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Abstract: Fast, portable and sensitive analysis of E. coli is becoming an important challenge in many critical fields (e.g.,
food safty, environmental monitoring and clinical diagnosis). Thus, electrochemical biosensing of PCR amplicons from

21 bacterial genome is attracting reasonable research attention. In this work, we utilized a 3D DNA tetrahedral probe to
%2 establish a “sandwich-type” electrochemical DNA biosensor for sensitive and specific analysis of a 250 bp unpurified PCR
S

?3 amplicon from uidA gene of E.coli genome. Asymmetric PCR was used to produce single-strand PCR product. Streptavidin-
24 polyHRP80 was employed to improve the signal gain during electrochemical detection. We optimized important
0_%5 experiment conditions for DNA sensing, including the streptavidin-polyHRP, signal probe and the ion strength. Finally, we
26 achieved a remarkable sensitivity of 10 fM synthetic DNA target, and successfully performed the analysis of PCR amplicons
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from as low as 0.2 pg/uL of E.coli genome. Compared with traditional single stranded DNA (ssDNA) proe based detection,
our present work demonstrated 3-order of magnitude improvement in sensitivity. In addition, our electrochemical DNA
biosensor was 4 orders of magnitude more sensitive than normal electrophoretic analysis of PCR products. Our work

made an important progress in DNA nanostructured probe-based biosensors toward application in real applications.

Introduction

The detection of pathogenic microorganisms'” is becoming a
more and more critical health issue in food safety*, environmental
monitoring® and clinical diagnosis®’. In recent years, many disease
outbreaks happened worldwide, due to foodborne or waterborne
bacterial pathogens such as Escherichia coli (E.coli)®® O157:H7,
Staphylococcus, etc., causing death and injury of so many people.
The World Health Organization (WHO) estimated that 1.5 million
children die from diarrheal diseases every year, 88% of which were
caused by unsafe water contaminated with E. coli'’. Thus E. coli is

bacterial culturing need about 18 hours, while genetic analysis
including PCR and other molecular biological methods show
obvious advantage in analysis speed and specificity for the detection
of pathogenic microorganism genome DNA, most of which can be
finished in about 1~2 hours. Based on the fast development of
quantitative real-time PCR, highly sensitive analysis of genetic DNA
was realized using fluorescence probes. However, the fluorescence
detection instrument is usually not competent for miniaturization and
field analysis. Aiming at more portable and low economy/labor cost
methods, several scientists researched the electrochemical detection

of the PCR amplicons' ™, because electrochemical biosensor'® is
16, 17

2 becoming so representative that it is taken as an indicator for recognized 't04 pf)ssess gr e;c;t_z%])otentlal in multi-channel anal'ys1s 5
43 . . AT . . based on minimized chips °". For example, Rebecca Y. Lai et al.
microorganism contamination in many fields, although some of its . . . )
44 . established an electrochemical sensor for the detection of unpurified
serotypes are nonpathogenic. PCR i £ oviB £ Sal " hi . Thib
45 For E. coliscreening, routine methods based on 1 amplicons o g)fr gene 40 Aa monella typhimurium. Thi aut'et
46 al.” reported a real-time monitoring of the PCR product of bacterial
47 genome by analyzing the electrochemical redox catalysis of
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orma niversity, ullin Roada, anghai , na . . .
52 é Chemistry Department, King Saud University, Riyadh 11451, Saudi Arabia method for PCR amphcons still remam? a Challenge' OI'l Oge haTld’
53 ®Kellogg College, University of Oxford, Oxford, UK. several reported works were based on “signal off” strategies ~, which
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especially when facing the very complex matrix of PCR amplicons.
Our previous work?2 proved that a three-dimensional (3D) DNA

tetrahedral ~nanostructure” " can improve the ability for

biomolecular sensing®'**

, through the improved accessibility of the
probes and the better density control of the DNA probes on the
surface™.

In this work, we utilized the 3D DNA probes to establish a
74 electrochemical ~ DNA

electrochemical analysis of a 250 bp unpurified PCR amplicons of

“sandwich-type biosensor  for
uidA gene of E.coli genome. Asymmetric PCR* was used to
produce single-strand PCR product. In order to improve the signal
gain during electrochemical detection, we employed the streptavidin-
polyHRP80 which consists of up to 400 horse radish peroxidase
(HRP) molecules per conjugate. By optimizing the critical
conditions for probe assembling and target hybridization, we
achieved an increased signal-to-noise (S/N), and successfully
detected PCR amplicons from as low as 0.2 pg/pL genome template.

Experimental section

Materials

All oligonucleotides and PCR primers were synthesized and purified
by Invitrogen Inc., and the DNA sequences are shown in Table 1.
Horseradish peroxidase-conjugated streptavidin (streptavidin-HRP,
SA-HRP) was from eBioscience. Polymerized streptavidin-HRP
conjugates including poly-HRP20 (SA-HRP20) and poly-HRP80
(SA-HRP80) and their diluent buffer were obtained from Fitzgerald
Industries International (Acton, MA). Bacteria genomic DNA
isolation kit was obtained from Tiangen Biotech (Beijing) Co., LTD.
E. coli Dh5a, dNTP mixture, Ex Taq DNA polymerase and 10xEx
Taq Buffer were from Takara. Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP) was purchased from Sigma. The TMB
substrate (TMB= 3, 3°, 5, 5’ tetramethylbenzidine) was purchased
from Neogen in the format of a ready-to-use reagent (K-blue low
activity substrate, H,O, included). All other chemicals were of
analytical grade and all chemicals were used without further
purification. All solutions were prepared with Milli-Q water (18
MQ-cm resistivity).

Construction of the DNA tetrahedral nanostructure-based
biosensing surface

Gold electrodes (2 mm in diameter, CH Instruments Inc.) were
firstly polished on microcloth with micropolish deagglomerated
alumina suspensions (0.05 pm in diameter). Residual alumina
powder was removed by sonicating electrodes sequentially in
ethanol and Milli-Q water for 3 min. Then the electrodes were
electrochemically cleaned in a freshly prepared 0.5 M H,SO,
solution. Finally, the electrodes were washed thoroughly with Milli-
Q water and dried lightly with N, before immobilization.

Tetrahedral nanostructure-based capture probes (TSP) for DNA
detection were formed as follows: four strands (tetra-A, B, C, D in
table 1) were dissolved in TE buffer (10 mM Tris, | mM EDTA, pH
8.0) yielding a final concentration of 50 uM. 1 pL of each strand was
mixed with 5 uL. of TCEP (30 mM) and 41 pL of TM buffer (20 mM
Tris, 50 mM MgCl,, pH 8.0), and the resulted mixture was firstly
heated to 95 °C for 2 min, then cooled to 4 °C over 30 s using a
peltier thermal cycler (PTC-200, MJ. Research Inc., SA). After that,
3uL TSP probes (1 uM) were pipetted onto the cleaned electrode

2| J. Name., 2012, 00, 1-3
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surface and incubated overnight at room temperature. For bacteria
genomic DNA detection, we just conveniently changed the
recognition part of the capture probe (E.coli -A), while all the other
conditions for the construction of the DNA tetrahedral nanostructure
were the same.

Table 1. DNA sequences information

Name Sequence (5°-3%)
GTATCCAGTGGCTCATTTTTTTTTTACATT
Tetra-A CCTAAGTCTGA
AACATTACAGCTTGCTACACGAGAAGAG
CCGCCATAGTA
SH-Cs-
Tetra-B TATCACCAGGCAGTTGACAGTGTAGCAA
GCTGTA
ATAGATGCGAGGGTCCAATAC
SH-Cs-
Tetra-C TCAACTGCCTGGTGATAAAACGACACTA
CGTGGG
AATCTACTATGGCGGCTCTTC
SH-Cs-
Tetra-D TTCAGACTTAGGAATGTGCTTCCCACGTA
GTGTC
GTTTGTATTGGACCCTCGCAT

signal probe  BIQTIN-GCATGCTAGTAATGCTCTTG

Target TGAGCCACTGGATACTTTTTCAAGAGCAT
TACTAGCATGC

Mis-T TGAGCCATTGGATACTTTTTCAAGAGCAT
TACTAGCATGC

Mis-A TGAGCCAATGGATACTTTTTCAAGAGCAT
TACTAGCATGC

Mis-G TGAGCCAGTGGATACTTTTTCAAGAGCA
TTACTAGCATGC

Mis-2 TGAGCCGGTGGATACTTTTTCAAGAGCA

TTACTAGCATGC

ACATTCCTAAGTCTGAAACATTACAGCTT

GCTACACGAGA

AGAGCCGCCATAGTATTTTTTTCCCACCA

ACGCTG

E.coli -A

E.coli signal
ATCAATTCCACAGTTTTCGC-BIOTIN

probe
E.colitarget ~GCGAAAACTGTGGAATTGATCAGCGTTG
GTGGGAA
E.coli PCR
. GCGAAAACTGTGGAATTGAT
primerl
E.coli PCR
. TGATGCTCCATCACTTCCTG
primer2
GCGAA AACTG TGGAA TTGAT CAGCG
TTGGT GGGAA AGCGC GTTAC AAGAA
AGCCG GGCAA TTGCT GTGCC AGGCA
250 bp PCR GTTTT AACGA TCAGT TCGCC GATGC

AGATA TTCGT AATTA TGCGG GCAAC
product GTCTG GTATC AGCGC GAAGT CTTTA
TACCG AAAGG TTGGG CAGGC CAGCG
TATCG TGCTG CGTTT CGATG CGGTC
ACTCA TTACG GCAAA GTGTG GGTCA
ATAAT CAGGA AGTGA TGGAG CATCA

This journal is © The Royal Society of Chemistry 20xx
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1
3 Bacteria culture and PCR amplification E.coli DhSa was cultured overnight, and its genomic DNA was
4 extracted using a bacteria genomic DNA isolation kit (Tiangen,
5
3 HO
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%? Fig. 1 Scheme for DNA tetrahedral nanostructure-based "sandwich-type" biosensing strategy for electrochemical DNA analysis.
as

Beijing). The asymmetric PCR amplification of E.coli genomic
DNA was performed on a thermal cycler (S1000, Bio-Rad). A pair

working electrode. The EIS analysis solution was 10 mM PBS (pH
7.4) containing 5 mM Fe (CN)s>'* and 0.1 M KCI.

21 of asymmetric primers (primerl/primer2=10:1) was employed to

%2 generate ssDNA strands as many as possible. The amplification

?3 protocol is as follows: 2 min at 95 °C followed by 50 cycles of 95 °C Results and Discussions

24 for 30 s, 61 °C for 30 s, and 72 °C for 30 s. The reaction system was  Detection strategy of TSP-based electrochemical DNA sensor

@5 further incubated at 72 °C for 10 min to extend any incomplete 1, ¢ig study, we constructed a “sandwich-type” strategy on a novel

26 products. The PCR products were diluted with hybridization buffer NA nanostructure-based surface. A synthetic target DNA was
7 for certain concentrations. firstly analyzed to construct and optimize our biosensor, and then a
8 Electrochemical Measurements
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The synthetic DNA and the PCR amplicons were respectively
analyzed with a “sandwich-type” biosensing strategy. Firstly, the
target DNA was mixed with the biotinylated reporter probe (P1, 500
nM) in 10 mM phosphate buffer (PB) containing 1 M NaCl and 20
mM MgCl, (pH 7.4), then heated to 80 °C for 5 min, and then cooled
down to room temperature for more than 20 min. Secondly TSP
probe modified gold electrode was immersed into 100 pL of the
above mixture in a microtube at 37 °C for 2 hr, to perform the
hybridization between the TSP probe and the target DNA. Thirdly,
the gold electrode was rinsed with 0.01 M PBS (10 mM PB
containing 0.01 M NaCl) buffer and dried lightly with N,, and then
incubated with 3 pL of HRP (SA-HRP, SA-HRP20 or SA-HRP80)
(10 ng/uL) for 15 min at room temperature. Lastly, the sensors were

250 bp PCR amplicon from the uidA gene of E.coli genome was
finally analyzed. As shown in Fig. 1, firstly the DNA tetrahedron
nanostructure-based capture probes were firmly immobilized on gold
surface by three thiol groups at three vertices, and the pendant
capture probe on the top vertex was designed to hybridize with the
target DNA. Our previous studies demonstrated that the rigid DNA
tetrahedron nanostructures could hold the capture probe standing
upright and thus reduce the surface steric hindrance effect. Then,
with the presence of the target DNA, the DNA tetrahedron
nanostructure-based capture probe and biotinylated signal probe
formed a stable sandwich structure together, and then the biotin tag
of signal probe could specifically capture a streptavidin-labeled
HRP, catalyzing the reduction of hydrogen peroxide to generate a

41 ! ) ] X quantitative electrochemical current signal in TMB co-substrate.
42 extensively ' rinsed  with 0.0l M PBS and subjected to Importantly, a streptavidin-labeled polyHRP conjugate (SA-HRP80)
43 electrgchﬁmlcalhmeasuiemezr(ljti].) q i dotocti was applied in place of normal SA-HRP, to further increase the
yclic voltammetry and amperometric detection were ; ie i
jg performed with a CHI 630 electrochemical workstati(?n (CH :}Zitrrii}:,ﬁ;n,ﬁic:al|fj}:5;z: Lgfn:;.P_based DNA sensor
46 Instruments Inc., Austin) and a tf}ree-electr()'de c‘onﬁguratlon was Cyclic voltammetry (CV) and chronoamperometry were applied
47 empli?yed lall t}(;rough ;he' experl'ment, ‘?ﬁmh lanOIVZd a ngId to study the electrochemical behavior of TSP-based genomic DNA
48 XO;Amgl e;‘;\tZOKZ’l a };atmum lwiredau)(ﬁjl 1a11?/ N T:tm et an Cs/n sensor. We firstly employed the sensor to detect a synthetic target
49 AL ) (d ) e erencefele(;:oro \e]/ }: 1c vo amr'nedry ( i ) DNA. As expected, clear electron communication between TMB and
50 was Carrlfe ou(; ata fggn ra\t]e o mA /SA érllper;)metrlc etzctl(f)ln the underlying gold electrode was obtained on the DNA tetrahedron
51 “Iast per torlme‘: atd t‘ m (vetrsus gAg dreterli)rge) afrtl the nanostructure. Either with or without the presence of the target, we
52 eH;{CPrf:joa ytie r'e uction current was measured a § alter Me 411 observed two pairs of well-defined redox peaks in the CV results
X reaction reached steady state. on the TSP modified Au electrode, which were assigned to the two-
53 Electrochemical impedance spectroscopy (EIS) measurements electron reduction and oxidation reactions of TMB. After
54 were performed using a CHI 660b electrochemical workstation (CH hybridization with the target DNA, the typical HRP-based
55 Instruments Inc., Austin) and a three-electrode system with an electrocatalytic process occurs at about 250 mV (Fig. 2A). By
gs Ag/AgCl reference electrode, a Pt counter electrode, and a gold employing the amperometry method, we observed a more visualized
58
59
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HRP-catalysed electrochemical process due to the current (I) versus
time (t) curve, and the catalytic current increased with the increase of
target DNA concentration (Fig. 2B). Electrochemical impedance
spectroscopy (EIS) was performed to characterize the establishing

6
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Fig. 2 (A) CV results of our biosensor in the absence (black line) and
presence (red line) of 1 nM synthetic target DNA. Scan rate: 100
mV/s. (B) Amperometric curves (I-t curves) of a series of synthetic
target DNA concentrations. From top to bottom: 1 nM, 100 pM, 10
pM, 1 pM, 100 fM, 10 fM, 0 fM. Insert shows the I-t curves of low
concentration range target DNA between 10 fM to 1 pM. The
potential for I-t analysis was 100 mV.

process of the TSP-based sensor (Fig. S1) by using Fe (CN)g >+
redox couples.

Comparison of different HRP

Normal SA-HRP conjugate contains only one HRP molecule, while
SA-HRP20 contains up to 100 HRP molecules per conjugate and
SA-HRP80 contains up to 400 HRP molecules per conjugate with
much higher catalytic activity, however, the applifiation of poly-
HRP for electrochemical biosensing is still a main challenge. Firstly,
larger molecules may bring higher molecule crowding, which will
affect the avidin-biotin combination and HRP acitivity, secondly,
unspecific adsorption of polyHRP may cause even higher
background signal. Thus, the probe assembling definitely need to be
improved for better surface density regulation and to resist the
possible HRP unspecific adsorption. In this work, by using the 3D
DNA probe, we developed a polyHRP-based biosensor and
successfully realized absolutely higher S/N.

We compared different streptavidin-HRP conjugates (SA-HRP,
SA-HRP20 and SA-HRP80) in analyzing unpurified PCR amplicons
of genomic DNA against the complex biological matrix.SA-HRP80
showed much higher current signal than SA-HRR and SA-HRP20,
as it brought more HRP molecules to each signal probe. What is
more important, the background current of poly-HRP80 almost
remained as low as that of single SA-HRP, which clearly
demonstrated the strong resistance of non-specific HRP enzyme
adsorption of our TSP covered electrode surface. Thus the S/N of
SA-HRP80 was obviously higher (Fig. 3B). As Fig. 3 showed, the
S/N of 1 nM target DNA was as high as 37.7 by using poly-HRP80,
which was almost 4 times higher than of SA-HRP20.

Optimization of the ion strength in the hybridization buffer

Ion strength in the buffer concentration was believed to influence the
hybridization, and divalent magnesium is found to be more efficient
than monovalent sodium®®. On one side, proper concentration of ion
strength could improve the reaction kinetics between DNA strands
through cation shielding, on the other side, Mg*" is also reported to
specifically interact with the oligonucleotide bases®’, which may

4| J. Name., 2012, 00, 1-3
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result in non-complementary target hybridization or formation of
secondary structure. It is widely recognized that the Mg*"

2500+
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e & 7
04 Z e N
SA-HRP SA-HRP20 SA-HRP80

Fig. 3 Analysis results of 100 pM target DNA using different
streptavidin-labelled HRP. The Error bars represent standard
deviations for measurements taken from at least three independent
experiments.

concentration needed for DNA hybridization is much higher in self-
assembled monolayer (SAM) than in solution, to compensate for the
negative charge between the high density DNA probes on the surface.
Our 3D DNA tetrahedral nanostructure raised up the capture probe
and provided a sub-aqueous phase environment, which decreased the
Mg”" needed for the cation shielding. In our work, the concentration
of Mg*" in hybridization buffer was optimized in the range between
1 mM to 1 M, in 10 mM phosphate buffer (PB) containing 1 M
NaCl, while all the other conditions were fixed. The results are
summarized in Fig. 4: When 20 mM Mg®" was added into the
system, the DNA hybridization was obviously improved, generating
a 5 times enhance of the current signal, however, when we
continuously increased the concentration of Mg”". Thus, in our work,
20 mM Mg®" was chosen as an optimized condition for the

hybridization.
660 -
< 550
c
' 440
-
)
C 330-
g }
—
5 220- \
S 110! —1
0 T v L) ¥ T L T L T
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Fig. 4 Analysis results of TSP-based DNA sensor using different
concentration of Mg2+ in the hybridization buffer. The
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1
é concentration of target DNA was 10 pM. Error bars represent Fig. 6 Logarithmic plot of amperometric current versus target DNA
4 §tandard deviation§ for measurements taken from at least three  concentration for TSP-based DNA sensor (black line: SA-HRP80, red
independent experiments. line: SA-HRP). The inserted histogram is the analysis result of low
g concentration DNA and the blank. Error bars represent standard
relatively higher background current was observed, which may due
7 800+ to the large amount of signal probe adsorped onto the electrode
8 surface by nonspecific hybridization resulting in an increased
9 —=—blank background. Thus, a signal probe concentration of 500 nM was
10 g 600- —e—10 pM i\ proved to be a critical upper limit for the background control on
11 ' { TSP-based DNA biosensors, which was, to the best of our
33.2 = knowledge, high enough for most of the "sandwich-type" biosensor
3.3 g 400 research®® ¥ As a result, 500 nM signal probe concentration was
%4 ’g chosen for the highest S/N for DNA hybridization analysis.
gg "I, 200 E/ Sensitivity of TSP-based DNA sensor
Q_? / / Based on the detailed optimization and investigation above, we
g8 : 1 P finally settled the optimized conditions, and achieved ultra-high
Qg 0 = ; T sensitivity of DNA analysis. As shown in Fig. 6, with the application

1 10 100 500 1000

of SA-HRP80, the signal for 10 fM target DNA (-137 nA) could be

21 Concentration of signal probe, nM easily distinguished from the background (-54.16 nA) (Insert in Fig.

%2 6), and a broad dynamic range (7 orders of magnitude) was realized.

%3 Fig. 5 Investigation of the signal probe concentration for TSP-based As a comparison, when we used the SA-HRP to replace the SA-

24 electrochemical DNA biosensor. The concentration of target was 10 ~ HRP80, the detection limit was only 1 pM (Red line in Fig. 6),

0_%5 pM. Error bars represent standard deviations for measurements which was ascribed to the much lower catalysis activity of SA-HRP

26 taken from at least three independent experiments. than SA-HRPS80. Significantly, the TSP probe modified electrodes
7 kept in the 4 °C refrigerator could remain their analysis capability
8 Investigation of signal probe concentration for at least one week with a stable S/N value (Fig.S1).
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The electrochemical signal of "sandwich-type" DNA sensor was
greatly influenced by the concentration of signal probe. Apparently,
an insufficient supply of the signalling probe would limit the signal,
while excessive addition of the signal probe would increase the risk
of unspecific adsorption. In our experiment, we take 10 pM synthetic
DNA as the target and studied the effect of signal probe in the range
of 1 nM to 1000 nM. The result was shown in Fig. 5: The current
signal of DNA hybridization increased with the increase of signal
probe, and reached a plateau at 500 nM. Interestingly, the
background signal kept stably low, indicating that only negligible
unspecific adsorption occurred on our TSP covered electrode
surface. However, when the signal probe concentration exceeded

5 0 0 n M a

>

50007 _g—sa-HRPSO

—®—SA-HRP
4000

3000+

-Current, -nA

20004

‘blank
Concentration of target DNA

-Current, -nA

1000

0
10° 10" 10° 10° 10* 10° 10° 10
Concentration of target DNA, fM

1

2

This journal is © The Royal Society of Chemistry 20xx

Selectivity of TSP-based DNA sensor

The selectivity of TSP-based DNA sensor was challenged through
single nucleotide polymorphisms (SNPs) analysis. DNA sequences
with 1~2 mismatched bases were analyzed by our biosensor, and
their sequence information were listed in Table 1. As shown in Fig.7,
the fully matched target generated obviously higher signal than other
mismatched DNA targets, which improved the high selectivity of the
DNA nanostructured probes at the Au surface.

Analysis of PCR amplicons of E.coli genomic DNA

Finally, our TSP-based DNA biosensor was applied to analyze the
PCR amplicons of bacterial genomic DNA to test the real
applicability of TSP-based DNA sensor. We selected a 250 bp
sequence of uidA gene in E. coli genome as the target. The capture
probe on the top vertex of the TSP (E.coli A) and the biotinylated
signal probe (E.coli signal probe) were redesigned to hybridize with
a 35 bp sequence (E.coli target) on the 250 bp PCR amplicons. By
using an asymmetric PCR amplification, ssDNA targets of 250 bp
was obtained which was directly analyzed by the TSP-based
genomic DNA sensor without any denaturing step.
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However, challenges still remained for our biosensor toward
sensitive detection of PCR amplicons: firstly, the asymmetric PCR is
usually much less efficient in amplification than normal PCR,
because the depletion of one primer will lead to a linear,
nonexponential amplification, and moreover, the produced amount
of ssDNA in the whole PCR amplicons is usually limited. Secondly,
the PCR amplified DNA is 250 bp which is much longer than the
model system as described above. Interestingly, our sensor showed
excellent performance by coupling asymmetric PCR. As Fig. 8B
showed, this sensor could selectively detect PCR amplicons starting
from as few as 0.2 pg/uL E. coli genomic DNA in a 100 pL
unpurified PCR solution. This electrochemical DNA biosensor was
at least 4 orders of magnitude more sensitive than normal
electrophoretic analysis of PCR products (Fig. 8A), which clearly
demonstrated the promising application of our sensor for the
detection of bacterial genome.

Conclusions

We here report the construction of a novel TPS-based
electrochemical DNA biosensor, towards sensitive detection of PCR
amplicons from E.coli genome. By optimizing the most critical
conditions, TSP probes on the electrode surface showed significant
performance in reducing unspecific HRP adsorption and facilitating
DNA hybridization. On the other side, streptavidin-polyHRP was
utilized to induce higher HRP activity and thus generate an amplified
current signal. Finally, we achieved a remarkable sensitivity of 10
fM synthetic DNA target, and successfully performed the analysis of
PCR amplicons from as low as 0.2 pg/uL of E.coli genome. Our
work in bacterial genome analysis is a representative progress of
TSP-probe based electrochemical biosensor, which shows a great
potential in development of fast and portable PCR-electrochemical
chips instead of conventional fluorescent DNA detection methods.

Acknowledgements

The authors would like to thank the financial support from the
National Natural Science Foundation of China (NSFC Grants
21422508, 31470960, 21305091, 21205079, 11405013), General
Administration of Quality Supervision, Inspection and Quarantine of
the People’s Republic of China (Grant 201310016 and 2014QK141).
Ali Aldalbahi would like to extend his sincere appreciation to the
Deanship of Scientific Research at King Saud University for funding
this work (RG-1436-005).

References

1. Y. W. Chu, B. Y. Wang, D. A. Engebretson and J. R. Carey,
Analyst, 2013, 138, 5879-5885.

2. I. H. Cho, J. W. Jeon, S. H. Paek, D. H. Kim, H. S. Shin, U. H.
Ha, S. K. Seo and S. H. Paek, 4nal. Chem., 2012, 84, 9713-
9720.

3. M. Lin, H. Pei, F. Yang, C. Fan and X. Zuo, Adv. Mater., 2013,
25, 3490-3496.

4. A. A. Bergwerff and F. van Knapen, J. AOAC Int., 2006, 89,
826-831.

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 7


http://dx.doi.org/10.1039/c6an01435f

Page 7 of 7

P OO~NOUILAWNPE

8

B o wPublighedordS iy 2Ql6 Hawn
SOHONOTRWNR OO

oo oauabhbdbbbDdDDdMDMDAMDIDS
QUOWONOUPWNRPOOO~NOOA,WNPE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35

Analyst

C. P. Gerba and J. E. Smith, Jr., J. Environ. Qual., 2005, 34, 42-
48.

C. M. Kim, E. S. Song, H. J. Jang, H. J. Kim, S. Lee, J. H. Shin,
S. J. Kim, S. H. Jeong, J. Jeong, K. Koh, G. E. Choi, E. Y. Lee
and C. L. Chang, J. Clin. Microbiol., 2010, 48, 1578-1583.

G. P. Otto, M. Kropf, M. Sossdorf, P. Recknagel, W. Losche, J.
Rodel, R. A. Claus and M. Busch, Infection, 2013, 41, 387-390.
S. D. Miszczycha, S. Ganet, L. Duniere, C. Rozand, E.
Loukiadis and D. Thevenot-Sergentet, J. Food Prot., 2012, 75,
1373-1381.

K. S. Anklam, K. S. Kanankege, T. K. Gonzales, C. W. Kaspar
and D. Dopfer, J. Food Prot., 2012, 75, 643-650.

J. C. Zheng, Y. D. Han, B. Zhang, C. Shen, L. Ming, X. Ou and
J. F. Zhang, ACS Appl. Mater. Interfaces, 2014, 6, 6223-6226.

T. M. Lee, M. C. Carles and 1. M. Hsing, Lab on a chip, 2003, 3,
100-105.

R. H. Liu, J. Yang, R. Lenigk, J. Bonanno and P. Grodzinski,
Anal. Chem., 2004, 76, 1824-1831.

R. Y. Lai, E. T. Lagally, S. H. Lee, H. T. Soh, K. W. Plaxco and
A. J. Heeger, Proc. Natl. Acad. Sci. U. S. 4., 2006, 103, 4017-
4021.

S. S. Yeung, T. M. Lee and 1. M. Hsing, Anal. Chem., 2008, 80,
363-368.

X. Zuo, S. Song, J. Zhang, D. Pan, L. Wang and C. Fan, J. Am.
Chem. Soc., 2007, 129, 1042-1043.

G. Liu, Y. Wan, V. Gau, J. Zhang, L. Wang, S. Song and C. Fan,
J. Am. Chem. Soc., 2008, 130, 6820-6825.

W. Deng, Y. Dou, J. Su, L. Hao, S. Song and C. fan, J.
Electrochem., 2015, 21, 39-44.

G. Liu, H. Chen, H. Peng, S. Song, J. Gao, J. Lu, M. Ding, L. Li,
S. Ren, Z. Zou and C. Fan, Biosens. Bioelectron., 2011, 28, 308-
313.

F. Yang, X. Zuo, Z. Li, W. Deng, J. Shi, G. Zhang, Q. Huang, S.
Song and C. Fan, Adv. Mater., 2014, 26, 4671-4676.

D. zhu, X. zuo and C. fan, Sci. China. Ser. B 45, 1214-1219.

T. Defever, M. Druet, M. Rochelet-Dequaire, M. Joannes, C.
Grossiord, B. Limoges and D. Marchal, J. Am. Chem. Soc.,
2009, 131, 11433-11441.

K. Yamanaka, M. Saito, K. Kondoh, M. M. Hossain, R. Koketsu,
T. Sasaki, N. Nagatani, K. Ikuta and E. Tamiya, Analyst, 2011,
136, 2064-2068.

X. Chen, G. Zhou, P. Song, J. Wang, J. Gao, J. Lu, C. Fan and
X. Zuo, Anal. Chem., 2014, 86, 7337-7342.

Z. Ge, M. Lin, P. Wang, H. Pei, J. Yan, J. Shi, Q. Huang, D. He,
C. Fan and X. Zuo, Anal. Chem., 2014, 86, 2124-2130.

A. Abi, M. Lin, H. Pei, C. Fan, E. E. Ferapontova and X. Zuo,
ACS Appl. Mater. Interfaces, 2014, 6, 8928-8931.

H. Pei, X. Zuo, D. Zhu, Q. Huang and C. Fan, Acc. Chem. Res.,
2014, 47, 550-559.

M. Lin, Y. Wen, L. Li, H. Pei, G. Liu, H. Song, X. Zuo, C. Fan
and Q. Huang, Anal. Chem., 2014, 86, 2285-2288.

H. Pei, X. Zuo, D. Zhu, Q. Huang and C. Fan, Acc. Chem. Res.,
2014, 47, 550-559.

A. Abi, M. Lin, H. Pei, C. Fan, E. E. Ferapontova and X. Zuo,
ACS Appl. Mater. Interfaces, 2014, 6, 8928-8931.

M. Lin, J. Wang, G. Zhou, J. Wang, N. Wu, J. Lu, J. Gao, X.
Chen, J. Shi, X. Zuo and C. Fan, Angew. Chem. Int. Ed. Engl.,
2015, 54, 2151-2155.

H. Pei, N. Lu, Y. Wen, S. Song, Y. Liu, H. Yan and C. Fan, Adv.
Mater., 2010, 22, 4754-4758.

N. Mitchell, R. Schlapak, M. Kastner, D. Armitage, W.
Chrzanowski, J. Riener, P. Hinterdorfer, A. Ebner and S.
Howorka, Angew. Chem. Int. Ed., 2009, 48, 525-527.

S. Jia, J. Chao, C. Fan and H. Liu, Prog. Chem., 26(5), 695-705.
J. Zhang, S. Song, L. Zhang, L. Wang, H. Wu, D. Pan and C.
Fan, J. Am. Chem. Soc., 2006, 128, 8575-8580.

. S. K. Poddar, Mol. Cell. Probes, 2000, 14, 25-32.

This journal is © The Royal Society of Chemistry 20xx

View Article Online
DOI: 10.1039/C6AN01435F

36. T. Springer, H. Sipova, H. Vaisocherova, J. Stepanek and J.
Homola, Nucleic Acids Res., 2010, 38, 7343-7351.

37. E. Rincon, P. Jaque and A. Toro-Labbe, J Phys Chem A, 2006,
110, 9478-9485.

38.J. Zhang, R. Lao, S. Song, Z. Yan and C. Fan, Anal. Chem.,
2008, 80, 9029-9033.

39.Y. Wan, J. Zhang, G. Liu, D. Pan, L. H. Wang, S. P. Song and C.
H. Fan, Biosens. Bioelectron., 2009, 24, 1209-1212.

J. Name., 2013, 00, 1-3 | 7


http://dx.doi.org/10.1039/c6an01435f

