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This paper reports the design and implementation of a contactless conductivity detection system

which combines a thermal control cell, a data processing system and an electrochemical (EC) cell for
label-free isothermal nucleic acid amplification and real-time monitoring. The EC cell consists of a
microchamber and interdigitated electrodes as the contactless conductivity biosensor with a cover slip
as insulation. In our work, contactless EC measurements, the effects of trehalose on amplification,
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and chip surface treatment are investigated. With the superior performance of the biosensor, the
device can detect the amount of pure DNA at concentrations less than 0.1 pg ul~'. The EC cell,
integrated with a heater and a temperature sensor, has successfully implemented nicking-based
strand-displacement amplification at an initial concentration of 2.5 M and the yields are monitored
directly (dismissing the use of probes or labels) on-line. This contactless detector carries important
advantages: high anti-interference capability, long detector life, high reusability and low cost. In
addition, the small size, low power consumption and portability of the detection cell give the system
the potential to be highly integrated for use in field service and point of care applications.

Introduction

With the rise of the concept of lab-on-chip (LOC), the analysis of
DNA based on microchips has sparked great interest in the fields
of molecular biology and biotechnology. Usually, the amount of
DNA in the samples is not sufficient for detection. Therefore it is
necessary to amplify the nucleic acid to reach the detection limit
before analysis. The most common way to achieve this is through
PCR amplification. There are two ways to perform PCR. One is
time-domain, in which a reservoir or pool allows temperature
changing with PCR cycling. The other way is space-domain,
which executes PCR cycles by moving the reaction mixture
between different temperatures zones. In addition to PCR, which
is based on thermal cycling, a variety of isothermal amplification
methods have been developed, including rolling circle amplifica-
tion, loop-mediated isothermal amplification (LAMP), and
strand-displacement amplification (SDA). For applications that
require more simple instruments, isothermal DNA chips are
much easier to integrate than PCR chips.

Fluorescence detection (FD) is the traditional way to detect
DNA products. FD demands fluorescent labeling and an
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expensive optical detection system that is difficult to miniaturize
and is only adopted in laboratories. Besides, FD has the
disadvantage of high background interference. On the other
hand, electrochemical (EC) DNA analysis displays rapid,
sensitive, simple, non-toxic, low-cost and effective merits
compared to the shortcomings of FD. In the literature,' the
application of EC technology in PCR amplification has been
reviewed comprehensively. In addition, a few literature reports
have reported micro-devices that integrate PCR amplification
with EC detection. According to the reports, LAMP products
and SDA products are also detected successfully using EC
methods.>?

EC DNA detection is divided into a direct way and an indirect
way. The former is based on direct electron transfer on the
electrode surface, and some components of DNA in a certain
potential window have potential EC activity. For example,
Ozkan and co-workers* detected PCR amplicons using the
intrinsic guanine signal. In the indirect detection method,
electron transfer is implemented and detected by adding redox
indicators which selectively bind to and hybridize with DNA
(such as methylene blue,>”’ Hoechst 33258,%° daunomycin,'”
Os[(bpy)*DPPZ]**,'! and echinomycin'?). Some researchers have
reported that gold particles used for detecting DNA hybridiza-
tion not only have good biocompatibility, but also their surface
catalyzes the deposition of silver particles, thereby increasing the
signal to noise ratio.'*™'> In recent years, EC detection has been
widely developed and has reached a high sensitivity (at least ng
ul ™! level). Indeed, hybridization using labeled single-stranded
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(ss) DNA probes in the EC method has even allowed single
molecule detection.'® However, using probes increases the
difficulty of the technique and is not recommended for use
when measuring raw or highly impure samples. It must also be
considered that when DNA complexes with redox indicators, the
spatial structure of DNA changes may affect the continuous
binding efficiency, which is likely to weaken the sensitivity.

According to the previous study, the electrodes used for DNA
detection all work by contacting the target sample, whether by a
labeled or label-free approach. The contact detection principle is
based on current or impedance changes on the electrode surface
caused by the accumulation of the target or complex. In order to
remove undesirable residues on the electrode surface from
previous measurements, the electrodes have to be regenerated
every time prior to the detection. The regeneration step makes
the operation more complicated and is likely to impact on the
performance of the next detection using the same electrodes. The
electrode surface is easily saturated and fouled, causing low
reproducibility, short lifetime, and limited detection range.
Although disposable electrodes may be a solution, they are
costly and inconvenient. Moreover, the voltage applied to the
solution could result in hydrolysis, which is not good for
achieving sensitive detection.

To overcome these limitations, this paper proposes a novel
contactless EC means for real-time monitoring of isothermal
nucleic acid amplification. The system is based on capacitive-
coupling with an insulating layer located between the electrodes
and the solution. Because the electrodes are not in contact with
the solution, the background noise is reduced greatly and the
contactless mode achieves low detection limits.!” In addition,
there is no problem of bubble formation at the electrode surface
caused by direct contact. In this work, non-contact interdigitated
electrodes (IDEs) in place of traditional single-finger electrodes
as the biosensor achieve great sensitivity (0.1 pg pl~ ') and great
resolution. The device is easily integrated, simple to operate,
highly resistant to contamination and highly reusable, and the
detection efficiency is superior to traditional single-finger
electrode detectors. We have successfully implemented isother-
mal nicking-dependent strand-displacement amplification
(NSDA) on the microchip, dismissing the use of labels or
probes, and have detected the products in real time within several
minutes. By using this system, we explore the roles of trehalose
and pretreatment of the chamber in the reaction, and improve
the performance of NSDA.

Experimental
Working principle

In most EC biochips, PCR is a widespread means by which to
amplify target DNA. Nevertheless, PCR has its limitations when
applied to micro-systems. Especially, it should be noted that
PCR, which is based on thermal cycling, demands accurate
temperature control and needs extra cooling devices in order to
produce effective results. It is difficult to integrate all of the
components at the micro-scale, and this limits the application.
To fix this problem, our study used the isothermal NSDA as a
substitute for PCR amplification. NSDA was initially investi-
gated by Walter e al..'® Recently, Joneja et al.'® demonstrated
linear amplification of long DNA molecules by NSDA with the

help of several newly engineered and commercially available
nicking endonucleases. The basic principle of NSDA is
illustrated in Fig. 1. The single-stranded template hybridises
with primers before a nicking endonuclease cleaves the target
DNA in the recognition site. Then the nicking site is extended
under the control of a DNA polymerase and displaces the
original DNA strand. At the same time, the recognition site is
regenerated. The extension continues until the nicking meets the
end point. The products are treated as new templates for
repeated nicking and strand displacement, resulting in exponen-
tial amplification. The template we used here does not require
denaturation or any pretreatment prior to measurement, and is
amplified exponentially. The number of products increases along
with the increase in the cycle number, thereby strengthening the
conductivity of the reaction solution.”® Consequently, the
capacitance change is sensed by the IDE sensor.

So far, most contactless studies have been adopted in
electrophoresis chips, mainly detecting ions and amino acids.>'*>
A few groups of researchers demonstrated DNA analysis by the
use of the IDE approach, employing DNA hybridization or
impedance spectroscopy.>*** Nevertheless, there are few reports
on the real-time monitoring of DNA amplification by the
approach of the contactless IDEs. In the present study, we aim to
combine isothermal DNA amplification with on-line real-time
direct determination by means of contactless IDEs for the first
time, dispensing with the use of probe immobilization or
impedance spectroscopy scanning.

The simplest equivalent circuit of the capacitive coupling,
contactless conductivity detector (C*D) microchip sensor® is
illustrated in Fig. 2 (only the fundamental elements are
included). A very thin insulating layer not only isolates the
electrodes from the solution, but also allows them to be very
close together without actually contacting each other. The
capacitance between the electrodes and the solution is described
as follows:

£rE0AX

Cy p

Q)

where C,, and ¢ represent the capacitance and the dielectric
constant of the dielectric layer, respectively; d is the thickness of
the layer; ¢, is the dielectric constant of air; and ax is the working
area of the electrodes. Larger values of C,, correspond to a more
sensitive detector. Thus, with an increase of the working area of
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Fig. 1 Principle stages involved in isothermal
strand-displacement amplification (NSDA) reaction.
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Fig. 2 The simplified equivalent circuit model for the C*D microchip
sensor. Cy, R, and C; stand for the wall capacitance, the cell resistance,
and the total stray capacitance between the two electrodes, respectively.

the electrodes and a decrease of the insulation thickness, the
detector becomes more sensitive. At appropriate Cy, values, the
small changes in the solution lead to detectable changes, as
confirmed by the readout of the sensor, which are measured
using precise equipment. Capacitive coupling electrodes have to
work at AC excitations. As reported, the C*D has achieved an
average detection limit of 0.4 pM inorganic ionic detection by
using a sine wave excitation with a frequency of 50 kHz and
peak-to-peak voltage (V},.,) of 20 V.26

EC electrodes have different kinds of structure such as single-
finger electrodes and IDEs. There is only one finger working as a
sensing finger for the former electrode type, whose properties are
relatively simple and have been researched a great deal.
Meanwhile, IDEs are of a comb-like geometry (Fig. 3C), of
which a number of fingers contribute to sensing, and that is the
reason why the IDEs get higher sensitivity in contrast to the
single-finger electrodes. Because the structure of the IDEs is
diversified, as well as each finger influencing its neighbors when
working at high frequencies, the characteristics of the IDEs are

Inlet & outlet Chamber

A
C
Inlet & IDEs
outlet
Shielding
electrode
) (ground)
Cover slip

Fig. 3 Photographs of the microchips. (A) is the top view of the silicon
wafer substrate with an etched chamber for NSDA and (B) shows the
bottom view of the silicon substrate integrated with a heater (Pt) and a
temperature sensor (Pt). The chamber is of 50 mm? area and 150 pm
depth. The fluidic channels are 50 pum wide. Both the resistance of the
heater and the sensor is about 45 Q. (C) is the fabricated micro-system
integrating the silicon substrate with the IDEs (using a cover slip as
insulation). The diameter of the holes, the width of interdigitated fingers,
the distance between the adjacent fingers and the length of the fingers are
2 mm, 0.3 mm, 0.3 mm, and 6 mm, respectively. The size of the integrated
chipis 1.5cm x 1.2 cm.

more complex and harder to define. The output strength of
the IDEs changes with respect to several factors, including the
working area of the electrodes, the number, the width and the
length of the fingers, and the spacing between them.”’ For
example, the impedance of each electrode increases if the number
of fingers is too small, while the stray capacitive noise dominates
if the number of electrode fingers is excessive. In both cases, the
sensitivity toward the target impedance is decreased. For this
reason, a tradeoff between the impedance and the detection
accuracy of the sensor should be made considering the
application requirements.

Chip design and fabrication

In previous literature of C*D, the reports mainly employ
polydimethylsiloxane ~ (PDMS),2>?®  methyl methacrylate
(PMMA)® and glass substrates®®>! as insulation. By controlling
the excitation conditions, the contactless sensors have achieved
good sensitivity. The contactless electrodes induce stronger
differential signals with increasing the insulating dielectric
constant, as well as decreasing of the insulating thickness.
PDMS is widely used as insulation because of its simple
manufacture and low cost. However, the dielectric permittivity
of PDMS is not as good as that of glass. Furthermore, glass is
less likely to adsorb contaminants on the surface when compared
with PDMS and is simple to fabricate. Cover slips of 100 pm
thickness have been demonstrated to perform well in contactless
electrophoresis devices.*' Here, we propose common commercial
cover slips to act as the insulation as well as the substrate for the
IDEs.

The microchip we designed consists of two substrate layers.
The top layer is a cover slip with gold IDEs printed on the top
side and two punched holes as inlet and outlet respectively
(Fig. 3C). The bottom layer is a silicon wafer substrate with a
chamber (Fig. 3A) etched on the top side, as well as a platinum
(Pt) temperature sensor and a Pt heater (Fig. 3B) integrated on
the bottom side. The chamber was bonded with the bottom of
the cover slip using UV-glue (Fig. 3C).

For the chamber layer, the following fabrication techniques
were employed (Fig. 4A): first, the mask was patterned on a
double-sided polished and oxidized silicon wafer substrate using
AZA4620 photoresist; second, HF was used to etch the exposed
silicon dioxide; after the photoresist was dissolved away using
acetone, 50% KOH is used to etch the silicon in a 60 °C water-
bath. Both gold electrodes and Pt electrodes were fabricated by
the standard lift-off process (Fig. 4B): first, the substrates were
patterned using the AZ4620 photoresist; then the substrates were
coated with Ti as an adhesion layer followed by the desired metal
(Au for the IDEs and Pt for the temperature sensors and
heaters); finally the photoresist was dissolved by immersing the
substrates in acetone and the metal electrodes not coated with
photoresist remained on the substrate; lastly, holes in the cover
slips were drilled for use as the inlet and outlet.

Reagents and sample preparation

The volume consumption in one chip was approximately 7.5 pl.
Every 20 pl of NSDA mixture contained 2 pl of NEBuffer 3, 1 ul
of bovine serum albumin (BSA, 0.05%), 1 ul of dNTP, 2 ul of F1/
F2 primers (0.5 uM/5 uM), 2 ul of R1/R2 primers (0.5 uM/
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Fig. 4 Process schemes of the microchip. (A) shows the wet etching of
microchamber in a silicon substrate. (B) is the lift-off process for
formation of metal electrodes.

5 uM), 0.5 pl of Nb.BsmI (10 U pl™'), 0.25 pl of Bst DNA
polymerase (8 U pl™Y), 1 pl of ssDNA templates (2.5 pM) and
10.25 pl of ultra-pure water. BSA was obtained from Sigma-
Aldrich (Germany) and was diluted by 1 x PBS solution. Both
the Bst DNA polymerase and the nicking endonuclease Nb.BsmlI
(including NEBuffer 3) were purchased from New England
BioLabs (NEB, USA). Nucleotides were acquired from GE
(USA). Short ssDNA templates of specific sequences and
primers (see ESIT) were synthesized by TaKaRa Biotechnology
(Dalian, China). DNA templates (2.5 uM) were linked from two
short ssDNA chains using T4 DNA ligase (NEB) before
isothermal amplification. A lab water purification system from
Millipore SAS (France) was used to supply ultra-pure water. To
observe the effect of nicking enzymatic activity, 2 M of D-(+)-
trehalose (Shanghaikayon Biological Technology, China) solu-
tion replaced part of the water in the NSDA mixture.

Though the yields of NSDA were detected using an EC model,
it is still necessary to confirm the results by gel electrophoresis
using 2% of Biowest agarose gel (Gene Company, Hong Kong)
and visualizing it with a UV camera (Bio-Rad Gel Doc XR+,
Bio-Rad Laboratories, USA). The 100 bp DNA Ladder Marker
was provided by TaKaRa (Japan), and a double-stranded DNA
aqueous solution was purified from the DNA Ladder Marker
using the protocol and reagents from the QIAquick PCR
purification Kit (QIAGEN, Germany).

Instrumentation and measurement

Aiming to functionalize the temperature sensor and the heater,
the thermal control circuits (Fig. 5) and software were designed
and built. The correlation between the resistance and the
temperature of the sensor is as follows:*

Rt = Ry(1 + (T — Tp) 2

where Rr and R, represent the resistances of the sensor at
temperatures 7 and T, (reference temperature), respectively, and

Vsensor

B Regulator

IN ouT Vheator
GND SHDN ADJ
bC Vcontrol l
AM—B ™
R12

Fig. 5 Circuit schemes of thermal control. (A) shows the circuit for
converting temperature signals to the readout voltage, where Ryepgor 1S the
resistance of the sensor. The magnification of the output Viesor iS
adjusted according to Ry,. (B) shows the regulation of the voltage of the
heater, where Vieater 18 the output voltage and R, is used to modulate
the amplitude of Vieater- Both the Viensor port in (A) and the Viongror port
in (B) are connected to a DAQ device.

o is the temperature coefficient of resistance (TCR). The
temperature is converted to a voltage using a Wheatstone bridge
(Fig. 5A). The resistance changes with temperature variation and
the differential voltage varies according to the following:

AV = %i{—lf Vit AT 3)
Following the conditioning and magnifying process, the differ-
ential voltage provides feedback information for a control
program (Labview, NI, USA) through a data acquisition
(DAQ) card (USB2811, Art Technology, China). The voltage
loaded on the heater is adjusted by means of a voltage regulator
(Fig. 5B), which is commanded by employing a pulse-width
modulation (PWM) algorithm. With the precise calibration and
proper PWM control, the temperature of the microchip achieved
65 °C within 10 s starting from room temperature, and
maintained a stable temperature with a precision of +0.2 °C.
In addition, the current of the IDEs was transformed to voltage
signals using an operational amplifier with a feedback resistor of
1 MQ, and then was acquired by DAQ.

We employed an Agilent voltage source module known to
generate several AC waveforms of frequencies from 1 HZ to
1 MHz and V},, from 0 V to 10 V as the excitation. The DAQ
card possesses a high sampling frequency up to 500 kHz, a
sampling V., range from —10 V to 10 V, and an accuracy of
16 bits. The microchip module and the circuits were all shielded
effectively from external signal interference and background
noise by placing them in a Faraday cage with the shell connected
to the ground. On the PC terminal, the control program
performed data filtering, temperature control, display and saving
of the results.

This journal is © The Royal Society of Chemistry 2012

Lab Chip, 2012, 12, 3190-3196 | 3193


http://dx.doi.org/10.1039/c2lc40384f

Downloaded by UNIVERSITY OF SOUTH AUSTRALIA on 04 August 2012

Published on 24 May 2012 on http://pubs.rsc.org | doi:10.1039/C2L C40384F

View Online

Before the reaction test, the micro-chamber was permeated
with 0.5% BSA for about 30 min to get rid of enzyme adsorption
to the wall. Then, the BSA was washed away and 7.5 ul of the
sample was injected by vacuum pumping, followed by sealing the
inlet and the outlet with mineral oil. The amplification at 65 °C
and EC measurement were executed concurrently. The baseline
was subtracted from the readout to correct for the background,
followed by filtering and smoothing. After each measurement,
the chip was rinsed with large quantities of washing buffer
(including Tween and PBS) and water.

Results and discussion

To find the optimized conditions of the detector, the response to
different AC excitation was observed. The response was found to
be a positive correlation to the V., and a certain range of the
frequency. It should be mentioned that as the frequency
increased above 45 kHz, the attenuation of the operational
amplifiers in the circuits became more evident and the output
waveform was distorted to some degree. Meanwhile, the noise
was intensified with increased frequency, leading to more severe
interference. Moreover, it was observed that the output peak-
peak values were more unstable when the exciting frequency
happened to be a multiple of 10 kHz. Though the mechanism
still stayed unclear, it may be related to the performance of the
PCB circuits. To sum up, a frequency of 35 kHz was adopted.
Before the reaction measurements, a simplified model without
thermal control units was designed to validate the feasibility of
this method. A volume of 7.5 ul DNA aqueous solution was
sufficient to determine the difference, as shown in Fig. 6.
Notably, the differential potential is positively proportional to
the logarithm of the DNA concentration. The results indicate
that the detector has a detection limit of 0.1 pg pl~', and
distinguishes from 0.1 pg pl~! to 0.5 pg pl~ L. Besides, when the
sample concentrations are higher than 1 ng pl™', a maximum
conductivity is reached and remains constant. The detector is
likely saturated at high concentrations and is thus more sensitive
to low ionic concentrations. Although the ions in the reaction
mixture are more complex than pure DNA solutions, the device
is feasible for detection of real-time nucleic acid amplification.
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log[DNA]/ng 10uI™

Fig. 6 Calibration plot of the differential potential converted from
peak-peak current of the IDEs against the mass of the purified DNA
ladder. The measurement was executed at 25 kHz and 10 V. The sample
volume is 7.5 pl.

With the optimized conditions of this system, the NSDA
reaction was successfully carried out on the microchip containing
a template DNA concentration of 2.5 uM. The real-time EC
signals of the NSDA reaction free of trehalose were recorded
using the designed equipment (Fig. 7). Time points were taken
per minute once the temperature had stabilized at 65 °C. The
conductivity decreased during the first minute, and then sharply
increased during the next 5 min. The differential potential was
nearly constant at approximately 90 mV during the first 10 min
following a moderate increase. Template DNA, enzymes (Bst
polymerase and nicking endonuclease) and nucleotides are
attributed to the changes in conductivity. After an initial pre-
activation of the polymerase and the endonuclease at 65 °C,
enzymes and primers bind to the sites of the DNA templates,
reducing the amount of free ions in solution.?® Consequently,
this leads to a decline of the conductivity. Each time the DNA
polymerase incorporates a deoxyribonucleoside monophosphate
from a corresponding deoxynucleoside triphosphate (ANTP), a
single pyrophosphate ion and hydrogen ions are released into
solution. The ion production rate increases the solution
conductivity. In the early stage of the reaction, the consumption
of dNTP and the generation of ions provide a remarkable
contribution to the overall conductivity of the mixture. However,
as the cycle numbers increase and the yields accumulate, the
viscosity of the solution also increases.?® The viscosity begins to
offset the increased impact of ion production, slowing down the
rate of EC signal change. Finally, the conductivity variation goes
through a maximum constant when the viscosity and ions are
almost balanced. It can be seen that the NSDA reaction in this
case does not need initial cycles like C; and easily achieves a
detectable level compared with PCR, greatly saving time and
cost. This excellent performance is primarily attributed to the
efficient amplification of NSDA and the high sensitivity of the
IDEs. The qualitative measurement of the real-time isothermal
target DNA amplification is quickly and effectively achieved by
the contactless sensors.

Compared with the conductivity of the pure DNA ladder
solution (Fig. 6), the conductivity variation in Fig. 7 is smaller
and is quickly saturated (within 10 min). In addition to the role
of the viscosity and the strong ionic background of NSDA,
conductivity variation also depends on the performance of the
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Time/min
Fig. 7 Voltammograms show the differential voltages during the NSDA
reaction free of trehalose. The chamber was incubated with 0.5% BSA for

30 min before the reaction. The measurement was executed at 35 kHz and
10V.
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polymerase and the endonuclease, which are easily deactivated
and easily adsorbed to the wall of the microchamber, causing
incomplete reaction processing and a slow rate of the con-
ductivity changing. Despite the results in Fig. 7 being clear
enough to show the amplification products, there is still a need to
improve the conditions for measuring the amplification products
at lower template concentrations. A number of studies show that
trehalose is not only effective in preserving cells and macro-
molecules, but also plays a key role in protecting enzymes by
remaining active for longer and at higher temperatures.
Therefore, 2 M of trehalose was employed to overcome the
problem of enzyme activity by replacing part of water in the
reaction mixture. The resulting conductivity changes are shown
in Fig. 8. After a slight fall in conductivity during the initial few
seconds of measurement, the conductivity rose for the next
20 min. The maximum differential potential was observed to
increase to 300 mV, which is higher than the results shown in
Fig. 7. The data reveals that the ion production dominates the
conductivity changes over a longer time and gains a higher signal
resolution. With the help of trehalose, the polymerase and the
endonuclease have a longer working life and enhanced activity
and the execution time is reduced. The expected band between
100 bp and 200 bp is visualized on the agarose gels (Fig. 9).
Besides, a small amount of products of less than 100 bp resulted
from nonspecific primer-dimer amplification.

In addition to the effects of the trehalose on the reaction
enzymes, the pretreatment of the chip with BSA also impacts the
amplification efficiency. The BSA-coated mechanism is based on
reducing the adsorption of the mixture ingredients to the
microchamber wall (in particular the polymerase and the
endonuclease), ensuring an adequate amount of reactants and
enzymes required for the amplification. Chips were coated with
0.5% of BSA for 60 min before sample injection and measure-
ment. The conductivity variation during amplification against
reaction time is shown in Fig. 10. Compared with the reaction
carried out on chips incubated with BSA for 30 min (Fig. §), a
maximum differential potential of 500 mV was reached, as
shown in Fig. 10. The data indicate that chips coated with BSA
result in better amplification efficiency and larger variation in
conductivity. However, it is not appropriate to fill the chamber
with BSA for too long a time as it may be difficult to rinse away,
which could affect the regeneration of the microchips.
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Fig. 8 Voltammograms show the NSDA reaction with 30 mM of

trehalose. The chamber was incubated with 0.5% BSA for 30 min before
the reaction. The measurement was executed at 35 kHz and 10 V.

Fig. 9 Gel-like image of the end-point products following chip
amplification after 30 min. Lane 1, lane 2 and lane 3 represent the
DNA ladder, negative control (free of DNA template) and positive
control reaction, respectively.
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Fig. 10 Voltammograms show the NSDA reaction with 30 mM of
trehalose. The chamber was incubated with 0.5% BSA for 60 min before
the reaction. The measurement was executed at 35 kHz and 10 V.

The main advantage of this system is that the electrodes and
the sample solution are completely isolated from each other,
thereby avoiding electrode corrosion. If not physically damaged,
there will be no loss of activity for the sensor, thereby making the
microchips reusable for longer. Based on the studies described
above, this C*D system is capable of gaining a detection limit of
lower than 2.5 pM for NSDA. Moreover, it takes the D
system only 7 min to finish amplification and EC detection.
Several factors are essential to the excellent performance of the
device: the structure of the IDEs, the insulation materials, and
the signal processing methods. The IDEs cooperate with the
insulation to determine the sensitivity and the resolution of the
microchip. It is recommended that thinner insulation may be
achieved using such materials as silicon carbide,®* while rising
graphene materials®* are also considered to substitute for gold
electrodes. By solving such key problems, the time cost in
implementing the tasks of DNA amplification at lower initial
concentrations and measurement can be limited to less than
5 min. It is impossible to quantify the starting template
concentrations of NSDA, unless a NSDA calibration curve is
produced by DNA amplification at different initial concentrations.

This journal is © The Royal Society of Chemistry 2012
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By directly measuring the conductivity of the amplification
products, the contactless method has potential to distinguish
single-stranded DNA from double-stranded DNA, and long
chains from short chains in the same way as contact methods do.
It is should be noted that C*D sensors monitor the overall ionic
activity of all processes and all yields in the solution, but are unable
to distinguish between different sequences of DNA fragments.
Other research achievements could be used to provide selective
specificity for this method, e.g. specific primers, DNA indicators,
probes and other techniques. Further studies on the quantification
measurements as well as specific detection will be required in the
future.

Conclusion

Up to now, DNA has been widely described as an electrical
conductor and the conductivity of DNA has been rarely used to
detect amplification products directly. The present study
represents an integrated system for the first time to monitor
real-time isothermal DNA amplification in situ using contactless
biosensors in the absence of probes, redox indicators or
nanoparticles. The IDE sensors described herein reach a very
low detection limit and a high resolution, which cover the
sensitivity shortage of single-finger electrodes for the C*D
sensor. The insulating layers made of cover slips have a good
dielectric constant in contrast to slide glasses and PDMS films,
and require relatively simple processing. Despite its preliminary
character, this study clearly indicates the ability of the integrated
device to measure and monitor label-free DNA amplification in
real time at an initial concentration of 2.5 pM on chip within
10 min. The contactless electrodes are neither contaminated nor
corroded, thereby giving the chip a high reuse rate and long life.
The isothermal DNA amplification simplifies the instrumenta-
tion of the controlling system, and the label-free model
minimizes the interference of DNA amplification. Trehalose
and chip pretreatment further enhance the reaction productivity
and further increase the sensitivity of the microchip. The
performance of the microchips will be greatly improved if
thinner film coatings® are employed and further studies on this
will be summarized in our next study. In summary, the C*D
system designed for real-time NSDA measurement can be highly
integrated and achieve high throughput, portability and low
cost. The system is highly desirable for application in sites of
poor conditions and field applications. We hope our findings
lead to further research in EC biochips and can be expanded to
molecular biology, environmental science, food monitoring,
disease diagnosis, gene analysis and other potential applications.
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