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A novel and pragmatic electrochemical sensing strategy was developed for ultrasensitive and specific
detection of nucleic acids by combining with defective T junction induced transcription amplification
(DTITA). The homogeneous recognition and specific binding of target DNA with a pair of designed probes
formed a defective T junction, further triggered primer extension reaction and in vitro transcription
amplification to produce numerous single-stranded RNA. These RNA products of DTITA could hybridized
with the biotinylated detection probes and immobilized capture probes for enzyme-amplified electro-
chemical detection on the surface of the biosensor. The proposed isothermal DTITA strategy displayed
remarkable signal amplification performance and reproducibility. The electrochemical DNA biosensor
showed very high sensitivity for target DNA with a low detection limit of 0.4 fM (240 molecules of the
synthetic DNA), and can directly detect target pathogenic gene of Group B Streptococci (GBS) from as low
as 400 copies of genomic DNA. Moreover, the established biosensor was successfully verified for directly
identifying GBS in clinical samples. This proposed strategy presented a simple and pragmatic platform
toward ultrasensitive and handy nucleic acids detection, and would become a potential tool for general

application in point-of-care setting.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Highly sensitive detection of sequence-specific DNA plays es-
sential roles in early clinical diagnosis (Debouck and Goodfellow,
1999), environmental monitoring (Palchetti and Mascini, 2008),
forensic analysis (Divne and Allen, 2005) as well as counter-ter-
rorist (Varma-Basil et al., 2004). Especially, point-of-care testing
(POCT) for nucleic acid detection is attracting considerable interest
owing to its general application in the setting where suitable fa-
cilities are unavailable and a rapid answer is required (Niemz et al.,
2011). Over the past decades, PCR-based methods have facilitated
rapid and accurate identification of DNA in central laboratories
(Park et al., 2013; de-Paz et al., 2014). However, requirements of
rigid control of temperature cycling, sophisticated and expensive
equipments, and highly trained analysts limit its application in
point-of-care (de-Paz et al., 2014; Tanaka et al.,, 2015). Thus, it is
still urgent to develop highly sensitive, low-complexity, handy
methods for DNA detection in point-of-care setting.
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Electrochemical biosensor has attracted substantial attention as
a potential POCT platform owing to its high sensitivity, easy to use,
rapid response, low cost and inexpensive instrumentation (Wang,
2002; Dungchai et al., 2009; Lu et al., 2012). To explore the de-
velopment of highly sensitive electrochemical DNA sensor, several
isothermal amplification techniques have been used. These iso-
thermal DNA amplification strategies, such as the strand dis-
placement reaction (SDR) (Gao et al., 2014; Cheng et al., 2014), the
hybridization chain reaction (HCR) (Gao et al., 2013; Li et al., 2014),
rolling circle amplification (RCA) (Jiang et al., 2014; Deng et al.,
2014), do not require special laboratory conditions for thermal
cycling and is highly compatible to biosensor systems. But most of
them trended to perform DNA target recycle or amplification di-
rectly on the electrode surface (Chen et al., 2011). The inherent
features of heterogeneous formats, including the steric hindrance,
restricted configurational freedom and the variant chemical mi-
croenvironment, lead to relatively low hybridization efficiency and
enzyme kinetics (Vijayendran and Leckband, 2001). These dis-
advantages counteracted the sensitivity and reproducibility of the
heterogeneous DNA amplification-based biosensor, especially in
the setting of detection a low abundance target gene from matrix
genomic DNA in real sample (Miranda-Castro et al., 2012).
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Fig. 1. Schematic representation of the DITIA strategy for electrochemical DNA biosensing.
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Fig. 2. (A) gel electrophoresis analysis of 2 uM target DNA (lane 1), 2 uM attaching
probe and 2 pM guiding probe (lane 2), hybridization of 0.75 pM target DNA with
0.75 pM attaching probe and 0.75 uM guiding probe (lane 3), products of target
DNA and two probes after primer extension reaction (lane 4) and transcription
amplification (lane 5). (B) Typical DPV curves of designed biosensor responding to
blank control (a), 1 nM target DNA without primer extension reaction (b), without
transcription amplification (c), and with integrity DTITA (d), respectively.
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Fig. 3. (A) DPV signals of the designed biosensor by using complete T-junction in
responding to blank and 1 nM target DNA with different base numbers for inter-
hybridization of two probes, respectively. Error bars are standard derivation ob-
tained from three independent experiments. (B) Typical DPV curves of the designed
biosensor by using complete T-junction and defective T-junction in responding to
blank (a) and 1 pM target DNA (b).

T7 RNA polymerase, a class of DNA-dependent RNA poly-
merase, only recognizes the specific promoter sequence and
transcribes its downstream DNA sequence at approximate rate of
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Fig. 4. Dependences of DPV peak currents on the temperature for hybridization of RNA products with detection and capture probes (A), the reaction time of primer extention
(B), concentration of T7 RNA polymerase (C) and reaction time for transcription amplification (D). When one parameter changed and the others were under their optimal
conditions, except the time for transcription amplification was 100 min in A, B and C. Error bars are standard derivation obtained from three independent experiments.

100 bp per second. The RNA transcription products only depend
on the quantity of template DNA (Zhang et al., 2001). Compared
with isothermal DNA amplification such as RCA, SDA, the tran-
scription amplification based on T7 polymerase is highly compa-
tible to target-dependent signal amplification and holds higher
flexibility for the design of amplification products (Zhang et al.,
2006; Kattah et al., 2008). So, T7-based transcription amplification
has been attempted to develop sensitive and multianalyte assays
for cell surface molecules, DNA binding proteins and nucleic acids
(Zhao et al,, 2012; Ma et al., 2014; Yu et al., 2014; Yin et al., 2015).

Herein, aiming at further improving the efficiency and practi-
cality of electrochemical DNA biosensor for POCT, a simple, highly
sensitive, and specfic electrochemical biosensing methodology
was developed by combining with a new target-dependent iso-
thermal signal amplification, named defective T junction induced
transcription amplification (DTITA). The homogeneous recognition
and specific binding of target DNA with a pair of designed probes
formed a defective T junction which contained an artificial vacuole
at the junction site and further triggered in vitro transcription
amplification to produce numerous single-stranded RNA. These
RNA products could hybridized with the biotinylated detection
probes and immobilized capture probes for enzyme-amplified
electrochemical readout on the surface of the biosensor. Compared
with the classic T junction DNA framework, the designed defective
T junction proved more conformational stability and homo-
genicity, and could remarkably improve the signal-to-noise ratio
and reproducibility of the proposed target-dependent transcrip-
tion amplification. A pathogenic gene of Group B Streptococci (GBS)
was used as a model target DNA to verify the practicability of the
designed strategy. GBS is an important pathogen in maternal and
newborns infection at perinatal stage (Johri et al., 2006). Prenatal

or intrapartum screening of GBS at point-of-care plays vital role in
guiding reasonable antibiotic prophylaxis (Verani et al., 2010). The
proposed DTITA-based electrochemical DNA biosensor showed
very high sensitivity and selectivity and was successfully applied
to directly screening GBS from clinical vaginal/anal samples. Thus,
the designed electrochemical biosensing strategy presented a
simple and pragmatic platform toward ultrasensitive nucleic acids
detection, and a potential tool for general application in POCT.

2. Materials and methods
2.1. Materials and reagents

Klenow Fragment (3'—5exo”) (KF exo~), 10 x KF buffer
(500 mM Tris-HCl, 50 mM MgCl,, 10 mM DTT, pH 8.0), T7 RNA
Polymerase and 5 x Transcription buffer (200 mM Tris-HCl,
30 mM MgCl,, 50 mM DTT, 50 mM NacCl, 10 mM spermidine, pH
7.9) were obtained from Fermentas (Lithuania). 6-Mercapto-1-
hexanol (MCH), a-naphthyl phosphate (x-NP), streptavidin—-alka-
line phosphatase (ST-ALP), deionized formamide and poly-
ethylene glycol sorbitan monolaurate (Tween-20) were purchased
from Sigma-Aldrich (USA). Gold-view, DL500 DNA Marker and
recombinant RNase inhibitor, diethypyrocarbonate (DEPC), dNTP
mixture solution and NTP mixture solution were purchased from
Takara (Dalian, China). The Group B Streptococus Nucleic Aid De-
tection Kit (Fluorescent PCR) was purchased from Taipu Bioscience
Co., Ltd. (Fujian, China). All DNA oligonucleotides were synthesized
by Sangon Biotechnology Co., Ltd. (Shanghai, China) and purified
using high-performance liquid chromatography. The gene of GBS
surface immunogenic protein (GenBank Accession no. 1012782),
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Fig. 5. (A) Typical DPV curves of the designed method responding to 0, 0.001, 0.01,
0.1, 1, 10, 100 pM and 1 nM of synthetic target DNA (from a to h), respectively.
(B) Calibration plot of DPV peak current vs. logarithm of target DNA concentration.
The error bars represent the standard deviations in three different measurements
for each concentration.

which exist in all GBS was used as target. The specificity of probes
has been verified in GenBank. The detailed sequences are listed in
Table S1. All other reagents were of analytical grade and solutions
were prepared and diluted by RNase-free water.

2.2. Apparatus

All electrochemical measurements were performed on a
CHI6G60D electrochemical workstation (Shanghai Chenhua Instru-
ments Co. Ltd., China) with a conventional three-electrode system
composed of platinum wire as auxiliary, Ag/AgCl electrode as re-
ference, and a 3-mm diameter gold electrode (GE) as working
electrode.
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2.3. DNA extraction from GBS culture and clinical specimens

GBS strain was obtained from Chongqing Municipal Center for
Disease Control and Prevention. The pure culture of GBS was
grown in Luria-Bertani medium at 37 °C for 16 h with shaking. The
culture was then washed twice in sterile ultrapure water by cen-
trifugation at 12,000 rpm for 10 min and resuspended in sterile
ultrapure water. Viable counts were performed by plating 100 pL
of appropriate 10-fold dilution in sterile ultrapure water onto plate
count agar. After incubating the plates at 37 °C for 24 h, the culture
colonies were counted to estimate forming unit per milliliter
(CFUmL~1!) on the plates.

The vaginal/anal samples of pregnant women for prenatal or
intrapartum GBS screening were collected from The First Affiliated
Hospital of Chongqing Medical University. Genomic DNA was ex-
tracted from 2 mL of different concentration cultures using the
TaKaRa MiniBEST Universal Genomic DNA Extraction Kit Ver.5.0
according to the instructions and resuspended in 50 pL of sterile
ultrapure water, so did the clinical samples. All prepared DNA were
stored at —20 °C for further use.

2.4. Sensor fabrication

The gold electrode was polished to a mirror sequentially with
03 pm and 0.05 pm alumina powder, followed by ultrasonic
cleaning with water, ethanol and water. Then, the electrode was
soaked in the piranha solution (H,SO4:H20,=3:1) for 10 min,
followed by rinsing thoroughly with ultrapure water to eliminate
other substances. 10 pL 200 nM thiolated capture probe was
dropped on the prepared electrode surface and incubated over-
night at 4 °C. After washing with Tris—HCI buffer solution (50 mM
Tris—HCl, 6 mM MgCl,, 10 mM NaCl, pH 7.5), the resulting elec-
trode was immersed into 1 mM MCH solution for 1 h to occupy the
left bare sites on electrode surface and obtain well-aligned DNA
monolayer. Then the electrode was rinsed with Tris—HCI buffer and
further treated with 2% BSA containing 125 mg/mL salmon sperm
DNA for 30 min to block the nonspecific binding sites on its sur-
face. The electrochemical biosensor was rinsed with the washing
buffer and used for following operation.

2.5. DNA detection protocol

3 pL target DNA was added to a 5 pL mixture whihch contained
2nM guiding probe, 2 nM attaching probe and 15% deionized
formamide in Tris—-HCI buffer solution. Then, the mix was heated
at 95 °C for 5 min in a water bath and cooled down slowly to the
room temperature to ensure denaturing of genomic DNA and
forming of the T-DNA complex molecular structure. Hereafter, 2 pL
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Fig. 6. (A) Typical DPV curves responding to different concentrations of GBS. (B) Comparison between the DPV peak currents of proposed biosensor and Ct value of RT-PCR
assay for GBS positive clinical samples. Error bars are standard derivation obtained from three independent experiments.
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extension solution containing 500 nM each dNTP, 0.5 unit pL~ ' KF
exo~ in KF buffer were added to the mixture and incubated at
41 °C for 45 min for extension reaction. KF exo~ was inactivated by
heating at 75 °C for 10 min. Then 20 pL transcription solution in-
cluding 1mM rNTPs, 50 nM biotinylated detection probe,
0.4 unit pL~! T7 RNA polymerase, 0.8 unit pL~! RNase inhibitor in
transcription buffer were added and the mix was incubated at
37 °C for 2 h for transcription amplification.

Then, 10 pL of resulted reaction mixture was dropped on the
above prepared electrodes and incubated at room temperature for
1 h. The electrode was then rinsed with diethanolamine buffer
solution (DEA, 100 mM diethanolamine, 1 mM MgCl,, 100 mM KCl,
pH 9.62). Subsequently, 10 pL of DEA buffer containing 1.25 pg/mL
ST-ALP and 10 mg mL~! BSA was dropped on the sensor surface
and incubated for 30 min at room temperature. The electro-
chemical sensor was washed thoroughly with DEA buffer con-
taining 0.05% Tween-20. The electrochemical measurement was
performed in DEA buffer containing 1 mg mL~' of «-NP substrate
with modulation time of 0.05 s, interval time of 0.017 s, step po-
tential of 5 mV, modulation amplitude of 70 mV and potential scan
from 0.0 to+0.5 V.

2.6. Gel electrophoresis

A 2% agarose gel electrophoresis analysis of the products via
the polymerization and transcription reaction was carried out in
1 x TBE buffer (90 mM Tris-HCI, 90 mM boric acid, 2 mM EDTA,
pH 7.9) at 120 mV for about 40 min. The gel was photographed by
Bio-Rad digital imaging system.

3. Results and discussion
3.1. Design of DTITA and electrochemical DNA sensing strategy

As shown in Fig. 1. A pair of single-strand probes, named at-
taching and guiding probes, were designed to contain target re-
cognition regions and short inter-hybridization regions, respec-
tively. Furthermore, the guiding probe also included T7 poly-
merase promoter and downstream template sequence (see Table
S1 for the detailed sequence information). In the presence of the
target DNA, two probes specifically bound to target DNA with their
target recognition regions and hybridized with each other for
forming a defective T junction by manufacturing an artificial va-
cuole at the junction region. Followed the T-junction DNA mole-
cular formation, primer extension reaction was performed in the
presence of KF exo- and dNTPs, producing a DNA duplex. Then T7
RNA polymerase recognized the double-stranded T7 promoter and
triggered transcription amplification, resulting in numerous sin-
gle-stranded RNA products. These RNA products of DTITA were
hybridized with the biotinylated detection probes and im-
mobilized capture probes on the surface of the biosensor. ST-ALP
was then labeled on the sensor surface by the specific recognition
of streptavidin and biotin, and implemented enzyme-amplified
electrochemical readout for quantitative detection of target DNA.

3.2. Verification of the designed strategy

In order to validate the designed DTITA strategy, several reac-
tion products were characterized by agarose gel electrophoresis.
As shown in Fig. 2A, the hybridization product of the attaching,
guiding probes with synthetic DNA target exhibited one well-de-
fined band with relative less migration than that of separate target
and probes, proving the formation of the expected T junction (Zhu
et al,, 2013). After the primer extension reaction, the correspond-
ing band showed a slightly slower migration, owing to the

implement of polymerization reaction (Zhang et al., 2014). When
the T7 RNA polymerase and rNTPs were added, a new dispersion
band about 40 bp was obviously observed, which account for the
RNA products of transcription amplification. These results in-
dicated the feasibility of the designed DTITA strategy directly.

To further characterize the feasibility of the combination of
DTITA with electrochemical DNA biosensor for target DNA detc-
tion, DPV measurements were performed with or without the
integrity DTITA (Fig. 2B). The DPV curves showed a well-defined
oxidation peak for target DNA, which corresponded to the oxida-
tion of a-naphthyl, the ALP-catalyzed product of a-NP. Compared
with the controls of the absent of the polymerization or tran-
scription reaction, The DPV signal corresponding to 1 nM target
DNA showed remarkable increase with the introduction of in-
tegrity DTITA, indicating that the target-dependent DTITA formed
a lot of RNA products for electrochemical DNA biosensing. A slight
DPV signal for blank was observed with DTITA, which was likely
attributed to that a little part of the transcription due to a weak
nonspecific binding of two probes.

3.3. Probes design

The design of attaching and guiding probes was critical for the
signal amplification performance of T junction induced transcrip-
tion amplification. Firstly, the attaching and guiding probes were
designed to completely match with target and each other for
forming complete T-junction without any vacuole at the junction
site. We attempted to improve the signal-to-noise ratio through
optimization of the base number of inter-hybridization regions.
Though signal-to-noise ratio of 6-base complementary sequences
was higher than that of 5 and 7-base, it could not ensure high
performance of target-dependent transcription amplification
(Fig. 3A).

Chemical linker molecule such as hexaethylene glycol has been
applied to incorporate into the guiding probe at the junction site
and improved the signal-to-noise ratio (Wharam et al., 2001). But
interpolation of non-nucleotide linker into oligonucleotides may
increase the cost and difficulty for probes preparation. Herein, by
designing a pair of probes containing two unpaired nucleotides in
the junction site respectively, a vacuole at the junction region with
target was artificially manufactured, forming a defective T junction
to perform target-dependent transcription amplification. As
showing in Fig. 3B, the signal of defective T junction responding to
1 pM of target DNA was 6 times as much as that of background,
displaying remarkable signal-to-noise ratio by both increasing the
signal and repressing the background. Meanwhile, the signal of
complete T-junction at 1 pM of target DNA showed little difference
with that of background. Furthermore, the variation coefficients of
signal of the defective T-junction were calculated to be 5.6%, which
was obviously lower than 15% of that of complete T-junction.
These results attributed to that the defective T junction held more
conformational stability and homogenicity (Leontis et al., 1991),
and clearly proved that the designed defective T junction was
contributed to improve the signal-to-noise ratio and reproduci-
bility of the proposed target-dependent transcription amplifica-
tion and electrochemical DNA sensing strategy.

3.4. Optimization of detection conditions

In order to achieve optimal sensing performance, several im-
portant experimental parameters were investigated. The peak
currents of DPV were used to evaluate the performance of the
proposed approach. The hybridization temperature of the RNA
products with the detection probe and capture probe had an great
influence on the DPV current response. For implement reaction on
the biosensor surface at near room temperature, the detection and
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capture probes were designed to hold 20 bases of complementary
sequences with transcription products, respectively. As shown in
Fig. 4A, the maximum signal-to-noise ratio was indeed achieved at
25 °C. At lower temperature, the probes and RNA products could
not get a sufficient collision probability that significantly reduced
the formation of three strands complexes as well as increased
some non-specific binding. On the other hand, at higher tem-
perature than melting temperature, the hybridization was not
sufficient.

The primer extension process of T-junction structure could be
affected by the reaction time of KF exo~. The peak current in-
creased with the increasing reaction time and tended to a constant
value at 45 min (Fig. 4B). Therefore, 45 min was chosen as the
optimal time for primer extension reaction. The effect of the
concentration of T7 RNA polymerase for transcription amplifica-
tion was depicted in Fig. 4C. The peak current increased until the
amount of T7 RNA polymerase exceeded 0.4 unit pL~' which was
selected as the optimal concentration. The transcription reaction
time was then investigated (Fig. 4D). With the increasing reaction
time, the obtained peak current increased rapidly and then tended
to reach the platform at 2 h. Thus, 2 h was selected as the opti-
mum reaction duration for transcription process.

3.5. Analytical performance of biosensor

Under the optimal experimental conditions, the DPV current
response gradually increased with the elevated concentration of
the synthetic target oligonucleotides (Fig. 5A). The plot of the re-
sponse vs. the logarithm of target DNA concentration showed a
strong linear relationship in the range from 1 fM to 1 nM with a
correlation coefficient of 0.999 (Fig. 5B). The limit of detection
(LOD) was calculated to be 0.4 fM in a 3¢ rule. The obtained LOD
was superior sensitivity than previous reported assays with T7
RNA polymerase-aided signal amplification (Sendroiu et al., 2011;
Yu et al., 2014; Yin et al., 2015) and those assays which performed
target binding and isothermal DNA amplification on the sensor
surface (Table S2). In other words, the proposed biosensor was
able to respond to 240 molecules of the synthetic target DNA in a
10 pL reaction mixture. The ultrahigh sensitivity was attributed to
the high efficiency of homogeneous target binding, remarkable
signal amplification performance and low background signal of
DTITA.

To estimate the reproducibility of the developed electro-
chemical biosensor, the intra-assay imprecision of three different
sensors at one assay and inter-assay imprecision at three different
assays for detection of 1 pM target DNA were examined, respec-
tively. The intra-assay coefficient of variation (CV) was 1.65% and
the inter-assay CV was 7.56%, showing remarkable precision and
reproducibility due to high conformational stability and homo-
genicity of the designed defective T junction.

3.6. Real sample analysis

In order to evaluate the practical applicability in real sample
analysis, the established biosensor was employed to directly detect
target gene from genomic DNA of serially diluted GBS without PCR.
As shown in Fig. 6A, the DPV responses were proportional with the
concentrations of genomic DNA in the range of 10*-~107 CFUmL~ .
According to the detection protocol, the detection limit was cal-
culated to be about 400 copies of GBS genomic DNA, which was
lower than that of PCR coupling with gel electrophoresis for pa-
thogenic bacteria detection (Lei et al., 2015). The result also con-
firmed no loss of analytical performance of the biosensor for de-
tection of enormous and complicated genomic DNA in real sample.

The proposed strategy was further applied to direct screening
GBS from clinical vaginal/anal samples of pregnant women at 35-

37 weeks of gestation without pre-PCR amplification. Among the
23 vaginal/anal lysates, 12 were identified as positive and 11
identified as negative by the proposed strategy with a positive
threshold of 0.266 pA which was defined as three times of the
standard deviation of 5 blank samples. Then these samples were
identified with a commercial RT-PCR assay, which was approved
by China Food and Drug Administration (CFDA). The proposed
method agreed with the RT-PCR results completely, showing 100%
of both positive predictive value and negative predictive value.
When comparing the results of two assays for the 12 GBS positive
samples using regression analysis, the plots of the cycle thresholds
(Ct) obtained with the RT-PCR assay vs that of DPV peak currents
obtained with the established biosensor gave a R? value of 0.961,
still further confirming complete agreement of two methods
(Fig. 6B). Furthermore, the proposed method could accurately
identify four low bacterial load samples which displayed higher Ct
in the range from 20 to 26. These results demonstrated that the
proposed method held comparable sensitivity and specificity with
CFDA-proposed RT-PCR method for GBS screening in real clinical
samples. More importantly, these significant analytical perfor-
mance was implemented without the need of sophisticated in-
strument for temperature cycling, complicated probes and proce-
dures for cascade signal amplification and interfacial nano-fabri-
cation, exhibiting great application potential towards point-of-care
testing.

4. Conclusion

This work has demonstrated an ultrasensitive and specific
electrochemical biosensor for convenient detection of target DNA
by integrating a homogeneous target-dependent DTITA and the
interface biosensing. The DTITA strategy demonstrates remarkable
amplification performance by transition of efficient target binding
to a lot of RNA transcription products. The designed method shows
an ultra-high sensitivity, acceptable reproducibility and is applic-
able for handy screening of target DNA in real clinical samples
without requirement of sophisticated thermal cycling and com-
plicate detection system. This proposed strategy presents a facile
and pragmatic platform toward ultrasensitive nucleic acids de-
tection and would become a potential tool for general application
in point-of-care nucleic acids assay.
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