and a wider linear range from 0.075 pM
to 200 pM were achieved. The E-DNA sensor provided a simple
signal transduction manner that greatly simplified the detection
process. Meanwhile, combining target recycling with the label-
free electrochemical detection method, the detection sensitivity is
improved. Repeated thermal cycling, specific recognition site, and
extra instrumentation were not required in this method, which is
good for point-of-care test. More importantly, this electrochem-
ical biosensor could be conveniently extended to detect other
nucleic acids simply by altering the corresponding DNA sequence.
Results showed that the proposed biosensor has great potential
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for application in the fields of food safety, disease diagnosis, and
environmental monitoring.
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