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R
apid and highly sensitive RNA/DNA
hybridization assays have attracted
enormous attention in a wide variety

of applications ranging from genotyping to

molecular diagnosis.1,2 Conventional lab-

based optical detection methods for hybrid-

ization assays, such as microarray and real-

time PCR, involve expensive detection

protocols based on fluorescent tagging,

thus requiring qualified professionals and

limiting their potential use. Furthermore,

DNA hybridization reactions in microarray

analyses are time-consuming due to rate-

limiting diffusion kinetics, making the tech-

nique difficult for point-of-need and high-

throughput applications.3�5 Thus, there is a

need to develop label-free and rapid DNA/

RNA hybridization platforms for applica-

tions ranging from genomics sequencing

to pathogen identification.

This desired hybridization technology is

consistent with modern diagnostic market

demands for extremely sensitive, yet inex-

pensive, simple, rapid, and robust detection

platforms that do not involve extensive

sample pretreatments. Recent advances in

electrochemical sensing techniques, in con-

junction with nanotechnology and micro-

fluidics, have shown great promise, offer-

ing more viable solutions than current opti-

cal sensing techniques.6,7 The utilization of

carbon nanotube (CNT) technology in these

electrochemical sensors is particularly en-

couraging. Large surface area, flexible sur-

face chemistry, wide electrochemical win-

dow, biocompatibility, and fast electron

transfer kinetics for a wide range of electro-

active species make carbon nanotubes a

promising nanomaterial for electrochemi-

cal molecular recognition.8 Furthermore,

conventional capacitance electrochemical
sensing techniques, such as those involving
probes anchored onto thiol or other self-
assembled monolayers on gold electrodes,
rely on capacitance change after hybridiza-
tion and are sensitive to buffer ionic
strength and its effect on the double-layer
capacitance.9�11 In contrast, direct DNA ab-
sorption and hybridization onto CNTs can
significantly enhance the electron-transfer
rate, even if the molecular probes are rela-
tively long and the hybridized target mol-
ecules are several nanometers away from
the CNT. Without the poorly conducting
monolayer, the DC conductance or AC reac-
tance is much higher and hence the resis-
tance sensing CNT platform has much
higher signal/noise ratio than conventional
capacitance sensing.8

Previous studies have successfully dem-
onstrated the integration of individually ad-
dressable CNT microelectrode arrays,
coupled with microelectronics and micro-
fluidic systems, in bioassays to exemplify
advantages of miniaturization and
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ABSTRACT Other than concentrating the target molecules at the sensor location, we demonstrate two distinct

new advantages of an open-flow impedance-sensing platform for DNA hybridization on carbon nanotube (CNT)

surface in the presence of a high-frequency AC electric field. The shear-enhanced DNA and ion transport rate to the

CNT surface decouples the parasitic double-layer AC impedance signal from the charge-transfer signal due to

DNA hybridization. The flow field at high AC frequency also amplifies the charge-transfer rate across the hybridized

CNT and provides shear-enhanced discrimination between DNA from targeted species and a closely related

congeneric species with three nucleotide mismatches out of 26 bases in a targeted attachment region. This allows

sensitive detection of hybridization events in less than 20 min with picomolar target DNA concentrations in a label-

free CNT-based microfluidic detection platform.

KEYWORDS: bioassay · carbon nanotube · DNA hybridization · impedance · open
flow
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multiplex detection.9�16 Recent studies suggest that
the use of electrokinetics, driven by electric fields sus-
tained by embedded electrodes in microfluidic chips,
precisely regulate the transport, concentration, and hy-
bridization of oligonucleotides.13 Zhou et al. reported
the capture, concentration, and detection of bacteria
through adsorption on CNT surface using dielectro-
phoresis, an AC electrokinetic technique.14 More re-
cently, Li et al. reported an ultrasensitive chemical and
DNA detection technique by integrating a CNT-based
electrode to an electrochemical system.15 They found
that the sensitivity of detection can be further improved
by doping the system with an external redox species,
Ru(bpy)3

2�, which helps to promote electron-transfer
rate by mediating guanine oxidation.15 Detection of
real-time DNA hybridization using CNT field-effect tran-
sistors (CNTFET) has been demonstrated by amino-
modified peptide nucleic acid functionalized on gold
surface of the back gate.16 The detection is achieved by
measuring the electrical characteristics of CNTFETs as
the conductance of CNT changes because of DNA dock-
ing on the surface.16 Xu et al. reported electrochemical
impedance-based DNA biosensors using polymerized
polypyrrole onto glassy carbon electrode and multiwall
carbon nanotube.17

However, previous electrochemical CNT detection
platforms involve passive hybridization protocol in a
batch process and are relatively slow (�hours) due to
inherent diffusion-limited reaction kinetics. Another
drawback of surface assay platforms is the limited spe-
cific binding sites for hybridization of DNA. Further-
more, in batch processes, the double-layer capacitor
near the electrode surface masks the charge-transfer re-
action kinetics on the electrode surface. This compli-
cates the quantitative interpretation of experimental re-
sults.18 An inexpensive CNT conductivity/impedance
sensor platform that allows for sensitive, specific, and
rapid detection of DNA hybridization is warranted.

To realize these stringent specifications for a viable
DNA CNT hybridization platform, we report herein an
open-flow-based simple, rapid, inexpensive, specific,
and label-free microfluidic DNA hybridization detec-
tion platform. A solution containing the target single-
stranded DNA polymerase chain reaction product
(ssPCR) is passed through CNTs trapped by dielectro-
phoresis by an AC electric field supplied by two inter-
digited electrodes in a microchannel and is detected by
the observed change in impedance due to docking of
target DNA to the oligo probe functionalized on the
CNT surface. The strong dielectrophoretic force on the
CNTs14 can hold them against a strong flow, thus elimi-
nating the need for growing them on the electrodes
or housing them in a microfilter trap whose high hydro-
dynamic resistance disallows high throughput. The de-
tection is rapid and requires approximately 20 min from
the time of passage of DNA through the CNT trap. The
platform is highly specific and can distinguish between

three mismatched bases within the targeted region
of the target organism and a closely related, conge-
neric species. This is attributed to large hydro-
dynamic shear force (�104 s�1) that can cleave or al-
ter the conformation of any nonspecific binding of
congener DNA to the probe or to the CNT surface in
the presence of a high-frequency AC field. This open-
flow rapid electrochemical microfluidic detection
platform for DNA hybridization demonstrates the
discrimination of a minimum of three mismatched
DNA bases by hydrodynamic shear force. The plat-
form also enhances detection sensitivity by allowing
the passage of a large sample volume of low target
DNA concentration. The flow helps to concentrate
the target DNA molecules in the CNT trapping re-
gion, thus improving detection sensitivity to pico-
molar detection levels, as well as reducing the diffu-
sion length to the separation between the CNTs.
The detection time is then determined not by diffu-
sion but by how fast the flow can transport sufficient
target DNAs to the CNT sensor to produce a detect-
able signal. Another advantage of open-flow plat-
form is that it minimizes the masking of the imped-
ance signal by electrical double layer on electrode
surface, which otherwise intervenes in batch pro-
cesses and hence enhances the electron-transfer sig-
nal due to hybridization.

RESULTS AND DISCUSSION
Figure 1 depicts the schematic representation of

open-flow CNT-based DNA hybridization platform with
the channel inset to show different zones and the elec-
trode arrangements. In electrochemical studies of bio-
molecules by impedance measurements, the electronic
and ionic currents around the electrode surface are
governed by the Randle circuit (Figure 2).19�22 Randle
circuit includes bulk solution resistance, RS, double-
layer capacitance, Cdl, at the electrode surface because
of ions in the solution, a charge-transfer resistance or
polarization resistance, RCt, that represents current flow
due to redox reactions at the electrode�fluid interface
and a constant phase element, the Warburg imped-
ance signal. With a real part that is equal to its imagi-
nary part, the Warburg impedance has a distinct imped-
ance signature that is a linear locus in the complex
plane with a 45° angle, as sketched out in the low-
frequency limit in Figure 2. This Warburg impedance
signature captures the diffusion of ions participating in
the electron-transfer redox reaction toward the CNT
electrode.19�22 Hybridization is assumed to affect the
electron-transfer rate, RCt, which is the desired quantity
to be obtained from the real part of the impedance
spectrum (conventional electrochemical sensing relies
on the imaginary capacitance component). This value
corresponds to the high-frequency limit of the linear
Warburg branch in Figure 2, where it intersects the real
axis. Unfortunately, this high-frequency intercept is of-
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ten camouflaged by the circular double-layer imped-

ance loop that appears also at high frequencies (Fig-

ure 2). The double-layer capacitance, Cdl, which is

inversely proportional to the Debye layer thickness,

and the bulk resistance, RS, typically produces an RC

time of 10 �s and hence introduces the circular Debye

branch when the frequency exceeds 100 kHz, which is

below the high-frequency limit of the linear Warburg

branch. As such, the Warburg and Debye branches

overlap (Figure 2), and the precise estimate of RCt must

be obtained with a careful analysis of the intersecting

regions with sensitive impedance studies.19�22

Previous batch impedance studies with CNT elec-

trodes for detection of DNA hybridization show the in-

tersection of the Warburg branch with the double-layer

branch.17,23�28 However, the two branches decouple

when a sufficient number of hybridized DNA form a film

on the CNT electrode24 and shift the intercept of the

Warburg branch toward lower frequencies.17,24,25 How-

ever, film formation only occurs at high DNA concentra-

tions and hence reduces the sensitivity of the

sensor.17,25 To magnify the sensitivity, macro-ions such

as Ru(biPyr)2�/Daumoycin have been used to increase

the electronic current and change RCt.17,26,27 In contrast,

with our flow effect, the mass transfer rate to the bulk is

increased, which decreases RS and the RC time for

double-layer capacitor. This shifts the double-layer

loop (Figure 2) to higher frequencies (Figure 3A). With-

out the double-layer loop, which masks the Warburg

branch, impedance resolution of the electron-transfer

rate significantly enhances the sensitivity of the sensor

without the aid of macro-ions. The sensing platform is

also expected to be more robust to buffer ionic strength

variations, which affects the double-layer RC time.

To understand the effect of flow on the double-layer

branch, a series of experiments are designed to ob-

serve the changes in the impedance pattern with the

sequential removal of double-layer branch by flow us-

ing three different chips. Mostly unsealed, partially

sealed, and completely sealed chips are fabricated,

and DNA experiments are performed by trapping the

CNT within the channel and by passing the target DNA

solution through it in the presence of an AC field. As the

Figure 2. Graphical presentation of the Nyquist diagram for a Randle
circuit with an inset of schematic diagram of the circuit is shown. Typi-
cal batch Nyquist plots are shown for hybridized and unhybridized
oligo-CNTs in 4� SSC buffer solution in an applied AC field of 1 V at a
frequency of 1 MHz. Extrapolation to obtain RCt is not possible due to
the loop double-layer impedance signature. In fact, both hybridized
and unhybridized data are indistinguishable at the important high-
frequency end of the Warburg branch.

Figure 1. Schematic diagram of the chip is shown with the channel (inset) blown up to show the different zones and the
interdigitated electrodes with the sacrificial channel. The hybridization protocol is shown as a representative cartoon.
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DNA is passed through the three types of chips, the

Warburg starts to dominate at higher and higher fre-

quencies with the double-layer capacitive effects van-

ishing in the perfect channel (Figure 4). In our flow de-

sign, mass transport in the solution is enhanced by

convection and RS is significantly reduced. As such, the

RC time is much smaller and the Debye branch is shifted

to frequencies much higher than the high-frequency as-

ymptote of the Warburg branch. This decoupling of

the two branches due to flow preserves the Warburg

branch to much higher frequencies (Figure 3A), allow-
ing sensitive estimate of RCt, a measure of the hybridiza-
tion events that occur near the CNT interface.

Flow is observed to significantly lower RS (compare
Figure 3 to Figure 2) to produce a net resistance Rf �

RS � RCt, representing the intercept of the Warburg
branch with the real axis, of no more than 200 �. This
value is much lower than the k� resistance typical of ca-
pacitance electrochemical sensing with surface mono-
layers on the sensing electrodes. After hybridization at
1 MHz in a hybridization buffer, the impedance spec-
trum is taken during rinsing by a washing PBS buffer at
different flow rates. After hybridization, the spectrum
at high washing flow rates is observed to shift toward
lower values by roughly 50 � (Figure 3). This is an ap-
preciable (�10%) fraction of the flow-reduced Rf, as is
consistent with the expectation that DNA hybridization
significantly enhances the electron-transfer rate. It is
also larger than the 2 � error in our impedance data
(see Materials and Methods). This shift can be further
amplified with proper data reduction with respect to a
control without any DNA molecules. In particular, we
seek a resolution that allows us to differentiate between
two closely related congeneric species of crustaceans,
Carcinus maenas and Carcinus aestuarii. The targeted
gene sequence is a 26 base oligonucleotide fragment
of the cytochrome c oxidase subunit I mitochondrial
gene sequence that is the complementary sequence
to the Carcinus maenas oligonucleotide sequence.28 As
a stringent test of the specificity of our device, we test
our platform with the congeneric species Carcinus aes-

Figure 4. Nyquist plots for the unsealed (chip A), partially
sealed (chip B), and perfect chips (chip C). To give a good
representative picture, the real and imaginary parts have
been divided by the corresponding real and imaginary im-
pedance values at 1 MHz. For a qualitative feel of the shift in
Warburg, the batch hybridization data from Figure 2 (post
hybridization), normalized as above, are also shown.

Figure 3. (A) Open-flow Nyquist impedance plots for the control, congener, and target DNA sample in PBS buffers are shown.
The solutions are passed through the chip at a flow rate of 0.2 mL/h with the AC field activated at the interdigitated elec-
trodes. The plot shows the Warburg impedance as a straight line at higher frequencies. The dashed line shows the asymp-
totic behavior of the congener at low and high frequencies. Panel A is divided into two figures to amplify the asymptotic be-
havior of the congener DNA at low (B) and high (C) frequencies.
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tuarii that differs from our targeted sequence by three
base mismatches at positions 12, 21, and 22 of the 26
base tag sequences (reading from 5= to 3=, respectively).
By fluorescent labeling both the target and the conge-
ner DNA and with the same oligo probe functionalized
onto silica beads, we have recently shown in an open-
flow study that hybridization occurs for the target DNA
and not the congener DNA under similar concentra-
tions and flow conditions.29 We shall test the mismatch
discrimination features of the current label-free CNT im-
pedance assay against this earlier study.

To amplify any significant difference due to hybrid-
ization, we define a factor �, which blows up the shift
of the Warburg element with changing RCt by filtering
out the contributions from the bulk resistance. It can be
observed from the impedance spectra (Figure 5A) that,
with increase in frequency, the imaginary portion of
the impedance signifying charge accumulation capaci-
tance vanishes as expected and the real part ap-
proaches a constant asymptote (Figure 5B), which we
label as Rf, the point of intersection of the Warburg with
the real axis. Rf is the sum of the charge-transfer resis-
tance RCt that decreases with target DNA oligo-CNT in-
teraction and a bulk solution resistance RS that remains
the same across all systems provided there is no inter-
ference from the double-layer branch. Thus, we define
� � Im(Z)/(Re(Z) � RfC), where Z is the impedance and
RfC is the Rf for the control with the same sample solu-
tion but without the DNA molecules. This control mea-
surement is made prior to passing the actual sample
and after 10 min of continuous flow. Two separate im-
pedance spectra measurements at 5 and 10 min yield
less than 1% difference in RfC. The index � blows up to-
ward higher frequency for nontarget DNA (Figure 5C) as
both the numerator and denominator go to zero as
the charge-transfer resistance does not change. How-
ever, in the case of target DNA, the real part Rf is differ-
ent from RfC and hence � remains finite at high frequen-
cies. As can be seen in Figure 5C, the small difference
in Figure 3A and the 10% difference in Figure 5B are
now converted to a 10-fold difference in the value of �

for the target and congener DNA.
To understand the optimum time required for hy-

bridization, under flow and AC electric field, a separate
experiment is carried out in a small reservoir with two
parallel electrodes separated by 10 �m and is schemati-
cally shown as the inset in Figure 6. The buffer solu-
tion with oligo-functionalized CNT without any target
DNA is considered as the control. It can be observed
that hybridization is very fast for 100 nM concentration
of both target and congener DNA (Figure 6). The hy-
bridization is rapid and takes about 6 min to observe
any change of impedance. The rapid hybridization may
be due to field focusing. The induced polarization of
the CNT, which acts as a dipole, generates a point of
field maxima near the tip of the CNT surface. This sec-
ondary high-field gradient drives the DNA dipole30 be-

cause of a large dielectrophoretic force toward the
CNT surface, causing rapid hybridization. We believe
that this high field gradient may also stretch the long
�500 bases of DNA in the ssPCR sequence to enhance
hybridization.31 If the ssDNA probe absorbs onto the
CNT, the high-frequency field may also erect it to expe-
dite hybridization. This enhanced hybridization effect
needs to be studied in more detail, and fluorescent cor-
relation spectroscopy (FCS) studies are underway to de-
termine the frequency and the field effects of such
dipole�dipole interaction.

To demonstrate the specificity of the flow-based
CNT trapped in the microfluidic platform for genetic
identification, the following experiment is conducted.
A comparative test between green crab and a closely
related three-base mismatched congeneric species
(Carcinus aestuarii) is performed. It is achieved by pass-
ing, first, the congener DNA followed by washing with
PBS buffer with varying flow rate of 0.01 to 0.2 mL/h,

Figure 5. Plots of change in (A) real and (B) imaginary parts of the im-
pedance response. The plot of the modified factor � with frequency is
shown in (C) for the values in (A) and (B).

Figure 6. Schematic representation of the process to study
the kinetics of DNA hybridization is shown in the inset. The
impedance modulus is tracked as a function of time. For visu-
alization purposes, the modulus is plotted with reference to
its final value |Z|f after 15 min to allow for complete saturation.
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and then the green crab DNA is passed through the

same chip packed with probe-functionalized (green

crab specific) CNT. The measure of hybridization re-

sponse, �, separates out considerably for target and

congener DNA as the washing buffer flow rate increases

from 0.01 to 0.2 mL/h (Figure 7). It can also be seen

that at low flow rate the discrimination between target

and congener DNA is not possible even at low frequen-

cies. Thus, for the high specificity of the detection plat-

form, the flow rate and the frequency must exceed cer-

tain threshold values. We are able to sustain such

mismatch discrimination down to picomolar concentra-

tions of target DNA.

The cause of discrimination of the three-base mis-

matched congener DNA in an open-flow CNT platform

is still not clear, and there may be two mechanisms.

First, the mechanistic pathway could involve the selec-

tive (partial or complete) detachment of nonspecifically

attached congener DNA from the CNT surface due to

large hydrodynamic shear force. Second, pairing with

mismatches may produce much lower electron-transfer

rate in the presence of hydrodynamic shear. Careful in-

spection of Figure 3A, recorded at a high flow rate of 0.2

mL/h, reveals that the Warburg line of the congener

DNA (dashed line) approaches two distinct asymptotic

values at high and low frequencies. At low frequency, it

matches the green crab DNA (Figure 3B), while at high

frequency, it shifts toward control, which is functional-

ized CNT without hybridized DNA (Figure 3C). As the

congener impedance always approaches the target im-

pedance and not the control at low frequencies/flow

rates, independent of the frequency/flow scan direc-

tions, we expect the congener is not completely

sheared off the CNT. Just as a high-frequency AC field

can possibly enhance the hybridization rate by chang-

ing the conformation of the target DNA (Figure 4), it can

also affect the conformation of the hybridized DNA

and change the electron-transfer rate. At low frequency,

the polyvalent counterions, present in the buffer solu-

tion, have sufficient time to migrate toward the elec-
trode, which stabilizes the weakly attached nontarget
DNA and may help to transform them into a coiled con-
formation via a condensation mechanism.32,33 The
coiled conformation screens (reduces) the hydrody-
namic stress of the flow such that it cannot remove
nonspecifically bound molecules. However, at high fre-
quency, near the charge relaxation times of the ions, the
polyvalent ions cannot migrate toward the electrode,
and DNA remains in the stretched conformation.34 This
stretched conformation is more susceptible to shear
flow from the CNT�oligo interface. The conformation
of the DNA in the presence of shear and high-frequency
AC field is expected to be sensitive to the number and
location of mismatches. As a result, the congener DNA
may not attach to the CNT as much as the target DNA.
Alternatively, the more highly stretched congener DNAs
may also block the reacting ions driving the electron-
transfer reactions. Finally, these effects of the flow and
AC field on the conformation of the hybridized DNA can
obviously change the contact between individual CNTs
and between CNTs and the electrodes to affect the im-
pedance change. These possible mechanisms await a
more detailed molecular-level scrutiny in our subse-
quent works.

CONCLUSIONS
In this paper, we have successfully demonstrated

an open-flow-based rapid, simple, portable, inexpen-
sive, specific, and label-free genetic identification detec-
tion technique on a microfluidic platform using CNTs
as biosensors. Previous reports on CNT electrode pro-
cesses in electrochemical batch system demands the
employment of different polyvalent ions to magnify the
signal output to monitor any significant changes due
to docking of DNA as the charge-transfer events are
swamped by the formation of the capacitive double
layer near the electrode surface. In this present report,
we demonstrate a CNT-based microfluidic detection
platform with continuous flow that minimizes double-
layer formation near CNT interface and thus permit an
easy pick up of the impedance signature for the molec-
ular events occurring during DNA docking on the CNT
surface. The shear discrimination at high flow and high
frequency offers high specificity and allows differentia-
tion between three-base mismatched congener from
target DNA sequence. The open-flow design allows the
buildup of a large concentration of target biomol-
ecules in the trapped CNT in the microfluidic channel
through passage of large volume of low target biomol-
ecules. This leads to enhanced detection sensitivity
down to picomolar. We could go further down in detec-
tion sensitivity by doping the platform with redox poly-
valent ions that promote electron-transfer rate through
guanine oxidation,15 thus extending the detection win-
dow to DNA concentrations below picomolar. The de-
velopment of rapid and portable DNA detection plat-

Figure 7. Change in � with different flow rates ranging from
0.01 to 0.2 mL/h for both target and congener DNA.
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form will find many important applications in molecular
diagnosis, immunoassay-based pathogen detection,
trace redox chemical detection, point-of-need and

field-use applications, such as epidemic control at
ports/airports, avian flu monitoring of poultry imports,
environmental monitoring, etc.

MATERIALS AND METHODS
Microelectrode Fabrication. The DNA hybridization is performed

by trapping the probe-functionalized carbon nanotube (CNT)
within a microchannel that is placed between two interdigitated
electrodes. These electrodes are fabricated by patterning dual
titanium�gold layers onto precleaned 25 	 75 mm glass slides.
The slides are patterned with image reversal photoresist Shipley
1813 to generate the electrode patterns by standard photoli-
thography techniques, after which 54 Å of titanium and 261 Å
of gold were evaporated onto the slides. This is followed by a re-
sist dissolution and metal liftoff in acetone. The arrays are de-
signed as a parallel assembly of electrodes with a length of 100
�m and width of 10 �m with a pitch of 10 �m.

Microchannel Fabrication. Each slide of patterned microelec-
trode is cleaned thoroughly by acetone and isopropanol for
microchannel fabrication. A photosensitive epoxy-based photo-
resist, SU 8-25, is spin-coated on one slide. Standard lithography
techniques are used for patterning, and the final channel is de-
veloped with a SU-8 developer. The dimensions of the SU-8
channel are 25 �m 	 100 �m 	 100 mm in height 	 width 	
length, respectively. The inlet and outlet holes are drilled by a
diamond drill onto a second electrode patterned slide.

UV-curable adhesive glue LOCTITE 3492 with a viscosity of
500 Cp is spin-coated onto the slide having the SU-8 layer leav-
ing a 3�5 �m thick coating of glue. When the glue is spin-coated
on the chip, it does not enter the channel because of the sur-
face tension of the glue. The two-electrode slides are then
aligned by a microscope such that the each spike of parallel ar-
ray electrodes lies between the two spikes of other slides to form
an interdigitated assembly and finally pressed together and ex-
posed to UV to cure the bonding of the two slides together. Af-
ter applying pressure, the adhesive layer was found to be less
than 1 �m thick. To prevent the glue from entering the channel
when pressure was applied to the two slides, a small groove was
patterned on the outer edges of the desired channel to ensure
none of the glue entered the channel. The common method
used to bond slides with UV glue is to inject the glue into the
chip edge and rely on capillary action to spread the glue. How-
ever, the channel is often contaminated by this method. By spin-
ning the glue on the chip and fabricating a groove, contamina-
tion of the channel is prevented, allowing for a fast and clean
bonding method. To understand the effect of flow on the devel-
opment of double layer near the electrode, an almost unsealed
and partially sealed chip is fabricated. The mostly unsealed chip
is fabricated similar to normal chip except the last step where the
UV glue is injected into the chip edge and allows the glue to
move forward just before the entry point to groove by capillary
action so that the liquid only flows through an area surrounding
the channel but does not flow through the trapped CNT chan-
nel, which is possible due to high pressure gradient in the
trapped CNT region. Similarly, the partially sealed chip is fabri-
cated by binding half of the channel properly.

Functionalization of Probe on MWNT Surface. A species-specific
amine-functionalized oligonucleotide primer (27mer), comple-
mentary to the target green crab DNA, is attach to carboxylated
multiwall carbon nanotube (MWNT) by coupling with water-
soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) to produce amide linkages be-
tween MWNT and oligomer primer and is performed as re-
ported in literature.35

Asymmetric PCR Amplification. To make the CNT-based hybridiza-
tion platform simpler and also to avoid the denaturation of the
target DNA during the hybridization step in the detection plat-
form (i.e., to prevent the denatured dsDNA from recombining be-
fore it reaches and interacts with probe-functionalized CNT
within the microchannel), asymmetric PCR is executed to pro-
duce ssDNA. In this approach, an unequal concentration of prim-

ers is used; otherwise, it is analogous to normal, symmetric PCR
that produces dsPCR product. In the beginning, amplification
starts exponentially, but as the lower concentrated primer gets
consumed, the higher concentrated primer continues to amplify
only one strand of DNA, thus producing ssDNA. An asymmetric
PCR reaction amplifying cytochrome c oxidase subunit I (COI)
was performed using a forward (0.4 mM concentration) and a re-
verse primer (0.8 nM concentration) to amplify �500 bp green
crab ssDNA to study on chip DNA hybridization. Similarly, the
congeneric primer with three-base mismatches to that of target
DNA sequence was amplified for use as a negative control.

Procedure for Flow-Based CNT Hybridization Assay. Figure 1 is the
schematic presentation of flow-based CNT hybridization plat-
form. The first step is to pass the probe-functionalized CNT in
the microchannel for vertical alignment of CNT in the trapping
zone under an AC electric field (Figure 1). The solution is then
flown through the channel to completely fill it with the CNT, and
afterward, the electric field is applied for alignment. The chip is
then saturated with PBS buffer, and impedance is measured,
which corresponds to the background level impedance of the
functionalized CNT. After successful trapping of CNTs, 20 �L of
1 nM congener ssPCR product suspended in 80 �L 4	 SSC hy-
bridization buffer is passed through the chip at 55 °C at a slow
flow rate of 0.2 mL/h and with an applied field of 1 MHz and 1 V
across the microelectrode array. The flow rate is arrived at from
careful observations of saturation times of batch hybridization
studies as documented in the Results and Discussion. In the
washing step, PBS buffer is passed to get rid of any nonspecific
binding of DNA molecules to the surface of the CNT, which is
critical for obtaining reliable results. The flow rates for both the
background and the washing step are 0.2 mL/h to obtain simi-
lar impedance conditions before and after hybridization unless
otherwise noted. The change in impedance of the CNT-trapped
chips is then measured before and after passing of congener
ssPCR product at an AC voltage of 1 V. In the next step, target
species (green crab) ssPCR product is passed through the chip
under the same conditions and finally washed with PBS to wash
off any nonspecific attachment of DNA molecules. Repeated im-
pedance measurements indicate the impedance values to be
within 2 �, which is much smaller than the 50 � shift after
hybridization.

Acknowledgment. We would like to thank Nishant Chetwani
for valuable discussion, and the Great Lakes Protection Fund for
financial support. Dr. David Lodge is the P.I. of the grant. Helpful
discussions with him and Dr. Jeffrey Feder are acknowledged.

REFERENCES AND NOTES
1. Hutvagner, G.; Mclachlan, J.; Pasquinelli, A. E.; Balint, E.;

Tuschl, T.; Zamore, P. D. A Cellular Function for the RNA-
Interference Enzyme Dicer in the Maturation of the let-7
Small Temporal RNA. Science 2001, 293, 834–838.

2. Palecek, E. Surface-Attached Molecular Beacons Light the
Way for DNA Sequencing. Trends Biotechnol. 2004, 22,
55–58.

3. Tu, I.-P.; Schaner, M.; Diehn, M.; Sikic, B. I.; Brown, P. O.;
Botstein, D.; Fero, M. J. A Method for Detecting and
Correcting Feature Misidentification on Expression
Microarrays. BMC Genomics 2004, 5, 64.
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