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Amicromachined impedance biosensor for accurate and
rapid detection of E. coli O157:H7

Shibajyoti Ghosh Dastider,a Syed Barizuddin,b Majed Dweikb

and Mahmoud Almasri*a

An impedance biosensor based on interdigitated electrode (IDE) arrays was designed, fabricated and

tested for detection of Escherichia coli O157:H7. The device consists of two sets of gold IDE arrays

embedded in a SU8-PDMS microchannel. The first set of electrodes uses positive dielectrophoresis

(p-DEP) force to focus and concentrate the E. coli into the centre of the microchannel, and direct it

towards the detection zone microchannel which has dimensions of a third of the first channel. The bulk

fluid keeps flowing toward the outer channel into the waste outlets. The second sets of electrodes are

located in the centre channel and are used for impedimetric detection of the E. coli. A combination of

standard photolithography, wet etching and plasma treatment techniques were used to fabricate the

biosensor. The E. coli cells in the test solution were focused into the centre of the channel when an

excitation signal of 5 Vp–p at 5.6 MHz was applied across the electrode arrays. Before injecting the E. coli

cells, polyclonal anti-E. coli antibodies were non-specifically immobilized on the sensing electrode array.

This ensures specific detection of E. coli O157:H7 bacterial cells. As the concentrated E. coli cells

(antigen) reach the sensing electrode array, they bind to the immobilized antibody sites. This antigen–

antibody binding causes a change in the impedance, which is measured using an impedance analyzer.

The device performance was tested by measuring the impedance, between 100 Hz and 1 MHz

frequency, before and after applying p-DEP on the focusing electrode array, and after applying p-DEP

on both the focusing and sensing electrodes. The result shows clearly that the use of p-DEP on the

focusing IDE array significantly increased the measurement sensitivity with the lower detection limit

being 3 � 102 CFU mL�1. In addition, the use of p-DEP on both electrode arrays increased the

measurement sensitivity by a factor of 2.9 to 4.5 times depending on the concentration.
Introduction

The Centers for Disease Control and Prevention estimates that
foodborne diseases cause illness in an estimated 48 million
people every year, causing 128 000 hospitalizations and 3000
fatalities.1 Just in the last six months of 2012, there were sixteen
food related outbreaks in the United States.2 These outbreaks
were caused by transmission of pathogens to humans via
contaminated fruit, vegetables, meat, drinking water, milk,
poultry and eggs. CDC reports that E. coli O157:H7, various
strains of Salmonella, Listeria monocytogenes were reasons for
food contamination.3 Pathogens also have the potential to cause
major economic losses due to the product recalls and medical
costs associated with illnesses. It is noted that the cost related to
foodborne illness in the US annually is estimated at $77 billion.4
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Therefore, it is of great importance to develop novel and
advanced methods for more efficient detection of foodborne
pathogenic bacteria. One of the most harmful pathogenic
strains of E. coli in North America is E. coli O157:H7. It produces
Shiga toxin that damages the intestine lining, causes anemia,
stomach cramps and bloody diarrhea. Sometimes, it causes
serious complications including hemolytic uremic syndrome
(HUS) and thrombotic thrombocytopenic purpura (TTP).5–8

Conventional methods used to detect and identify path-
ogenic bacteria in food are reliable for ensuring food safety.
They have been used for many years as the official food
screening procedure established by Food and Drug Admin-
istration (FDA). However, these methods are time
consuming and require 5-7 days to get conclusive results.
Viable alternatives are needed to efficiently monitor food
quality rapidly and provide real time response to possible
risks. By the time the bacteria are detected, the product
could already be sold and consumed.9 The slow response of
the current detection methods has prompted numerous
groups in the last decade to develop other techniques to
reduce the detection time. Polymerase Chain Reaction (PCR)
RSC Adv., 2013, 3, 26297–26306 | 26297
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and Enzyme Linked Immunosorbent Assay (ELISA), for
example, have reduced the assay time to 4–6 h and 10–24 h,
respectively, with detection limits between 101–106 colony
forming units (CFU) mL. Both techniques, however, have
limitations that preclude their widespread implementation.
These limitations include their failure to distinguish spore
viability.10–14 In the past several years, various bacteria
detection biosensors have been developed with improved
response time, sensitivity and reliability; with some assays
requiring around 2 h under ideal conditions with a sensi-
tivity of 103–104 CFU mL�1.15,16 Although these devices have
resulted in good performance, other key issues need to be
considered in order to develop rapid (real time) methods to
detect pathogens. These include sample volume, cost and
measurement of a single cell or small number of cells. As a
result, several groups have developed miniaturized imped-
ance biosensors with a reduced sample volume. This has
resulted in high detection sensitivity, low contamination
during bacterial growth, and faster detection of a small
number of cells.17–22 Currently, many groups are actively
investigating the detection of pathogens using various bio-
sensing techniques.23–43

The objective of this paper is to develop a Micro-
electromechanical system (MEMS) impedance biosensor capable
of rapid detection and accurate identication of E.coli O157:H7.
We report the detection of E. coli cells with a concentration range
from 3 � 105–3 � 102 CFU mL�1 using two set of interdigitated
electrode array. The rst uses p-DEP to focus and concentrate the
cell into the centre of the channel, while the second set is func-
tionalized with the E. coli specic antibody to immobilize the
bacteria for impedimetric detection. The change in impedance
due to antigen–antibody binding is detected using an impedance
analyzer. The main advantage of antibodies as the bio-recogni-
tion elements is their sensitivity and selectivity to target cells. The
detection processes require no enrichment steps, minimal
sample processing and hence the detection time of under 3
hours. Food suppliers and food packaging companies can
perform real time monitoring of food products and provide
healthy and safe products to local and global markets, while at
the same time checking the spread of disease and preventing
economic losses due to medical costs and product recalls.
Theoretical background

Dielectrophoresis (DEP) is dened as the translational motion of
a dielectric particle or biological cell in a suspending medium
under the inuence of a non-uniform AC E-eld.44 This non-
uniform E-eld induces a net force in a dielectric particle or cell
directed either to a region of maximum or minimum E-eld
strength. The driving force direction is determined by two factors:
permittivity of the particle compared with that of the medium
surrounding the particle, and the frequency of the applied E-eld.
For this device positive DEP is used to attract the cells towards the
electrodes and laterally position them. By varying the magnitude
and frequency of the applied signal viable target cells are attrac-
ted towards the electrodes, whereas non-target particles do not.
The DEP force applied on the cells can be simplied as:
26298 | RSC Adv., 2013, 3, 26297–26306
~FDEP ¼ 2p3mr
3VE2Re[K(u)]

where r is the radius of the cell, 3m is the medium's permittivity,
and E is the electrical eld. K is the Clausius–Mossotti factor.
Viable E. coli cells are attracted towards the electrodes by
adjusting the Clausius–Mossotti factor K, which can be altered
by varying the frequency of the applied signal. As the viable and
non-viable cells are different in composition the Clausius–
Mossotti factors are different. The difference in the Clausius–
Mossotti factors will result in difference in reaction to the
electric eld. The viable target cells are attracted towards the
electrode, whereas the non-target are not, which could be used
for sorting and separation of target cells.

When cells are owing in the channel they not only
experience DEP force, but also hydrodynamic force.45 For a
non-turbulent ow, where the Reynolds number is much
smaller than 1 (Re � 1) the hydrodynamic drag force on a
moving object is linearly proportional to the object's velocity
through the uid. Hydrodynamic force acts to oppose the
motion and can be described as being an energy-dissipating
or frictional force. If the relative velocity between the cell and
the ow is ~n, uid viscosity is h, for a cell with radius r this
force is given by:

~Fdrag z hr~n

The ratio of the drag force to the velocity is
~Fdrag

~n
¼ kdrag

called the drag coefficient, and is roughly equivalent to the
product of viscosity and longest dimension of the cell. For a
spherical particle such as cell which has a radius r, the drag
coefficient is kdrag ¼ 6phr. So, the drag force can be given by:

~Fdrag ¼ 6phr~n

In absence of ow, cells will get attracted towards the elec-
trode and stay there. Therefore, to sort and separate viable cells
and to move them towards the detection electrode array, a ow
is required. The ow works in conjunction with the DEP and
generates enough hydrodynamic force to concentrate the viable
bacteria cells towards the center of the microchannel. At equi-
librium, the hydrodynamic and DEP forces are equal, which
gives us the minimum velocity required to move the cells
towards the center channel.

~nmin\
3mr

2

3h
Re½K � vE

2

vx

Thus successful separation and sorting is greatly dependent
on the ow rate of the uid inside the microchannel. Also
higher ow rates can be accommodated as the length of the
electrode array and number of the electrodes within the array is
increased. Hydrodynamic drag force in conjunction with the p-
DEP force creates a streamlined cell ow, through the center of
the narrow channel towards the detection electrode array. The
E. coli cells are recognized and captured on the detection elec-
trode array using anti-E. coli antibody.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Equivalent circuit of the impedance biosensor demonstrating various
circuit components. (b) Impedance spectrum demonstrating test data and
simulated spectrum.
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Material and methods
Biosensor design

Interdigitated microelectrode (IDE) arrays that incorporate cell
separation and impedance measurement principles to facilitate
low level detection of E. coli O157:H7 was fabricated and tested.
The device consisted of two set of gold IDE array embedded in a
SU-8 microchannel (Fig. 1). The focusing region consists of
100 pairs of electrodes with a channel width of 300 mmwhile the
detection region had 25 pairs of electrodes with a channel width
of 100 mm. The electrode length, width and spacing was 300 mm,
15 mm and 10 mm, respectively. The height of the channel was
25 mm. The rst IDE array was designed to focus the targeted
E. coli O157:H7 cells using p-DEP and direct them towards the
center channel which has dimensions of a third of the rst
channel with a micro liter volume. The bulk uid ows toward
the outer channel into the waste outlets. Following the focusing
region in the channels, is the detection region. The detection
IDE array was functionalized using specic anti-E. coli specic
antibodies to target the E. coli cells on the electrode surface. The
E. coli samples were tested by owing them through the
microchannel from the antigen inlet, over the IDE arrays, and to
the outlet. The antibody solution was introduced into the
sensing electrodes using the antibody inlets and was immobi-
lized on the sensing electrode array. Aer the test solution lled
the microchannel, the ow was stopped for 30 minutes in order
to facilitate efficient binding between E. coli and the antibody.
This results in the impedance changes. The unbound E. coli
cells were washed away using DI water.
Electrical equivalent circuit

To study the impedance response, the equivalent electrical
circuit of the biosensor was analysed. Fig. 2a represents an
equivalent circuit of the impedance biosensor, which consists
of two double layer capacitances (Cdl) in series with the bulk
Fig. 1 3-D schematic of (a) the impedance based biosensor for pathogens detecti

This journal is ª The Royal Society of Chemistry 2013
solution resistance (Rsol) and parallel to dielectric capacitance
(Cde) of the system. Test solution present between the electrodes
contributes towards the resistive component in the equivalent
circuit. This is represented as resistance of the solution (Rsol).
When two electrode surfaces are separated and have an
on. (b) Magnified view of the focusing region, and detection region.

RSC Adv., 2013, 3, 26297–26306 | 26299
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electrolyte between them, a thin layer of charged particles form
on the surface of the electrodes.

This layer of charged particles generates capacitance, known
as double layer capacitance (Cdl). The dielectric capacitance
(Cde) represents the overall capacitance of the dielectric
medium.

Fig. 2b demonstrates experimental and simulated data (Bode
plot) for the electrical equivalent circuit. EIS spectrum analyser
soware was used to simulate the response of the equivalent
circuit and generate the tting impedance spectrum. The
simulation values of Cdl value vary from 50 nF to 97 nF, whereas
Rsol values range from 305k to 340k depending on the bacterial
concentration of the test sample. There are three distinctive
regions in the impedance spectrum, which represents the
response of the various components of the equivalent circuit
individually and in combination. At low frequencies (100 Hz–1
KHz) the impedance response is dominated by capacitive
impedance (mainly Cdl).The 1 KHz–10 KHz region of the
impedance spectrum is due to the response of the both resistive
and capacitive components and the response becomes purely
resistive above 50 KHz frequencies. This is because; at low
frequencies impedance of a capacitive effect dominates and
nears zero at high frequencies. Hence the impedance response
at high frequencies is solely due to the resistive component of
the solution and the effect of bacterial cells is insignicant. In
contrast, at lower frequencies the impedance response is
signicantly affected by the amount of bacteria present in the
test solution. Thus, impedance measurement was performed in
the range of 100 Hz to 1 MHz to obtain a viable Bode plot.
Fig. 3 Cross-sectional profile of the biosensor demonstrating various steps
during the fabrication process of the MEMS impedance biosensor.
Microfabrication

The device was fabricated on a glass substrate using a series of
surface micromachining, SU-8 photoresist and PDMS processes
(Fig. 3). (1) The glass slides were cleaned using a piranha
solution in 3 : 1 ratio of sulfuric acid and hydrogen peroxide
(H2SO4 : H2O2) for 3 min in order to remove the organic
contaminants from the substrate surface, then washed thor-
oughly with DI water and dried with a nitrogen blower. (2)
Immediately aer the cleaning, a layer of SU-8 photoresist
(Microchem 2005) with approximate thickness of 4 mmwas spin
coated onto the glass slides. This was followed by a UV ood
exposure without masking. The substrate was then hard baked
at 150 �C for 30 min to cure the SU-8 layer. This additional layer
of SU-8 improved the adhesion between the following SU-8
(Microchem 2005) channel and glass substrate, preventing it
from peeling off from the substrate. (3) Two layers of titanium
(Ti) and gold (Au) were deposited, using magnetron RF sput-
tering at 4 mTorr, with a thickness of 30 nm and 150 nm,
respectively. Gold lm was patterned using wet etching in
potassium iodide (KI) and iodine (I2) mixture, and Cr was
etched using ready Cr etchant in order to create the IDE arrays,
the electrode traces and bonding pads (see Fig. 3a). (4) The
microchannel was dened using SU-8 (Microchem 2025) with a
thickness of 25 mm (Fig. 3b). The SU-8 microchannel was then
treated to improve its biocompatibility. It was rst UV exposed
at 450 mJ cm�2 for 1 hour and then oven baked at 150 �C for
26300 | RSC Adv., 2013, 3, 26297–26306
24 hours. It was nally exposed to oxygen plasma for 20 seconds
and Isopropanol (IPA) wash for 1 minute. (5) Two polydimeth-
ylsiloxane (PDMS) slabs were made and cured to serve as top
cover along with uidic connectors (uidic inlets and outlets).
(6) An oxygen plasma treatment was applied on the rst PDMS
slab, which has openings for inlet and outlet, in order to change
its surface to hydrophilic and then SU-8 was spin coated onto it
and cured at 95 �C for 10 minute for better adhesion.

The oxygen plasma step was used to improve the adhesion of
SU-8 to PDMS. (7) The microchannel was then aligned and
bonded to the PDMS/SU-8 cover manually and baked on a
hotplate at 48 �C for 1 hour while pressure was applied to secure
the bonding. The PDMS/SU-8 cover and SU-8 microchannel
were cross-linked and formed a strong bond (Fig. 3c). (8) The
second PDMS slab was prepared and cured along with the
uidics connector. It was then exposed to oxygen plasma,
aligned manually with the rst PDMS layer and bonded
(Fig. 3d). The uidic connectors were further sealed using epoxy
glue in order to improve the device reliability and eliminate any
possible uid leakage. Optical images andmagnied view of the
fabricated device along with a complete device with wire
bonding, packaging and soldering for external connections are
shown in Fig. 4.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Optical images and SEM micrographs of the fabricated impedance biosensor: (a) optical image of the fabricated device, (b) SEMs of the focusing and sensing
IDE arrays along with the microfluidic channel, (left) is the focusing region, (right) is the detection region, (c) fabricated and packaged device.
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Sample preparation

Preparation of E. coli and antibody samples. The E. coli
broth was prepared by suspending 33 g mTSB broth with
novobiocin powder (Sigma-Aldrich) into 1000 mL of distilled
water. The solution was autoclaved at 121 �C for 15 minutes.
The broth was inoculated with the E. coli O157:H7 (ATCC) that
was grown on a previously cultured plate obtained using an
inoculating loop (Fisher Scientic). The culture broth was
then incubated for about 24 hours before it was used. The
E. coli was cultured over a period of time in our lab, using
Macconkey Sorbitol Agar (Remel Inc). The goat anti-E. coli
O157:H7 antibody (Biodesign International) was diluted to a
concentration of 50 mg mL�1 in Phosphate Buffer Saline (PBS)
solution. The bacteria cultured broth measuring 3 mL was
centrifuged (Horizon 642VES, Drucker Company) at 3200 rpm
for 10 minutes. Aer the centrifugation, the supernatant was
removed and the cells were re-dispersed in 3 mL PBS. The
re-dispersed cells were centrifuged at 3200 rpm for 10
minutes and the step was repeated. The concentration of nal
puried cell suspension was approximately 2.5 � 105 CFU
mL�1. Aer the centrifugation was complete, the supernatant
was removed and the cells were re-dispersed in 500 ml PBS
solution. The total sample preparation time was less than an
hour.
Fig. 5 Surface modification of the biosensor using polyclonal anti-E. coli
antibody, and immobilization of E. coli to establish antibody–antigen
binding. (a) Gold electrodes during antibody incubation period, (b) immo-
bilized antibody on the electrode surface, (c) E. coli O157:H7 introduced on
the modified electrodes' surface, (d) E. coli O157:H7 bound to the
antibodies.
Immobilization

Goat anti-E. coli IgG antibodies were diluted to a concentra-
tion of 50 mg mL�1 in PBS solution. This antibody concentra-
tion was determined as the lowest concentration that
produced a maximum impedance change, and showed the
highest surface coverage, minimizing any subsequent
nonspecic adsorption.46 The antibody solution introduced
from the inlets was immobilized on the IDE array for 30
minutes, during which the antibody was allowed to adsorb
non-specically onto the gold electrode surface. The media
This journal is ª The Royal Society of Chemistry 2013
was then pumped out, and any unbound antibodies were
washed using DI water. Next, E. coli samples were injected
through inlet 1 over the immobilized antibodies. The immo-
bilized E. coli binds to the antibody. Any unbounded E. coli
were washed away using DI water, leaving the securely bonded
antigen–antibody on the IDE array (Fig. 5).
Antigen labelling

The cells were puried at a concentration of 105 CFU mL�1 by
centrifuging 5 mL contaminated soy broth at 3500 rpm for 10
min and then re-dispersed in 1 mL PBS. The cells were then
exposed to 1.00 mM uorescein isothiocyanate (FITC) in
1.00 mM sodium bicarbonate. The mixture was incubated for 1
h at room temperature in the dark. Next, the cells were centri-
fuged again to purify them from the free FITC. These cells were
re-dispersed in 1 mL PBS solution, and used in the cell focusing
experiment.46
RSC Adv., 2013, 3, 26297–26306 | 26301
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Fig. 7 Four sequential optical images recorded at various time intervals
demonstrate the focusing effect on the microbeads.
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Results and discussions
Experimental setup

The experimental setup for characterizing the fabricated
impedance biosensor is shown in Fig. 6. A syringe pump (a
Harvard Apparatus PHD 2000) was used to inject uid at
different volumetric ow rates. A CCD camera installed on an
inverted microscope was used to capture optical images of the
device during experiment. An impedance analyzer (Agilent
4294A) was used to measure the impedance across the detection
electrode array. The impedance was measured by applying
an AC voltage of 0.5 V (peak-to-peak voltage) across the detec-
tion electrode array. The corresponding impedance values were
measured for frequencies between 100 Hz and 10 MHz. A
function generator was used to apply AC voltage at various
frequencies at the focusing IDE array in order to generate p-DEP
and optimize the focusing capability of the device.
Focusing effect

To study the focusing effect, the biosensor was rst tested using
polystyrene microbeads which have similar electrical properties
to cells and were used to demonstrate the working principle of
the process. Experimentally, we determined the amplitude and
frequency of the applied signal that would generate positive
dielectrophoresis (p-DEP) effects. Polystyrene microbeads with
nominal diameter 10 mm in DI water were delivered from the
inlet, and then focused in the center of the channel when an AC
E-eld (5 V peak-to-peak at 5.6 MHz) was applied across the
focusing electrodes (Fig. 6c). Optical images of the focusing
effect are shown in Fig. 7.

Similar behaviour is demonstrated by biological cells too.
Positive DEP forces attract the cells towards the electrode array
and a very small ow rate of 2–4 mL per minute was used to
selectively roll the cells through the center channel towards the
detection electrode array. The combination of p-DEP and uidic
drag force is referred to as the “focusing effect” in this article.
This process results in signicant increase in the number of
cells in the detection region. Optical images of the process are
shown in Fig. 8. Fluorescently labelled cells were captured using
p-DEP and then slowly released with adequate ow to achieve
the focusing effect.
Fig. 6 An optical image of the biosensor test setup. The device under test (DUT)
was placed on an inverted microscope with its inlets and outlets connected to a
syringe pump and reservoirs, respectively. Electrical connections weremade to the
impedance analyzer and the computer for data acquisition. The function gener-
ator was used to deliver the required AC signal for p-DEP.

26302 | RSC Adv., 2013, 3, 26297–26306
Impedance response without focusing effect

Four serial concentrations of E. coli samples (3 � 105 CFU mL�1

to 3 � 102 CFU mL�1) were tested. Initially, the impedance of
the detection IDE array was measured in DI water using Agilent
4294A impedance analyzer over a frequency range of 100 Hz–10
MHz. The bare electrode array's impedance value was later used
to conrm the adsorption of the antibody on the gold electrode
surface. The anti-E.coli IgG antibodies (Ab) were pumped on to
the detection electrode microchannel via the antibody inlets.
These were non-specically adsorbed on the electrode surface
to ensure selective detection of E.coli cells. As the antibodies
were adsorbed, the impedance of the electrode array increased.
This increase in impedance demonstrates that the antibodies
successfully adsorbed on the electrode surface. The measured
antibody impedance was used as the baseline impedance in
order to accurately determine the E. coli impedance. In the rst
experiment E. coli samples were tested without applying any
DEP force. The cells were immobilized on the antibody coated
detection electrodes for 30 minutes to successfully bind to the
antibody. The antigen–antibody binding resulted in increased
impedance. This was expected because the sensing electrode
surface was modied for selective binding of E. coli O157:H7
cells with the antibody. The results demonstrate that the
biosensor was able to detect the E. coli cells, with the lower
detection limit being 3 � 102 CFU mL�1. Fig. 8a shows the
impedance spectra of the bonded E. coli cells which is calcu-
lated by subtracting the baseline impedance (antibody
impedance) from the E. coli-antibody impedance. Each
experiment was repeated 9 times and obtained results were
compared to traditional cell counting methods to ensure
reproducibility and reliability of the data. The time required
for impedance detection without any focusing effect is about
45 minutes (Fig. 9).
Impedance response with focusing effect

In the next stage, the impedance response of E. coli was
measured at the detection electrode with the focusing effect on
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Optical images of the fluorescently labeled cells in the focusing electrode
region. (a) With, and (b) without “focusing effect”.
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the focusing electrode array IDE array and detection IDE array.
Fig. 9b shows the impedance spectra of the E. coli samples of
various concentrations which were recorded with focusing
effect in play. The detection IDE array response showed that
the measured impedance was directly proportional to the
concentration of bacteria bound to the antibody on the elec-
trode surface, and it was a signicantly higher (1.7 to 2.2
times) than the impedance value obtained without the
focusing effect. From the obtained result it can be inferred
that, as focusing effect increases the number of target cells per
unit volume in the detection region, there is an improvement
in the signal level.
Impedance response with focusing effect and secondary DEP

To further improve the signal level, in conjunction with
focusing effect, a secondary p-DEP force was applied on the
detection electrode array. As noted earlier, p-DEP force
attracted the cells towards the electrode surface, which result
in increased antibody–antigen binding. This was also noted in
the measured impedance spectrum for different concentra-
tions. The impedance values increased notably, demon-
strating improved capturing of E. coli cells on the detection
IDE array, and hence increased measurement sensitivity. The
impedance response of the biosensor aer the applying p-DEP
is shown in Fig. 9c.
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A comparison of the three experiment values at 1 kHz was
plotted as a function of E. coli concentration in Fig. 9d. The
results clearly indicate that the use of focusing effect on the
rst IDE array signicantly increased the measurement
sensitivity. In addition, the p-DEP force on the detection IDE
array further enhanced the measurement sensitivity. Hence,
the use of p-DEP on both the electrodes in conjunction with
impedance spectroscopy, have demonstrated superior sensi-
tivity and lower detection levels as compared with traditional
impedance detection platforms. Total time required for
impedance detection with focusing effect and secondary DEP
is about 2 hours.
Analysis of impedance spectrum

From analysis of the obtained impedance spectra, it was noted
that the impedance values at higher frequencies above 50 KHz
were negligible and were independent of the bacteria concen-
tration. This is in agreement with the analysis of the equivalent
circuit assumption. The immobilized bacteria also do not have
any impact on the impedance values at high frequencies, as the
impedance becomes purely resistive at such high frequencies.
The impedance values at these high frequencies are believed to
be the value of small dipole like bubbles and the resistance of
the liquid medium. On the contrary, at lower frequencies the
impedance response is mainly dependant on the double layer
capacitance. This result obtained from the impedance spectrum
implies that the amount of bacteria attached to the electrode
surface can be correlated to the double-layer capacitance (Cdl) of
the system. Cdl can be dened by the following equation.

Cdl ¼ 330
A

d

3 and 30 are the dielectric constant of the electrolyte and the
permittivity of free space respectively. A refers to the electrode
area exposed to the electrolyte and d is the thickness of
the double layer. From the above equation we see that, double-
layer capacitance would be mainly dependent on the electrode
area exposed. When bacteria cells immobilize on the electrode
surface it effectively reduces the electrode area exposed to
the electrolyte. Therefore, the decrease in the double-layer
capacitance is thought to predominantly come from attached
bacteria and bacteria-associated materials. As more bacteria
attaches to the surface the exposed electrode area shrinks,
which obstructs the double-layer charging. Reduced double
layer capacitance increases the overall impedance of the system.
Hence, the impedance values are higher at lower frequencies for
higher concentration samples and lower for samples with low
bacterial concentration. Thus it can be inferred that, the
impedance response of the biosensor is dependent on both
frequency and bacterial concentration.
Specicity testing

The biosensor was tested with a serotype of E. coli O104:H4 cells
in order to conrm its specicity. The measured response
showed no signicant difference in impedance value with
respect to the base impedance of the IDE array. This was to be
RSC Adv., 2013, 3, 26297–26306 | 26303
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Fig. 9 Impedance response of the biosensor for (a) without focusing effect (b) with focusing effect and (c) with focusing effect in conjunction with applied p-DEP force
at detection electrode array. (d) Comparison of impedance response at 1 KHz for samples with various concentration before and after applying p-DEP on the focusing
electrode, and after applying p-DEP on both focusing and detection IDE arrays.
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expected as the sensing electrode surface was modied specif-
ically using anti-E. coli O157:H7 antibody. Although some E. coli
O104:H4 cells may have non-specically attached to the elec-
trode surface, their numbers were so insignicant that it didn't
produce enough change in the impedance value. This also
suggests that, good antibody coverage of the electrode's surface
was obtained and the anti-E. coli antibody doesn't attach to
the non-E. coli O157:H7 cells. This demonstrates the specicity
of the impedance biosensor in the presence of non-target
bacterial cells.
Conclusion

In this study, we established a micromachined impedance
biosensor platform with unique functionalities, in terms of its
ability to use antibody–antigen recognition, dielectrophoretic
cell focusing and impedance spectroscopy to achieve accurate
low level bacteria detection capability within 3 hours. The
polyclonal anti-E. coli antibody coated sensing IDE array
ensures specic detection of E. coli O157:H7 bacterial cells.
The biosensor was able to successfully detect E. coli concen-
trations up to 3 � 102 CFU mL�1, The device was tested
26304 | RSC Adv., 2013, 3, 26297–26306
between 100 Hz and 1 MHz frequency and the results show
that the p-DEP increases the measurement sensitivity by a
factor of 2.9 to 4.5 times depending on the bacterial concen-
tration. The total required time for sample processing and
detection was under 3 hours. This is signicantly lower than
traditional laboratory methods. The dielectrophoretic
manipulation of the cells enabled us to concentrate the
bacteria on top of sensing IDE array, which improves the
overall performance of the device, compared to the conven-
tional methods, that relies on the diffusion of the bacteria to
the surface of the electrode.
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