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This paper reports the design, fabrication, and testing of a microfluidic MEMS biosensor for rapid
sensing of low concentration Escherichia coli O157:H7. It consists of a specially designed focusing
and sensing region, which enables the biosensor to detect low concentration of bacterial cells. The
focusing region consists of a ramped vertical electrode pair made of electroplated gold along with tilted
thin film finger pairs (45◦) embedded inside a microchannel. The focusing region generates positive
dielectrophoresis force, which moves the cells towards the edges of the tilted thin film electrode
fingers, located at the center of the microchannel. The fluidic drag force then carries the focused cells
to the sensing region, where three interdigitated electrode arrays (IDEAs) with 30, 20, and 10 pairs,
respectively, are embedded inside the microchannel. This technique resulted in highly concentrated
samples in the sensing region. The sensing IDEAs are functionalized with the anti-E. coli antibody for
specific sensing of E. coli 0157:H7. As E. coli binds to the antibody, it results in an impedance change,
which is measured across a wide frequency range of 100 Hz–10 MHz. The biosensor was fabricated
on a glass substrate using the SU8 epoxy resist to form the microchannel, gold electroplating to form
the vertical focusing electrode pair, a thin gold film to form the sensing electrode, the finger electrodes,
traces and bonding pads, and polydimethylsiloxane to seal the device. The microfluidic impedance
biosensor was tested with various low concentration bacterial samples and was able to detect bacterial
concentration, as low as 39 CFU/ml with a total sensing time of 2 h. Published by AIP Publishing.
https://doi.org/10.1063/1.5043424

I. INTRODUCTION

Foodborne pathogens cause illnesses in approximately 48
× 106 people every year, resulting in 128 000 hospitaliza-
tions and 3000 fatalities.1 The Centers for Disease Control and
Prevention (CDC) indicates that in 2014 between 20 and 40
potential food poisoning or related clusters was monitored each
week and more than 220 multistate clusters were investigated.
This resulted in the identification of 68 confirmed or suspected
vehicles of transmission and then recalled a variety of foods
including sprouted chia powder, caramel apples, ground beef,
and clover sprouts.2 A foodborne outbreak is the result of
transmission of pathogens to humans via consumption of con-
taminated food and drink. CDC reports that more than 250
pathogens and toxins are known to cause foodborne illnesses.
Nearly all of them can cause an outbreak. Among them, various
strains of Escherichia coli, Salmonella, and Listeria monocy-
togenes are primarily responsible for many outbreaks.3 The
economic burden of health losses due to foodborne outbreaks
is enormous. Foodborne outbreaks have the potential to cause
massive economic devastation due to medical costs and prod-
uct recalls. In the Unites States, the annual cost of foodborne
illnesses was estimated to be $77.7 × 109.4 Hence, developing
foodborne pathogen prevention and sensing techniques is very
important. E. coli O157:H7 one of the most harmful foodborne

a)Author to whom correspondence should be addressed: almasrim@
missouri.edu. Tel.: +15738820813.

pathogenic strains in North America produces the Shiga toxin
that damages the intestine lining and causes anemia, stomach
cramps, and bloody diarrhea. Sometimes, it causes serious
complications including hemolytic uremic syndrome (HUS)
and thrombotic thrombocytopenic purpura (TTP).5–7

Although the official food screening procedure estab-
lished by the Food and Drug Administration (FDA) to identify
pathogenic bacteria in food is very reliable, they require 5-7
days and therefore are not suitable for real time monitoring
of possible outbreaks. By the time the bacteria are detected,
the contaminated product may already be sold and consumed.
There are several sensing methods for E. coli O157:H7, such
as traditional culture methods, immuno-assays, and molecu-
lar methods. Some of these methods have high sensitivity and
reliability, but their application in food safety is limited due
to time-constraint.8 Conventional sensing methods, including
cell culture, enzyme-linked immunosorbent assay (ELISA),
and polymerase chain reaction (PCR) based tests, are gener-
ally labor-intensive.9,10 Loop mediated isothermal amplifica-
tion (LAMP) integrated with acoustic detection was used for
Salmonella detection in milk products. 3 h of pre-enrichment
was performed, followed by immuno-magnetic bead cell cap-
turing. Then, DNA amplification was performed using the
LAMP method. The detection limit was 2 or 3 CFU/µl.11 In
recent years, studies on biosensing methods have increased
significantly and become one of the most active research
areas for pathogen sensing. Electrochemical biosensors are
widely recognized as powerful analytical tools due to their
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low manufacturing cost, shorter analysis and response time,
and portability. A single walled carbon nanotube (SWCNT)
electrochemical immunosensor was implemented as antibody
bio-conjugates for the label-free detection of Staphylococcus
aureus. Anti-S. aureus antibodies were bonded to the SWC-
NTs and then immobilized on the electrodes which results in
change in current flow. The limit of detection was from 10 to
107 CFU/ml.12 A quartz crystal microbalance nanoplatform
for the rapid, sensitive, and label-free detection of E. coli was
used. Under optimal conditions, the frequency of the quartz
crystal microbalance biosensor was directly proportional to
the concentration of the antigen with a dynamic range from 0.5
mg ml−1 to 5 ng ml−1, a minimum detection limit of 5 ng ml−1,
and a sensitivity of 0.037 Hz g ml−1 cm−1.13 Moreover, a new
approach for the detection of Salmonella enteritidis that cou-
pled with an SPR immunosensor and Fe3O4 MNP separation
was described where S. enteritidis-immunoMNPs conjugates
were directly flowed over the sensor surface modified with
an anti-Salmonella polyclonal antibody (PAb) and a detection
of 14 CFU/ml with a good linear signal range at 1.4 × 101–
1.4 × 109 CFU/ml.14 A development of a thermally reduced
graphene oxide (rGO)-based FET platform modified with E.
coli antibodies (anti-E. coli) was achieved for the detection of
single E. coli bacteria.15 Some other group developed a sam-
ple processing approach for real-time PCR-based detection of
Salmonella from raw chicken breast through the combination
of targeted cell capture by the ion-mobility spectrometer (IMS)
and highly efficient amplification of genomic DNA by multi-
dimensional analysis (MDA) and approached a detection limit
of 10 CFU/ml.16 Several microfluidic-based sensing methods
have been utilized for bacterial sensing, which includes parti-
cle counters, biosensors, and on-chip microbial culture-based
methods. Impedance biosensors are one of the most promis-
ing sensing technologies, among various label-free sensing
platforms, due to simplicity and adaptability with relevant
lab-on-a-chip applications.17 The Surface Plasmon Resonance
(SPR) technique was used for the detection of E. coli O157:H7
and Salmonella in hamburger and cucumber samples. It uses
gold nanoparticles and a biotinylated secondary antibody for
the detection of E. coli O157:H7 and Salmonella. The method
incorporates the use of both poly-(carboxybetaine acrylamide)
(pCBAA) and SPR. The detection limit of the device is 17
CFU/ml for E. coli and 7000 CFU/ml for Salmonella with
a total testing time of 80 min.18 In some early electrochem-
ical impedance biosensors, large metal rods or wires were
used as electrodes to measure impedance.19,20 To improve
the sensitivity and miniaturize the size of the sensor sys-
tem, the potential of microelectrode-based sensor systems was
considered and combined with the traditional sensing sys-
tem. Among microelectrodes, interdigitated microelectrode
arrays (IDMAs) are most popular. IDMA has some consid-
erable advantages over other types of electrode systems. It
has low ohmic drop, fast establishment of steady-state, and
also rapid reaction kinetics.21,22 The increased signal-to-noise
ratio and the low response time also enable rapid sensing.23

Moreover, IDMA has a significant advantage over three or four
electrode systems as this sensing system does not require a ref-
erence electrode and it provides simple means to obtain steady-
state response.24,25 Interdigitated microelectrodes can produce

maximum change in impedance, help reduce the sensing time,
and work in a two-electrode system,26–28 hence simplifying
the fabrication and improving performance of electrochemical
biosensors.29–31 Disposable screen printed impedance biosen-
sors based on different types of electrodes have recently been
reported, which offers cost-effective sensing methods.32,33 In
recent years, dielectrophoresis (DEP) has been incorporated
to improve the sensing capability of the electrochemical sens-
ing systems and lab-on-a-chip devices.34–36 DEP is used to
separate several types of cells from each other,37 to isolate
bacterial cells,38,39 and in the filtration of bacterial cells from
similar sized particles.40

In this paper, we present an easy to fabricate microflu-
idic MEMS biosensor for rapid and specific detection of
Escherichia-coli O157:H7. This biosensor consists of a focus-
ing and sensing region and is capable of detecting bacterial
concentration as low as 39 CFU/ml. The focusing region elec-
trodes focus the bacteria towards the center-line of the channel
using positive dielectrophoretic (p-DEP) force, while fluidic
drag force directs the bacteria towards the sensing region. The
sensing region electrodes were functionalized with the E. coli
specific antibody to immobilize the bacteria for impedimet-
ric sensing. The change in impedance due to antigen-antibody
binding is detected using an impedance analyzer. The biosen-
sor achieves high selectivity using the E. coli 0157:H7 specific
antibody as the bio-recognition element. The overall sens-
ing time is under 2 h, as it requires no enrichment steps and
minimal sample processing.

II. MATERIALS AND METHODS
A. Biosensor design

The microfluidic MEMS biosensor consists of two spe-
cially designed functional regions, called the focusing region
and the sensing region. A 3D schematic view of the biosensor
is shown in Fig. 1. The focusing region consists of a focusing
electrode pair, embedded inside a ramped microfluidic chan-
nel. The starting and end widths of the microfluidic channel in
the focusing region are 300 µm and 100 µm, respectively. The
focusing electrode consists of vertical side walls along with
tilted (45◦) thin film finger electrodes. This focusing electrode
pair generates a non-uniform electrode field, which exerts p-
DEP force to drive and focus the bacterial cell towards the
center of the microfluidic channel. Towards the end of the
focusing region, the 100 µm wide microfluidic channel is
split into three equal width (33 µm) sub-channels, each of
which carry out specific functions. The focused cells flow in a
streamed line fashion through the center sub-channel towards
the sensing region. The outer two sub-channels carry bulk fluid
to the waste outlets. This sensing region consists of three sets
of interdigitated microelectrode arrays (IDEAs), each with a
varying number of fingers (30, 20, and 10 pairs). Each array
has dedicated bonding pads. These IDMAs allow detection of
very low bacterial concentration, improving the sensitivity of
the biosensor. For all three IDMA arrays, electrode finger’s
length, width, and spacing were 20 µm, 10 µm, and 10 µm,
respectively. Each electrode array has a separate pair of bond-
ing pads to interface the biosensor with external sources and
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FIG. 1. Schematic of (a) the microfluidics biosensor for
E. coli O157:H7 sensing with PDMS top cover and fluidic
connectors, (b) magnified view of the focusing region,
and (c) sensing region electrode arrays embedded under
the SU-8 microchannel.

data acquisition systems, such as a function generator and an
impedance analyzer. The microfluidic channel was fabricated
on top of the electrode arrays and is embedded in a permanent
SU-8 photoresist layer. The depth of the microchannel is 15 µm
throughout its length and is defined by the SU-8 resist thick-
ness. The microchannel has a total of four inlet-outlet fluidic
ports. A pre-cured thick polydimethylsiloxane (PDMS) block
with an inlet-outlet opening is used to seal-off the microchan-
nel. A second thicker PDMS slab with a fluidic connector is
used to interface the microchannel with external fluidic tubing.
The sealed biosensor is then wire-bonded to a printed circuit
board.

B. Microfabrication

The microfluidic biosensor was fabricated on a glass sub-
strate which was initially cut to smaller sizes to fit only a single
device. The substrate was first wet cleaned with Piranha solu-
tion for 5 min to remove any contaminants from the surface.
The process flow of the biosensor consists of series of pho-
tolithography and surface micromachining and is shown in
Fig. 2. (1) A 4 µm thick layer of the negative resist, SU-8
2005, was spin coated on the substrate and subjected to UV
flood exposure.

After post exposure bake, the substrate was hard baked
at 150 ◦C for 30 min to completely cure and cross-link the
SU-8 2005 layer. This SU-8 2005 layer serves an important
purpose of adhering the subsequent top SU-8 2025 microchan-
nel layer to the glass substrate and prevents the peeling effect
during operation. (2) A magnetron RF sputtering was utilized
to deposit 50 nm Titanium (Ti) and 150 nm gold (Au) thin
films at 4 mTorr. The Ti thin film acts as an adhesion layer
to improve the adhesion of the Au thin film to the underlying
SU-8 2005 layer. The Au thin films serve as the seed layer

for Au electroplating to create the vertical sidewall electrodes.
The Au layer was patterned and wet etched using a mixture
of potassium iodide (KI) and iodine (I2) to create the tilted
(45◦) thin film finger pairs in the focusing region, interdigi-
tated electrode (IDE) arrays in the sensing region, trace-lines,
and bonding pads.

From left to right, the three sensing electrode arrays con-
sist of 30, 20, and 10 pairs of interdigitated electrodes. Each
electrode’s fingers are 100 µm in length, 10 µm in width, and
10 µm apart from each other. All IDE arrays have a pair of
bonding pads for electrical connections. An optical image of
the patterned electrodes is shown in Fig. 3. (3) A photore-
sist mold (AZ4620) was formed, and Au with a thickness of
15 µm was electroplated to create the focusing electrodes. (4)
The photoresist was washed away, and the Ti layer was etched
using diluted hydrofluoric acid (HF). (5) The microchannel
was defined using SU-8 with a thickness of 25 µm. The SU-8
microchannel was then treated to improve the biocompatibil-
ity by exposing it at 450 mJ/cm2 UV flood for 1 h followed by
150 ◦C oven baking for 24 h. The microchannel is then exposed
to oxygen plasma for 20 s and washed with isopropanol (IPA)
for 1 min. (6) The PDMS slabs were made to serve as the
top cover along with fluidic connectors. Scanning Electron
Microscope (SEM) micrographs of the microfluidic MEMS
biosensor before sealing the channel are shown in Fig. 4. (7)
An oxygen plasma treatment was applied on the PDMS cover
in order to change its surface to hydrophilic, and then, SU-8
was spin coated onto it to serve as glue. The oxygen plasma step
was used to improve the adhesion of SU-8 to PDMS. (8) The
PDMS was aligned with the microchannel and bonded under
pressure at 48 ◦C on a hotplate plate for 1 h. The PDMS/SU-
8 cover and SU-8 microchannel cross-linked and formed a
strong bond. During the bonding process, it was found that
lower bonding temperature would cause weak bonding and air

FIG. 2. Cross-sectional view of the process flow of the
microfluidic biosensor. (a) Cr/Au is sputtered on a SU-
8 2005 coated glass substrate, (b) Au is patterned on a
SU-8 2005 to create the interdigitated electrode arrays,
traces, bonding pads, and seed layer for electroplating
the focusing electrode, (c) photoresist mold is patterned
for Au electroplating, (d) Au is electroplated to create a
vertical side wall electrode for the focusing region, (e)
photoresist mold is removed, and Cr is etched, (f) SU-8
2025 is spin-coated and patterned to create a microfluidic
channel, and (g) a PDMS cover with inlet-outlet holes is
cured and bonded to the microchannel layer using the O2
plasma technique.
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FIG. 3. Optical images of (a) the entire focusing region with a ramped down focusing electrode array, (b) magnified view of the tilted focusing electrode fingers,
and (c) magnified view of the sensing electrode array.

bubbles were trapped in the interface, and the higher bonding
temperature would cause SU-8 to flow into the microchannel
and block it. The optimized bonding temperature was between
45 and 50 ◦C. This was followed by UV flood exposure
(450 mJ/cm2) and hard baking at 120 ◦C or 20 min in order
to fully cure the SU-8 layer. (9) The device was attached, and
wire was bonded to a printed circuit board.

C. Bacterial sample preparation and enumeration

The bacteria used in this study, E. coli O157:H7 (ATCC
700728), were obtained from American Type Culture Col-
lection (ATCC), USA. E. coli (EC) broth (Fluka Analytical,
USA) was used for culturing E. coli O157:H7. To prepare
the sample, a loop full of stock culture was inoculated into
the EC broth containing tubes. Inoculated tubes were incu-
bated at 37 ◦C for 18 h. After incubation, the 18 h culture
measuring 1 ml was centrifuged (Horizon 642VES, Drucker
Company, PA) at 3200 rpm for 10 min. After the centrifuga-
tion, the cell pellet was obtained by removing the supernatant,
and the cells were re-dispersed in 1 ml of deionized (DI) water
to wash the cell pellet. The re-dispersed cells were centrifuged
again, and the step was repeated. The prepared 1 ml E. coli
O157:H7 cells in DI water were subjected to serial dilution
to get a low cell number for the test. For serial dilutions,
1 ml of the sample was taken and mixed well with a tube
containing sterile 9 ml of DI water (dilution 1). From dilu-
tion 1, 1 ml of the content was taken and mixed with another
tube containing 9 ml of sterile deionized water (dilution 2).
Subsequent dilutions were prepared similarly. 1 ml of lowest
dilutions that give desired probable concentration of bacteria
was taken for the sensing process. Another 1 ml of the same
sample was subjected to Colony Forming Unit (CFU) anal-
ysis to get the bacterial concentration in the sample, where
1 ml of the sample was inoculated on Tryptic Soy Agar (Fluka

Analytical, USA) plates and incubated for 24 h at 37 ◦C.
After incubation, the plates were observed for a number of
CFUs present.

D. Antibody immobilization and antigen capturing

The goat anti-E. coli O157:H7 polyclonal antibody
(Ab) (Meridian Life Sciences, USA) was injected into the
microchannel [at the concentration of 10 µg ml−1 in deion-
ized (DI) water] through the outlet, and the pump was stopped
before the solution reached the fluidic junction. The anti-
E. coli antibody non-specifically gets absorbed to the sens-
ing electrode surface. The antibody solution was kept in the
microchannel for at least 30 min to achieve highest surface
coverage, minimizing any subsequent nonspecific adsorption.
After 30 min, the liquid was then pumped out, and any unbound
antibodies were washed away using DI water. Next, the pre-
pared E. coli O157:H7 cells were pumped into the microchan-
nel through the inlet, and once the microchannel was filled, the
flow was stopped for 30 min to allow the antigens to bind to
the antibody. This immuno-complex (antigen-antibody bind-
ing) on the surface of the electrode resulted in a change of
measured impedance.

E. Experimental setup

The antibody, antigens, and other fluidics used in the
experiment were injected at various volumetric flow rates using
a syringe pump (a Harvard Apparatus PHD 2000). An inverted
microscope with a CCD camera was used to capture optical
images of the biosensor during the experiment. The impedance
across the sensing electrode array was measured using an
Agilent 4294A impedance analyzer. The impedance was mea-
sured by applying an AC voltage of 0.5 V (peak-to-peak
voltage) across the sensing electrode array. The corresponding

FIG. 4. SEM micrographs of (a) electroplated focusing electrodes, (b) focusing electrodes embedded in the microchannel, (c) focusing electrodes with the
microchannel branches, and (d) one of the sensing electrode arrays embedded under the SU-8 microchannel.
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FIG. 5. An optical image of the experimental setup. The
biosensor was placed on an inverted microscope with its
inlets and outlets connected to a syringe pump and reser-
voirs, respectively. Electrical connections were made to
the impedance analyzer and the computer for data acqui-
sition. The function generator was used to deliver the
required AC signal for DEP.

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. The experimental setup for characterizing the
fabricated impedance biosensor is shown in Fig. 5.

III. RESULTS AND DISCUSSION
A. Modeling and simulation

The modeling was performed using COMSOL Multi-
physics 4.2 and LISA 8.0 software. Figure 6(a) shows the
electric field (E-field) distribution across the length of the
focusing region for a 5 V AC signal. Analysis shows the pres-
ence of high E-field at the center of the ramped microchannel,
while lower E-field, as we move away from the center. As
cells flow through the focusing region, they are subjected to
non-uniform E-field. This non-uniform E-field exerts dielec-
trophoretic forces on the cells, which enable them to move
towards the center of the ramped microchannel.

Although the tilted thin film finger pairs dominate the
focusing process, the thick electroplated sidewall electrodes
assist the p-DEP process by extruding the E-field along the Z
axis, as shown in Fig. 6(b). This enables a uniformly distributed
DEP force throughout the channel height. In addition, the ramp
down feature of the channel generates hydrodynamic forces
that aided the focusing process. In conclusion, this design will
enable concentrating the pathogenic samples significantly and
thus increase its lower sensing limit. The bulk fluid, which is
free of pathogens, will keep flowing toward the outer channel
into the waste outlets. The sensing of E. coli will be based
on impedance measurements using an IDE array. The sens-
ing regions consist of a series of 3 interdigitated electrode
(IDE) arrays each with a varying number of fingers (30, 20,

and 10 pairs). The IDE arrays are connected to an impedance
analyzer to measure the change in impedance. As impedance
is measured, the impedance analyzer applies an AC signal to
the IDE. This will generate a varying E-field across the height
of the channel. The goal is to reduce the electric field strength,
in order to reduce the effect on the cell in terms of stress and
survivability.

The E-field distribution across the height of the
microchannel on top of the interdigitated electrodes was sim-
ulated using COMSOL Multiphysics, as shown in Fig. 6(c).
The finger’s overlap length, width, and spacing were 15 µm,
10 µm, and 10 µm, respectively. The modeling results show
that at 500 mV, the electric field strength is minimum across
the height of the channel and maximum in vicinity to the
electrode surface. This 500 mV AC signal at varying fre-
quencies (100 Hz–10 MHz) was applied in the sensing region
impedance measurement. The impedance of each IDE array
along the channel will be measured separately before and
after antibody-antigen binding using an impedance analyzer
connected to an electrical switching circuit. This will ensure
capturing and sensing of a single cell or several cells by one
or more IDE arrays along the channel.

B. Cell focusing

Biosensor’s precision and sensitivity can be improved by
driving cells or micro particles into a small, spatially well-
defined volume within the microchannel. In our design, driving
cells into the center of the microchannel are significant because
it prevents the microchannel from clogging and also improves
the sensitivity of the measurement, by increasing the concen-
tration of the bacterial cell. Dielectrophoresis (DEP) is used
to manipulate the location of the cells inside the microchannel
and can be defined as the translational motion of a dielectric
particle or cell in a suspending medium under the influence of

FIG. 6. The simulation of the E-field across (a) the length
of the focusing region, (b) the height of the channel in the
focusing region, and (c) the sensing IDE array at 500 mV
is shown.



125009-6 Ghosh Dastider et al. Rev. Sci. Instrum. 89, 125009 (2018)

a non-uniform AC E-field.41 This non-uniform E-field induces
a net force in a dielectric particle or cell directed either to a
region of maximum or minimum E-field strength. The driv-
ing force direction is determined by the following two factors:
permittivity of the particle compared with that of the medium
surrounding the particle and the frequency of the applied
E-field

FDEP = 2πεmr3 · [Re|FCM (ω)|]∇���~E
���
2
, (1)

where ∇���~E
���
2

is proportional to the gradient and strength of
the applied electric field. Re|FCM(ω)| is referred to as the
Clausius Mossotti (C-M) factor. It determines the effective
polarizability of the particle and is expressed by the following
equation:

Re|FCM (ω)| =
εp − εm

εp + 2εm
+

3(εmσp − εpσm)

τMW (σp + 2σm)2(1 + ω2τ2
MW )

,

(2)

where εm, σm and εp, σp are the absolutely permittivity and
conductivity of the media and the spherical particle, respec-
tively. The direction of DEP force is determined by the sign of
the C-M factor which in turn is a function of the frequency of
applied E-field. For positive DEP (p-DEP), the C-M is posi-
tive, and the particle is attracted to an electrical field maximum,
whereas for negative DEP (n-DEP), the particle moves towards
the electrical field minimum. Movement of particles inside a
microchannel can be controlled in various ways, such as by
changing the electrode design, varying the electrical signal,
and modifying the liquid media properties, where the parti-
cles which are suspended refer to the Maxwell-Wagner charge
relaxation time and are expressed as follows:

τMW =
εp + εm

σp + 2σm
. (3)

In this biosensor, we used a ramped down focusing region
to pre-concentrate E. coli cells. The phenomenon of p-DEP
was employed to focus and direct the cells towards a centre
channel which has a diameter as small as one-third of the first
channel. Thus, cell concentration will increase significantly in
the sensing channel.

When bacteria flow through the channel in addition to p-
DEP force, they are also subjected to a frictional hydrodynamic
force (~Fdrag). This can be defined by the following equation,
where ~v is the relative velocity between the cell and the flow,
η is the fluid viscosity, and r is the cell radius:

~Fdrag ≈ ηr~v. (4)

The ratio of the drag force to the velocity
~Fdrag

~v = kdrag is called
the drag coefficient and is roughly equivalent to the product of
viscosity and longest dimension of the cell. Under p-DEP, the
cells get attracted towards the highest electric field and move
the bacterial cells towards the centre of the microchannel. To
flow the cells to the sensing region, a minimum flow is required.
At equilibrium, the hydrodynamic and DEP forces are equal,
which gives us the minimum velocity required to move the
cells towards the sensing region in a controlled fashion

~vmin <
εmr2

3η
Re[K]

∂E2

∂x
~v. (5)

Hydrodynamic drag force in conjunction with the p-DEP force
creates a streamlined cell flow, through the centre of the narrow
channel towards the sensing electrode array, which prevents
clogging of the microchannel.

The focusing effect of the biosensor was tested and
demonstrated using polystyrene microbeads with a diameter of
5 µm to study the focusing capability of the device. An AC sig-
nal of 5 Vp-p, 5 MHz was applied at the focusing electrode to
generate a non-uniform electrical field across the width of the
microchannel. A design of experiment (DOE) was performed
to experimentally determine the optimal amplitude and fre-
quency. The polystyrene microbeads suspended in DI water
were injected into the microchannel with a flow rate of 2-
4 µl/min and those with the help of dielectrophoresis were
focused towards the centre of the microchannel, as shown in
Fig. 7. To demonstrate the device focusing effect, microbeads
were used to replace Salmonella cells. The focusing effect
mostly depends on the relative permittivity of the dielec-
tric object. Salmonella and the used polystyrene microbeads
have a convergent relative permittivity of 4.5-6.542,43 and 4,44

respectively. Although there is a small difference between
microbeads and E. coli in relative permittivity, it has only
a small effect on the optimum value of the applied AC fre-
quency. The frequency of the applied AC is an important
factor in defining the focusing effect of the microbeads and
the cells since the used solution in both experiments is the
same.

C. Impedance measurement and analysis

Initially, the impedance response of each sensing elec-
trode array was measured over a frequency range of 100 Hz–
10 MHz by filling the channel with DI water. The bare electrode
array’s impedance value was used to confirm the adsorption
of the antibody on the gold electrode surface. The anti-E. coli
IgG antibodies (Abs) were injected into the sensing electrode
microchannel via the antibody inlets and were non-specifically
adsorbed on the electrode surface to ensure selective sensing of
E. coli cells. As the antibodies were adsorbed, the impedance
of the electrode array changed.

This change of impedance demonstrates that the antibod-
ies are successfully adsorbed on the electrode surface. The

FIG. 7. Optical images of the focusing electrode region, showing microbeads
flowing (a) randomly without p-DEP and (b) in a controlled streamlined
fashion under influence of p-DEP.
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FIG. 8. Impedance response of all three-sensing arrays
measured independent of each other: (a) 39 CFU/ml, (b)
50 CFU/ml, (c) 82 CFU/ml, and (d) 123 CFU/ml for a
frequency range of 100 Hz–10 MHz.

measured electrode-antibody impedance was used as the base-
line impedance in order to accurately determine the E. coli
impedance. As the E. coli samples were pumped and filled
the microchannel, the flow was stopped, and the solution was
left on top of the sensing electrodes for 30 min to successfully
bind to the antibodies, which was determined to be sufficient
for efficient binding.21 The antigen-antibody binding resulted
in a change in the total measured impedance. The E. coli
impedance was calculated by subtracting the measured base-
line impedance from the total measured impedance. It was
then correlated to the actual concentration of the E. coli test-
ing samples that were obtained from a traditional cell plating
method. Several low concentrations of E. coli samples were
tested. Before impedance measurement can be performed, the
surface of the sensing IDEAs was functionalized using the anti-
E. coli antibody. As the targeted pathogen, E. coli, reaches the
sensing electrodes and it comes in contact with the antibody on
the IDEA surface. This results in Ab-Ag binding on the IDEA
surface and leads to a change in impedance, which is measured
using an impedance analyzer. The impedance analyzer records
over a frequency range of 100 Hz–1 MHz. Figure 8 shows the
impedance response of the biosensor for various low concen-
trations of E. coli test samples. The equivalent circuit analysis
indicates that, at higher frequencies, the impedance response
is negligible.

At higher frequencies (>50 kHz), the impedance
response becomes independent of the bacterial concentration

immobilized on the sensor surface. This can be explained
using the equivalent circuit. As frequency is increased, the
stray capacitance dominates the impedance and the effect of
double layer capacitance (Cdl) is minimized. As a result, con-
tribution of bacterial impedance reduces, and the response
becomes dependent on the dielectric properties of the system
and the resistance of the test solution. At lower frequencies,
the impedance responses are largely dominated by the bacterial
presence and can be clearly distinguished from one concen-
tration to another. The lower concentration samples have a
limited number of cells to bind to the sensor surface, while
larger concentrations have many cells available to bind to the
antibody on the sensor surface. As the available surface area
was shirked due to E. coli binding, the double layer capaci-
tance decreased. This phenomenon is believed to be respon-
sible for overall increases in impedance. From the analysis
of the obtained response, we see that the impedance response
increases with bacterial concentration. Thus, it can be inferred
that the response is dependent on both frequency and bacte-
rial concentration. The impedance response was measured for
each individual sensing array. The Bode plot of the impedance
response demonstrates that the 3rd (smallest, 10 pairs of inter-
digitated electrodes) sensing array recorded the highest change
in impedance. This demonstrated the fact that the change in
impedance is dependent on the available surface area post
Ab-Ag binding. This proposed biosensor was able to detect
E. coli O157:H7 concentration as low as 39 CFU/ml with a

FIG. 9. Comparison of (a) impedance response of vari-
ous concentrations at 100 Hz, 1 kHz, and 100 kHz fre-
quency and (b) combined total impedance response of the
biosensor for various concentrations of E. coli 157:H7 for
a frequency range of 100 Hz–10 MHz.
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FIG. 10. Impedance response obtained from specificity testing with an
antigen which does not bind to anti-E. coli.

rapid turnaround time of 2 h. This also indicated a greater than
threefold improvement in the lower sensing capability of the
biosensor, compared to our previous design. Figure 9 shows
a comparison of the total combined impedance response of
all three-sensing arrays. The impedance response shows that
for higher concentration, samples produce an overall larger
change in measured impedance. This indicated that the change
in impedance is a strong function of the cell concentration.

D. Specificity of the biosensor

The biosensor was tested with different serotypes of E. coli
O104:H4 cells in order to confirm its specificity. The measured
response was plotted in Fig. 10. The plot shows no significant
difference in the impedance value with respect to the base
impedance of the IDE array. This was expected as the sensing
electrode surface was modified specifically using the anti-E.
coli O157:H7 antibody. Although some E. coli O104:H4 cells
may have non-specifically been bound to the electrode surface,
their numbers were so insignificant that it did not produce
enough change in the impedance value. This also suggested
that good antibody coverage of the electrode’s surface was
obtained and the anti-E. coli antibody did not attach to the non-
E. coli O157:H7 cells. This demonstrated the specificity of the
impedance biosensor in the presence of non-target bacterial
cells.

IV. CONCLUSION

In this study, we established a microfluidic MEMS biosen-
sor with unique functionalities, in terms of its ability to use
antibody-antigen recognition, dielectrophoretic cell focusing,
and impedance spectroscopy to achieve accurate low-level
bacterial sensing capability. The dielectrophoretic manipula-
tion of the cells enabled us to concentrate the bacterial cells
inside the microchannel, which improved the overall perfor-
mance of the device. The polyclonal anti-E. coli antibody
coated sensing IDE array ensures specific sensing of E. coli
0157:H7 bacterial cells. The biosensor was able to success-
fully detect E. coli concentrations up to 39 CFU/ml within an
overall time of 2 h.
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