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Research Article

Bacteria capture, concentration and
detection by alternating current
dielectrophoresis and self-assembly of
dispersed single-wall carbon nanotubes

The high polarizability and dielectrophoretic mobility of single-walled carbon nano-
tubes (SWNT) are utilized to capture and detect low numbers of bacteria and sub-
micron particles in milliliter-sized samples. Concentrated SWNT solutions are mixed
with the sample and a high-frequency (>100kHz) alternating current (AC) field is
applied by a microelectrode array to enhance bulk absorption of the particles (bacteria
and nanoparticle substitutes) by the SWNTs via dipole—dipole interaction. The same
AC field then drives the SWNT-bacteria aggregates to the microelectrode array by
positive-AC dielectrophoresis (DEP), with enhanced and reversed bacteria DEP mo-
bility due to the attached SWNTs. Since the field frequency exceeds the inverse RC
time of the electrode double layer, the AC field penetrates deeply into the bulk and
across the electrode gap. Consequently, the SWNTs and absorbed bacteria assemble
rapidly (<5 min) into conducting linear aggregates between the electrodes. Measured
AC impedance spectra by the same trapping electrodes and fields show a detection
threshold of 10* bacteria/mL with this pathogen trapping and concentration technique.
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tion by measuring the detectable conductance change in
response to the physisorption of ammonia and nitrogen

Carbon nanotubes (CNT), representing one of the best
examples of novel nanostructures, exhibit a range of
extraordinary physical properties, such as extremely
small size and high aspect ratio (>1000), and a rich
spectrum of electrical properties [1]. Exploiting these
unique features to improve biosensors, bioelectronics,
and circuitries have produced the rapidly developing
fields of nanobioelectronics and nanobiotechnology [2].
Pioneering work from Dai’s group [3, 4] has demon-
strated that single-walled carbon nanotubes (SWNTs)
could be used for small biomolecular and protein detec-
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dioxide in physiological solutions. To improve reactivity
and sensitivity, functionalizing CNT sidewalls with spe-
cific bio/chemical molecules ensure better chemical
bonding between the nanotube and a specific chemical
species as well as improve the selectivity of absorption
process. Viruses binding to the surface of carbon nano-
tube devices through a suitable binding receptor immo-
bilized on the devices result in a conductance change as
well and may realize the long-term goal of single virus
detection [5].

These biosensor applications that exploit the sensitive
conductance change (or field-gating effects) of SWNT
with respect to bioparticle docking, such as molecular,
viral, cell, or organism, all employ pretemplated nano-
wires between two microelectrodes or on electrode sur-
faces. A large assembly of nanowire bridges across two
long electrodes would have too high a conductance to
allow detection of a small number of pathogens. As such,
the target bioparticles should, ideally, be directed toward
a small number of nanowires across two small and
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addressable electrodes. This transport to the micro- or
nanosensors has become the rate-limiting step in light of
the high sensitivity of nanotube sensors after the patho-
gen reaches the nanotube. Given a typical bioparticle
diffusivity of 10”7 cm?/s, it would require the bioparticle
hours to diffuse across a realistic sample thickness of
0.1cm to reach the sensor. This diffusion length can be
reduced by dramatically increasing the bioparticle con-
centration. As a rough estimate, the effective diffusion
length to the sensor is the average particle—particle
separation. Consequently, for small bioparticles, espe-
cially submicrometer-sized bacteria or viruses, con-
centrations in excess of 10° particles per mL must be
used to reduce the diffusion time to minutes. Such high
concentrations are not realistic, especially for environ-
mental samples, and a major technological bottleneck for
biosensors, with or without nanotube amplification, is the
reduction of transport time to the sensor.

One proposed technology for reducing the transport time
of bioparticles is positive-alternating current (AC) dielec-
trophoresis (DEP) [6-9]. By using microelectrodes to
sustain a nonuniform AC field with large penetration
depth, the induced AC dipole of bioparticles with com-
plex permittivity ¢* = ¢ + /o/w results in a net force of

FDEP = 2TCa38mKAE2 (1)

where subscripts p and m denote particle and medium,
E is the scalar intensity of the electric field in the
medium, and a is the particle size. The DEP direction is
determined by the sign of the Clausius-Mossotti factor
K, Re((ep” - em™)/(e5" + 2em"), Wwhere Re denotes real parts.
This factor captures the interfacial polarization mechanism
due to both internal and external dielectric dipole forma-
tion as well as the capacitive charging current of the dou-
ble layer. The real medium permittivity ¢, is used in Eq. (1)
but that in the Clausius-Mossotti factor is complex with an
imaginary component related to the medium conductivity
o, and frequency o. Depending on the orientation of the
AC dipole relative to the AC field, which depends in turn on
the frequency of the field and the permittivity and con-
ductivity of the particle and medium, the particle can move
toward the high-field region (positive DEP) or low-field
region (negative DEP). Positive DEP is the desired mobility
if the objective is to move the particles toward an elec-
trode sensor (with high field) embedded within the micro-
electrodes. However, for a typical bacteria and electrolyte
medium, positive DEP mobility for the bacteria only occurs
at relative low frequencies below a critical crossover fre-
quency of about several kHz [6, 8]. As will be shown sub-
sequently, this frequency range is below the inverse RC
(resistance-capacitance) time of most microelectrodes
and the field penetration depth of the AC field is quite often
only the Debye double layer thickness. This low frequency
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renders the positive-DEP trapping field very short range
and ineffective [6, 8] as a means of reducing the transport
time between the bioparticles and the sensor.

Another strategy for transporting the bioparticles to the
sensor is to produce focused AC EOF that can convect
the particles rapidly [10, 11]. However, such AC EOF is
only robust near the inverse RC time of the microelec-
trode array. Moreover, the bioparticles need to be trapped
by DEP forces at the stagnation points of the AC EOF
field. Since DEP is strongly size dependent, this trapping
becomes weaker for submicrometer-sized bioparticles.
The biosensors would need to be precisely placed at the
stagnation points and the weak polarizability of the bio-
particles renders the trapping difficult.

We demonstrate here a new submicrometer-sized bac-
teria trapping and detection strategy based on the various
AC electrical and polarizability properties of SWNT.
Besides being good conductors, SWNT are also known for
their excellent rates of charge and discharge as super-
capacitors, a property stemming from their high surface
area in the double-layer charge storage mechanism [12].
However, application of this property to bioparticle sen-
sing and biosensor technology is not extensively investi-
gated. As for all good capacitor materials, SWNT are
endowed with a high electric permittivity and are easily
polarizable in an electric field. For long SWNT
(length ~ 1 ), such high polarizability produces strong
dipoles. Attractive interaction between these strong
induced dipoles explains the propensity of SWNT to self-
assemble into linear aggregates in an electric field [13, 14].

The high polarizability of SWNT should also endow them
with large DEP mobility, another SWNT property that is
not thoroughly investigated or exploited. Moreover, the
conductivity of SWNT is typically higher than the medium,
thus rendering its DEP mobility positive even at fre-
quencies higher than the inverse RC time of the micro-
electrode array. Consequently, the unscreened AC field of
the electrodes is long-ranged and the SWNT should
migrate toward the electrodes with a high-positive-DEP
mobility. They should also assemble into linear aggre-
gates bridging two counter electrodes due to their high
polarizability. This SWNT propensity to be trapped and to
self-assemble into wires connecting two AC electrodes at
high frequency, such that a conductance rise can be
detected, would be extremely attractive for bacteria con-
centration and detection purposes. These application can
be realized if the SWNT can be attached onto the bacteria,
which would ordinarily exhibit weak-positive DEP at the
high frequencies required for deep field penetration from
microelectrodes. Bacteria are known to have high-ion
capacitance [6], and an AC impedance measurement,
instead of a direct current (DC) conductance measure-
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ment, between the same trapping electrodes can also
produce more sensitivity for bacteria detection despite
the large assembly of wire bridges.

Large numbers of SWNT can be first dispersed in the
sample such that the diffusion length between the bio-
particle and the SWNT is determined not by the large
average separation between bioparticle and the electrode
sensor but by the much shorter (by a factor of 1000)
separation between the bioparticle and SWNT. The latter
separation is essentially the separation between the
SWNT. The dispersed nanotubes not only reduce the dif-
fusion distance but also increase the strength of local
electrical field E and local electrical field gradient E
around the nanotubes. Due to their specific composition
and dimension, nanotubes inside the solution work as
dispersed nanoscale electrodes. When an AC field is
applied, the electrical field is strengthened at the dielec-
tric discontinuities between the nanotubes and bulk so-
lution. Such locally amplified fields and field gradients can
promote the formation of induced dipoles on both SWNTs
and the immersed bioparticles. Their DEP mobilities
would hence be enhanced since the DEP force in Eq. (1) is
due to a combination of the field, which is responsible for
producing the particle dipole, and the field gradient to
produce a net force on the resulting dipole. Such DEP
mobility enhancement by the dispersed SWNT would
reduce the time for an encounter between a particle and
an SWNT.

Moreover, the strong AC dipoles of the SWNT allow them
to absorb onto the bioparticles, which also exhibit
stronger AC-induced dipoles in the SWNT-enhanced
fields, in the bulk solution. With sufficient SWNT absorp-
tion, the DEP mobility of the bioparticles can be enhanced
by the absorbed SWNT with strong induced dipoles. Also,
the particle-SWNT aggregate can now exhibit positive
DEP at high frequencies exceeding the inverse RC time of
the microelectrode array, as the positive DEP of the
SWNT dominates the weak DEP of the particle at the
aggregate. At these high frequencies, the field penetra-
tion depth of microelectrodes is comparable with the
electrode dimension and yet the particles with absorbed
SWNT are attracted to the high-field regions of the elec-
trodes — an optimum scenario for an electrode bacteria
sensor. Moreover, the bacteria-SWNT aggregate will par-
ticipate in the wire assembly between two electrodes,
allowing a detection mechanism for the trapped bacteria.
This bioparticle capture and self-assembly via SWNT
absorption will be demonstrated in this paper. The absor-
bed SWNT will be shown to produce positive-bacteria
DEP at frequencies as high as 1 MHz, whereas the usual
bacteria crossover frequency is less than 10kHz. The
absorbed SWNT will also be shown to significantly reduce
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the transport time between the bioparticles and the sen-
sor such that small numbers of submicron particles and
bacteria (less than 10* particles per mL) can be con-
centrated and detected in less than 10 min. The same
strategy should also work for viruses but our current
facilities do not allow such verification.

2 Materials and methods

Gold electrodes designed for this study were patterned
by lift-off: 5nm Ti and 45nm Au on a silicon dioxide
microscope slides. Different styles of electrodes, parallel,
perpendicular, and circle, were prepared and the gap
width varied from 50 to 100 um. The electrode width is
50 um. A piece of CoverWell™ PC8R-0.5 (Grace Bio-Labs,
OR) was place on top of electrodes to form fixed volume
(50 pL) perfusion chambers. The vertical dimension of the
chamber is about 500 pm.

In a typical experiment, nanotube suspensions, with
concentrations ranging from 0.05 to 0.2mg/mL, were
prepared by sonicating SWNT-COOH (Nanocs, NY, USA)
in deionized (DI) water for 30 min and left to sediment
overnight before the upper homogeneous layer (approxi-
mately 10'> SWNT per mL for a 0.1 mg/mL suspension)
was used for further experiments (SWNT-COOH nano-
tubes is referred as SWNT for short). The nanotubes are
estimated to be about 2-10nm in diameter, 1 um in
length, and an average weight of ~10 '“mg. Zeta
potentials of the sonicated SWNT suspension was meas-
ured using a PALS Zeta Potential Analyzer Ver. 3.29
(Brookhaven Instrument, Holtsville, NY). lts noble metal
electrode was preconditioned using DI water (10 runs, 30
cycles). The medium used for preconditioning was then
removed from the holding cell, and an aliquot of the
SWNT suspension was added to the holding cell and an-
alyzed (10 runs, 20 cycles). The average zeta potential of
SWNT was measured to be —40.80 + 1.47 mV.

Fluoresbrite™ Polychromatic red microspheres (2.63%
solids-latex, 500nm or 1 um in diameter, Polysciences,
PA), working as a substitute for submicron bioparticles,
were diluted (1:10000) in DI water (control sample) or in
SWNT suspensions with identical concentrations. Prior to
the experiments, Escherichia coli (~1 pm with initial cell
count of 10'° colony forming unit (CFU)/mL) were washed
in DI water three times and then resuspended in DI water
or SWNT solution to acquire a cell count of 10", 108, 105,
10* CFU/mL, respectively.

Particle trapping rates were recorded for two concentra-
tions of SWNT solutions (0.05mg SWNT per mL and
0.1 mg SWNT per mL). The electric field across the elec-
trodes was about 1 kV/cm, and the frequency was varied
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from 100 to 5 MHz. Impedance and phase angle of the
electrodes system were monitored by an Agilent 4284A
impedance analyzer. The impedance equipment was
connected to a computer recording system and a Lab-
view software is used to collect all data. PBS, typically a
mixture of 145 mM sodium chloride and 150 mM sodium
phosphate with a pH of 7.2-7.4, was diluted 1:10, 1:100,
and 1:1000, respectively, for comparison to SWNT solu-
tions. DI water conductivity is roughly ~1073 mS/cm
(pH ~ 6.0) while conductivity of PBS is around 0.015 mS/
cm.

3 Results and discussion

Nanotube self-assembly was detected 0.5-5min after
applying an AC electric field under optical microscopy.
SWNT exhibits positive DEP even at 1 MHz due to their
high conductivity, as seen in Fig. 1. The linear aggregates
that formed due to induced dipole-dipole (end-to-end)
interaction are similar in dimension to SWNT self-assem-
bly in organic solutions [15, 16], during chemical-vapor
deposition with external field [17], or electric field-assist-
ed growth and self-assembly of silicon nanowires [18].
However, the degree of branching of the linear aggregates
and whether they bridge the two electrodes are sensitive
to the field frequency. As seen in Fig. 1a, the SWNT self-
assembly was confined to a thin boundary near the elec-
trode and highly branched at low frequencies (<1 kHz).
Bridging did not occur even after 5min. When the fre-
quency was increased beyond 1kHz to about 1 MHz in
Fig. 1b, the SWNT self-assembled rapidly from both
electrodes to form thin uniform wires that bridged the
gap. The wires grew linearly from seeds on each electrode
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until the other electrode was reached. After a number of
wires had bridged the electrodes, there was a sharp de-
crease in the system AC impedance, which is a complex
number corresponding to the AC voltage over the AC
current. This reduction is shown as an increase in the
slope of the AC conductance, defined as the inverse of
the real part of the complex impedance in Fig. 2. It was
evident from the figure that the conductance with bridged
wires at 1 MHz was at least twice of that at 1 kHz. In Fig. 2
there was an increase in slope after 12 and 10 min at 10
and 100 kHz, respectively, indicating the contact between
nanotubes that grew from two different electrodes. How-
ever, at 1 MHz, nanotube line-up started right after the
activation of the electrical field and the slope was initially
very high because of enhanced positive-DEP trapping of
the SWNT at the electrode edges. The signal stabilized
after about 1-3min when the SWNT began to connect
across the two electrodes. Since the self-assemble wires
are visible under a microscope, we suspect they consist
of bundles due to lateral aggregation of the SWNTs.
Hence, the proposed particle absorption may be onto
bundles instead of individual SWNT. Nevertheless, we
shall use SWNT as a general description for both.

There are two possible mechanisms for why the self-
assembly is localized and branched at low frequencies.
AC EOF [7, 10, 11] is present on the electrodes and such
flows are known to be sensitive to the AC frequency. They
can affect the self-assembly pattern by aligning the
SWNT with viscous drag or by dragging the SWNT away
from the assembled patterns. However, the wires in
Fig. 1c are oriented in the field direction and not the AC
EOF direction as determined in our earlier work [11, 19].
Also, there is little flow in the electrode gap that is along

Figure 1. Nanotube self-assembly at 1kHz
(left column) and 1 MHz (right column) at
SWNT concentration of 0.2 mg/mL under dif-
ferent frequency. Top two frames are for paral-
lel electrodes 100 um in width and with a
100 um separation. Bottom frames are per-
pendicular electrodes of 160 um width and
50 um separation.
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Figure 2. AC conductance measurements between the
parallel electrodes of Fig. 1 for 0.2 mg/mL SWNT-COOH
solution at different frequencies. AC conductance is
defined as the inverse of the real part of the complex
impedance.

the electrode. Hence, flow-breakup of wire bridges in
Fig. 1a is unlikely. A more likely reason is that the field is
confined to the electrode double layer at low frequencies.
The electrode double layer and the bulk electrolyte can be
considered as a double-layer capacitor with capacitance
Cp. in series with an ohmic resistor with resistance R,
both combining to produce a characteristic RCp, time for
the microelectrode array. When the frequency is below
this inverse RCyp, time, the voltage drop is mainly across
the thin double layer and the field is confined there. This
localized field would explain the localized self-assembly
at low frequencies. At frequencies higher than the inverse
RC time, which is estimated to be about 10 kHz for the
electrolyte used [11], the field penetrates across the bulk
solution and hence self-assembly of the SWNT to bridge
the gap is now feasible.

The critical frequency for bridging between the two elec-
trodes can be measured with the aid of the circuit model
shown in Fig. 3a that includes a parasitic circuit capaci-
tance C. The impedance phase spectrum of this circuit,
measuring the phase lag between the AC voltage and
current, can be shown to be

(C + CpL)/® + ©CC3 | R?
C3.R

0 = arctg(— ) ()
The low-frequency behavior is dominated by the double-
layer capacitor and it shows the phase approach toward a
pure capacitor phase of 90°. This phase relaxes to zero at
intermediate frequencies when most of the AC current
passes through the resistor with resistance R. At even
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higher frequencies, it is the parasitic capacitance C that
dominates and again a rise to 90° is expected. The phase
angle hence exhibits a minimum at an optimum fre-
quency, which is the reciprocal of RCp_ [6]. Measuring the
impedance phase of the parallel microelectrodes, we find
the phase to exhibit this expected dependence on fre-
quency for a variety of liquids, including the SWNT solu-
tion. As seen in Fig. 3b, the optimal frequency for SWNT
solution is around 1kHz, which is lower than all other
solutions except DI water. As the nanotube solvent is DI
water, this reflects the increased bulk conductivity due to
the presence of nanotubes. lts conductivity is compara-
ble to that of a PBS buffer at 1.5x10"*M with con-
ductivity roughly five times higher than that of DI water.
The inverse RCp, time of 1 kHz is consistent with the self-
assembly patterns of Fig. 1 and the conductance meas-
urements of Fig. 2, which indicate that the transition to the
bridging linear wire pattern occurs beyond 1 kHz. Beyond
that frequency, the voltage across the electrode drops
mainly in the bulk, instead of being confined to the double
layers, thus offering a long-range DEP trap. The bulk field
beyond this frequency also promotes SWNT polarization
and self-assembly of linear aggregates that bridge the
two electrodes along the electrical field lines.

For conductive SWNTs, we expect a very large absolute
value of the dielectric constant. In fact, it has been sug-
gested that the polarizability of conductive SWNT is
effectively infinite [20]. The direction of the AC dipole due
to this polarization can be determined from the Clausius-
Mossotti factor K = Re((e,* - £,")/(ep" + 2&,7)). Due to the
large conductivity of SWNT relative to the DI water medi-
um, with the standard nanotube resistance of
1074 Qxcm from literature [21], we find that SWNT
experience only positive DEP up to 10 MHz. This large
positive-DEP mobility explains why SWNT are trapped at
the electrodes and self-assemble at 1 MHz. In compar-
ison, E. coli experience positive DEP only near or below
10 KHz [6]. Beyond this frequency, cells experience neg-
ligible positive DEP and the trapping efficiency is low.
Therefore, the strong positive-DEP force on the SWNT at
1MHz can significantly enhance E. coli trapping if
absorption of bacteria onto SWNT or their bundles can be
achieved in the bulk solution.

Evidence of this absorption is demonstrated with fluores-
cent particles in Fig. 4. Images of the trapped 500 nm and
1 um fluorescent particle images were recorded after
5 min for three different conditions at 1 MHz: fluorescent
particles without SWNT, SWNT preassembled between
the electrodes before the fluorescent particles were
added, and a mixture of SWNT and fluorescent particles
added before the field was activated. It is clear that the
number of collected particles is quite similar for the case

www.electrophoresis-journal.com



Electrophoresis 2006, 27, 1376-1385

Miniaturization 1381

() wt

@ phase angle
=]

w_
30..
20_
10_ & Dl water & CNT-COOH
¥ PBSX1000 + PBSX100 B PBSX10
B- PR | i .......l_ i PR | i PRt
10' 10° 10° 10* 10*

Frequency (Hz)

without SWNT and the case with pretemplated SWNT.
Without SWNT wires, the electrode corners have the
highest field and a small number of particles are trapped
at that location. With the pretemplated wires bridging the
electrodes, the high-field region is at the wire and trap-
ping occurs directly onto the wire, although they still tend
to favor the ends of the wires closest to the electrode
corners. As the particle DEP force is the same for both
cases, similar trapping efficiency for the two indicate the
corner field without SWNT and the field at the pre-
templated wire are comparable in amplitude. In contrast,
when SWNT is dispersed in the solution, nearly ten times
as many particles are trapped. We attribute this enhanced
efficiency to the higher positive-DEP mobility of the parti-
cles after absorption onto the SWNT.

To demonstrate that the particles have absorbed onto the
SWNT in the bulk solution before the self-assembly
occurs, we show images of the fluorescent particles as a
function of time in Fig. 5. The fluorescent particles clearly
appeared first near the electrodes and then invaded into
the gap along the wire. This was exactly how the SWNT
self-assembly pattern evolved in Fig.1 and the self-
assembly in Fig. 4 simply involved absorbed particles.
The particles could not appear in the middle of the gap if
the SWNTs self-assembled first without absorbing the
particles.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Equivalent circuit and phase angle
measurements for the parallel electrode of
Fig. 1 with the same SWNT concentrations.
Phase angles of four other electrolytes are
indicated. PBS solutions are diluted 1:10,
1:100, and 1:1000. Optimal frequency of the
SWNT solution is slightly larger than that of DI
water and is comparable to the 1:1000 PBS
solution, indicating the SWNT has decreased
4 the bulk resistance R. Optimal frequency of
1kHz for the SWNT solutions represents the
onset of linear wire bridges in the right column

10" of Fig. 1 and the increase in measured con-
ductance in Fig. 2.

A final verification of the bulk absorption mechanism is
offered by changing the SWNT concentrations. In Fig. 6,
the average fluorescent intensities (defined as the total
units of the fluorescent intensity from a single particle in a
50um x 50 um area between two electrodes) of the im-
ages are plotted as a function of time for pretemplated
SWNT with two SWNT concentrations. It is clear from the
fluorescence intensity that the lower SWNT curve is shift-
ed in time from the higher SWNT curve. This delay corre-
sponds to the increased absorption time for a larger dis-
tance between particles and SWNT. More importantly, the
intensity increases linearly in time with a rate that jumps
discontinuously by a factor of 6-8 when the SWNT con-
centration exceeds a critical value of 0.1 mg/mL. This is a
direct indication that SWNT concentration affects the
detection time and the detection threshold, which would
only be true if the particle absorption occurs in the bulk.
The critical suspension concentration of 0.1 mg/mL cor-
responds to an SWNT separation of about 1 p, which is
also the tube length. Beyond this concentration, the field
lines around each SWNT dipole overlapped, thus satur-
ating the entire solution with a nonuniform electric field
that promotes DEP absorption of particles.

With the guidelines provided by the fluorescent particles,
we test our technique with actual bacteria solution of E.
coli at 10%, 105, and 10* CFU/mL. In Fig.s 7a and b, trap-
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Figure 4. Fluorescent images taken at exactly 5 min after
the electric field is activated for a circle electrode with a
width of 160 um, a gap separation of 50 um. AC fre-
quency is 1 MHz and 10 V. (a) Circle electrode configura-
tion. (b) Forty microliters of 1 um or 500 nm particle sus-
pension. SWNT suspension is not added. Particles collect
at the high-field electrode corner. (c) Twenty microliters of
SWNT suspension (0.2 mg/mL) is first placed on the elec-
trode and the AC field is activated for 5 min to ensure that
all the SWNT have formed linear wires between the elec-
trodes. Image is taken 5 min later after the 20 pL of parti-
cle suspension is added and mixed. (d) Fluorescent ima-
ges of the particles. () SWNT and particle suspensions
are premixed and then placed on the electrode before the
field is activated. (f) Fluorescent image of the same
assembly.

Figure 5. Successive fluorescent images of the particles with an interval of 30 s, starting from when
the field is activated. Electrode configuration, voltages, and frequencies, and the suspension con-
centrations are identical to that of Fig. 4d.

ping of 10° CFU/mL E. coli suspended in DI water and
SWNT solution were compared. For bacteria concentra-
tion as low as 10* CFU/mL, an extremely small number of
bacteria that exhibit weak positive DEP at 1 MHz were
trapped at the edge of the electrodes after more than half

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an hour without SWNT. With the addition of SWNT, ten
times more bacteria were trapped within 5 min. The trap-
ped bacteria are entangled within the SWNT wires be-
tween the electrodes or sometimes next to the wires. The
bacteria-SWNT aggregates visible in the images also
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Figure 6. Fluorescence intensity curves as functions of
time for three suspension mixtures corresponding to pre-
templated SWNT and two SWNT concentrations of mixed
particle/SWNT solution for particle collection. Fluorescent
intensity unit is defined as the total number of fluorescent
particles in a 50 pm x 50 um area between the two elec-
trodes.

suggest a side-to-side aggregation configuration, instead
of the end-to-end self-assembly of SWNT. This lateral
assembly pattern is consistent with the different induced
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dipole orientations and different mobility directions of the
bacteria and the SWNT. The bacteria (10° CFU/mL) were
also stained with Rhodamine B (Sigma) as described in
[22] and the fluorescent images in Fig. 7 again demon-
strate that the addition of SWNT (d) enhances the trap-
ping of bacteria at low concentrations compared to the
case without SWNT (c).

Voltage and current signals from the AC electrodes at
1 MHz were obtained during the self-assembly to record
the variation in complex impedance as a function of time.
These impedance data are shown in Fig. 8 for E. coli sus-
pensions at 10'°, 105, and 10* CFU/mL. The 10° and
10* CFU/mL bacteria solutions were compared for condi-
tions with and without SWNT. In addition, SWNT self-
assembly without bacteria was monitored as a reference.
Without SWNT, the complex impedance of these 10° and
10* CFU/mL samples decreased slowly from the buffer
value (without bacteria) over the entire 10-min measure-
ment duration. The slow decline was due to the slow DEP
capture of a small fraction of bacteria with positive DEP at
the electrode corners. However, this decrease was not
sensitive to bacteria count as only a few bacteria were
attracted to the corners. As shown in Fig. 8, insufficient
cells were trapped at the corner to discriminate between
10% and 10* CFU/mL in DI water without adding SWNT. It

Figure 7. Bacteria trapping (10°® CFU/mL) without (a) and with SWNT (0.2 mg/mL) (b). Bacteria
appear as transparent circles. Electrode configuration is the same as the fluorescent experiments of
Fig. 5. Operating condition is 1 MHz with 10 V across the electrodes. Fluorescent bacteria trapping
(108 CFU/mL) under the same condition without (c) and with SWNT (0.2 mg/mL) (d) are imaged after
staining with Rhodamine B.
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www.electrophoresis-journal.com



1384 R. Zhou et al. Electrophoresis 2006, 27, 1376-1385
200 90
i B B N BV e R
= —=— SWNT+E.Coli10" 85 et 40 4 st 4 s
. s ' Ao d ot o 144
1601 —e— SWNT+E.Coli10 .
£ 4 SWNT+E.Coli10" 80 —®— SWNT+E.Coli10
£ 0 —w— SWNT L - SWNT+E.Coli10°
< E.Coli10° 2 752 A SWNT+EColi10* %
(7))
3 < E.Coli10* 3 —¥—SWNT
S 120} % o
3 £ 40} E.Coli10
N '- T . —4— E.Coli10°
100 P s 9600000000000 N BRI st
- 24 _,,_,:;::::_::::: : vvv 35 eﬁﬂ!hdi.l..HH-"“'
80 B .....-."...I.I.I--|..- ..-.'..II-.-I-I-. L RO § Repepan.
N 1 N 1 N 1 M 1 N 1 i 1 i 30 " 1 " 1 i 1 M 1 i 1 i 1 i
0 100 200 300 400 500 600 700 O 100 200 300 400 500 600 700
Time (s) Time (s)

Figure 8. Impedance modulus and phase angle measured from the same trapping field at 1 MHz across the two electrodes

in Fig. 7. Number of bacteria is varied for each run.

was evident that inserting SWNT significantly lowers the
modulus and phase angle of the complex impedance, by
as much as a factor of two, indicating that bridging had
occurred between the electrodes. Moreover, the reduc-
tion was recorded within the first minute and the impe-
dance signals for bacteria with SWNT reached their
steady-state values after a short transient of 2 min. This
short transient was also observed with the SWNT solution
without bacteria. The difference in impedance signal for
different bacteria counts was also evident in the first min-
ute. These transient data then suggest that the SWNT
bridges formed much faster than positive-DEP trapping
of bacteria not absorbed onto SWNT. They also confirm
that the bacteria accompanied the SWNT during the
bridge self-assembly, suggesting that the absorption had
taken place in the bulk. With decreasing bacteria con-
centration, both modulus and phase increased until they
approached the values without bacteria at about
10* CFU/mL.

The modulus signal showed stronger sensitivity to bac-
teria count but the fact that both modulus and phase
were affected by the bacteria count at 1 MHz suggested
that it was the bacterial capacitance that was affecting
the complex impedance of the self-assembled bridge.
As a result, DC conductance would not be able to pro-
vide the same detection sensitivity. Also, once assem-
bled into the linear aggregate bridges, charge transfer
across SWNT or bundles is now possible through the
overlapping double layers and hence the capacitance of
the linear aggregate should be much smaller than that of

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an isolated SWNT or bundle. The large internal capaci-
tance of the pathogen can hence dominate the AC re-
sponse despite the relative small fraction of bacteria
within the bridge assembly. The AC impedance meas-
urement indicated that the capacitance change pro-
duced by a bacteria count as low as 10* CFU/mL could
be detected within a few minutes. In contrast, this small
fraction of bacteria can never affect the DC conductance
of the large bridge assembly. The change in AC signal
due to bacteria capacitance can only occur if the bac-
teria are absorbed onto the SWNTs and are present
within the bridges. In fact, Fig. 8 suggests that detection
is possible in less than 2 min. Short of continuous imag-
ing of the bacterial absorption and participation in the
bridge assembly, the impedance data offer good indirect
evidence that detection sensitivity and time can be
improved by SWNT addition.

4 Concluding remarks

In conclusion, the high polarizability and positive DEP of
SWNT in an AC field, whose crossover frequency is
higher than the inverse RC time of the microelectrode
array, are exploited to absorb particles in the bulk and to
trap the absorbed particles, which would ordinarily ex-
hibit weak positive DEP or even negative DEP, within the
self-assembled SWNT wires between two electrodes.
Preliminary results shown here indicate that this strategy
of reducing the transport distance of small number of
bioparticles to the sensor allows detection down to

www.electrophoresis-journal.com
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10000 particles per mL within 5min with simple AC
impedance spectroscopy by the same trapping elec-
trodes and fields. With properly optimized electrode ge-
ometry and electrolyte composition and with more sen-
sitive and functionalized bacteria detectors between the
trapping electrodes, we expect to lower the detection
threshold to 1000 particles per mL within the same
detection time. Moreover, SWNT absorption onto
immuno-assay beads and pathogens in a bulk AC field
can also enhance the docking time of the beads and the
pathogens. Functionalized SWNT provide even more
specificity. Hence, the role of SWNTs as absorbers and
transporters of pathogens in a bulk AC field supplied by
microfabricated electrodes can be profitably used in
conjunction with other bacteria sensors in a variety of
ways.
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