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Abstract— The proposed Magnetotactic Bacteria (MTB)
based bio-carrier has the potential to greatly improve
pathogenic bacteria detection time, specificity, and sensitivity.
Microbeads are attached to the MTB and are modified with a
coating of an antibody or phage that is specific to the target
pathogenic bacteria. Using magnetic fields, the modified MTB
are swept through a solution and the target bacteria present
become attached to the microbeads (due to the coating). Then,
the MTB are brought to the detection region and the number of
pathogenic bacteria is determined. The high swimming speed
and controllability of the MTB make this method ideal for the
fast detection of small concentrations of specific bacteria.
This paper focuses on an impedimetric detection system that
will be used to identify if a target bacterium is attached to the
microbead. The proposed detection system measures changes in
electrical impedance as objects (MTB, microbeads, and
pathogenic bacteria) pass through a set of microelectrodes
embedded in a microfluidic device. FEM simulation is used to
acquire the optimized parameters for the design of such a
system. Specifically, factors such as electrode/detection channel
geometry, object size and position, which have direct effects on
the detection sensitivity for a single bacterium or microparticle,
are investigated. Polymer microbeads and the MTB system with
an E. coli bacterium are considered to investigate their
impedance variations. Furthermore, preliminary experimental
data using a microfabricated microfluidic device connected to
an impedance analyzer are presented. The dedicated
microdevice was able to detect 8 µm microbeads as they moved
between a pair of microelectrodes.

I. INTRODUCTION

T

he ability of specific, on-site detection of small
concentrations of pathogenic bacteria or viruses, in very
short detection times, is critical for disease control and the
pharmaceutical industry. We have shown previously [1]-[3]
that bio-carriers based on Magnetotactic Bacteria (MTB)
have the ability to achieve this. This new type of bio-sensor is
realized by the use of phage or antibody coated microbeads
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attached to the magnetically controllable MC-1 MTB. The
MTB possess a chain of magnetosomes that orient the
bacteria in the presence of a magnetic field, similar to a
compass. This, along with their flagella motor, allows the
bacteria to actively sweep a sample solution using
software-controlled magnetic fields (Fig. 1). The target
bacteria present in the solution will become attached to the
microbeads due to the coating, allowing the target bacteria to
be moved and controlled by the MTB.

Fig. 1. Left: Microscopy images of MTB with embedded magnetosome
chain observed using a Transmission Electronic Microscope (TEM); Right:
Agglomeration of MTB moving in response to an applied magnetic field
observed using an optical microscope.

The MTB are then moved (using magnetic fields) to a
sensor that will detect if target bacteria are attached to the
microbeads, allowing the number of target bacteria in a
sample to be determined. The sensor must have the ability to
detect single particles and be integrated onto a Lab-on-a-Chip
device. The proposed detection method [4] measures changes
in electrical impedance as objects move between pairs of
microelectrodes embedded in a microchannel on a
microfluidic chip.

Fig. 2. Equivalent circuit model of the MTB bio-carrier system.

Due to the additional impedance of the target bacteria
[5]-[7], higher impedance will be observed when a target

bacterium is attached to the microbead being pushed by the
MTB. A simplified electrical model is shown in Fig. 2.
Therefore, by measuring the impedance signal between the
electrodes, this sensor can detect whether or not a pathogenic
bacterium is presently attached. This allows the number of
target pathogenic bacteria in a sample to be accurately
determined once the phage or antibody coated microbeads
have been swept through the sample and brought back to the
detection region by the MTB. A microelectronic circuit (not
described in this paper) under development will be integrated
onto the microfluidic device to perform impedance
measurements. A Finite Element Method (FEM) simulation
has been developed in order to model the proposed
impedance microsensor and optimize its detection sensitivity.
The MTB system is modeled with the pathogenic bacteria E.
coli to determine the signal produced by the bio-carrier
system when a target bacterium is attached. Furthermore, a
microfluidic chip is fabricated and preliminary impedance
measurements are performed to detect 8 µm polymer
microbeads.
II. FINITE ELEMENT METHOD SIMULATION: MICROSENSOR
A. Model Construction
FEM is chosen to model the impedance microsensor in
order to investigate the effects of electrode orientation,
sensing volume, object position, and object size on the
detection sensitivity. These results will be used to optimize
the fabricated microchip and to compare to experimental
results. The microchannel is modeled with dimensions of 22
µm × 85 µm × 20 µm (W×L×H), and is filled with a solution
of the same complex electrical properties as the MTB bacteria
medium. Electrodes (20 µm × 20 µm) are embedded in the
walls of the channel and a sinusoidal signal of 0.5 V from 100
Hz to 100 MHz is applied on the source electrode, while the
other is grounded. Polymer microbeads are modeled as
non-conducting spheres and are placed into the electrode
sensing region. The current density over the source electrode
is used to calculate the impedance signal. The impedance
change, representing the device’s sensitivity, is calculated
using the bacteria medium as the reference solution.

(a)

planar and face to face, as shown in Fig. 3a and Fig. 3b, with
polymer beads (diameters from 2 µm to 15 µm) centered
between the electrodes. Results are given in Fig. 4 and show
that using the face to face orientation, in which center to
center separation can be made much smaller than with planar
electrodes, gives higher sensitivity than the planar
orientation.

Fig. 4. Graph of the impedance change at 1 MHz for microbeads of various
diameters with electrodes in face to face and planar orientation. For all sizes,
the face to face orientation resulted in greater impedance changes than the
planar orientation.

C. Microbead Size
The ability of the impedimetric sensor to detect very small
particles, such as pathogenic bacteria, and its ability to
differentiate between objects of similar size is very important.
These aspects are investigated with face to face electrodes
and polymer beads, and as the results show in Fig. 4, the
sensor can detect beads of varying diameter from 2 µm to 15
µm.
D. Sensing Region Volume
The volume of the sensing region directly affects the
resolution of the sensor, and we investigate the affect of
shrinking this volume by reducing the microchannel depth.
The channel is modeled with a depth from 5 µm to 20 µm in
2.5 µm increments and with a 4 µm microbead centered
between the face to face electrodes. Results are presented in
Fig. 5 and show that the sensitivity is approximately doubled
each time the volume (or depth) is halved.

(b)

Fig. 3. FEM simulation for (a) face to face and (b) planar electrode
orientation with an 8 µm polymer bead situated in the center of the sensing
region. Arrows show current density (A/m2).

B. Electrode Orientation
The electrodes are modeled in two different orientations:

Fig. 5. Graph of the impedance change at 1 MHz for a 4 µm bead in channels
with depths from 20 µm to 5 µm. The change in impedance increases greatly
as the channel depth is reduced from 20 µm to 5 µm.

E. Microbead Position
The affect of the horizontal and vertical position of the
object is investigated using face to face electrodes and an 8
µm polymer bead. For the vertical case, the bead is moved
from 0.5 µm above the ground electrode to 0.5 µm below the
source electrode in 2.75 µm increments. For the horizontal
case, only half electrode is considered because of symmetry;
the bead is centered and moved out of the sensing region in 5
µm increments. Results are shown in Fig. 6 and demonstrate
that as the bead moves further from the source electrode or
further from the center of the sensing region, the sensitivity
decreases significantly.

the MTB (2 µm) attached on one side and the E. coli
bacterium on the other, as illustrated in Fig. 7. The simulated
impedance results are shown in Fig 8. These results show a
large increase in impedance when an E. coli bacterium has
become attached to the microbead, making it possible to
determine the number of bacteria in a sample using the
proposed microsensor.

Fig 8. Graph of the impedance change over a frequency range of 100 Hz-100
MHz for the 3 cases of the MTB bio-carrier system. A large increase in
impedance is seen when the pathogenic E. coli bacteria becomes attached to
the microbead.

IV. EXPERIMENTAL MATERIALS AND PROCEDURE
Fig. 6. Graph of the impedance change at 1 MHz for various horizontal and
vertical positions of an 8 µm bead (face to face electrodes). As the bead
moves further from the source electrode or further from the center of the
sensing region, the sensitivity decreases.

III. FINITE ELEMENT METHOD SIMULATION: MTB
BIO-CARRIER SYSTEM

A microfluidic chip was designed and fabricated. The
microchannel is made of Pyrex glass with a size of 12µm ×
52µm (H×W). The planar microelectrodes are patterned on
the bottom of microchannel and have dimensions of 20 µm ×
20 µm with a separation of 50 µm. The fabricated device is
illustrated in Fig. 9.
Microelectrode Array

Microchannel

Inlets

The model defined in the previous section is used to
investigate the detection of the MTB bio-carrier system using
E. coli as the targeted bacteria. The MTB and E. coli are
modeled using Jones’ equivalent complex permittivity for
shelled spheres to take into account the membrane
capacitance (1 µF/cm2) and the conductive cytoplasm (0.5
S/m) of real biological cells [7].

Fig. 9. Optical microscopy image of the entire microfluidic chip.

Fig. 7. FEM simulation of MTB bio-carrier system showing the MTB, phage
coated microbead, and attached E. coli bacteria (left to right). Arrows show
current density (A/m2).

The system consists of a 3 µm diameter polymer bead with

An impedance analyzer (Agilent 4924A) is used to record
the impedance signal across the electrodes. Pads were
fabricated on a printed circuit board to allow connection
between the microelectrodes and the impedance analyzer.
The impedance analyzer is programmed to produce a 0.5 V
sinusoidal signal at a frequency of 1 MHz.
Each
measurement cycle contains 400 points. The impedance is
measured by use of an auto balancing bridge method. The
microchip is placed onto an optical microscope with an
attached camera for observation during impedance
measurements. The microchannel is filled with de-ionized
water containing a low concentration of 8 µm polymer beads.

The beads flow through the microchannel and the impedance
is recorded as the beads move between the microelectrodes.
V. RESULTS
With the dedicated microdevice, the variation of the
impedance caused by single or multiple 8 µm polymer beads
is recorded. Fig. 10 presents an image of the microbeads
passing through a pair of electrodes. Fig. 11 shows the
impedance pulse recorded when 2 such beads of 8 µm pass
through the detection region. The observed pulse increases
approximately 2.7% when compared with the reference
signal.
Microelectrode
20µm ×20µm

Microbead
8µm in
diameter

change in impedance of such a small object. Therefore, we
will use the results of the FEM simulations presented here to
optimize the future chips in order to achieve high enough
sensitivity for the detection of a single bacterium. This will
involve fabricating a device with face to face electrodes and a
smaller channel than the one in the present device. Ensuring
good positioning of objects in the channel when
measurements are made will help to achieve optimum
sensitivity.
The FEM simulation can accurately determine the
impedance change for a certain size of microparticle, and has
shown that the sensitivity can be increased significantly by
optimizing the devices parameters. Furthermore, it has been
shown that this detection method is capable of determining
whether or not a target bacterium, such as E. coli, is attached
to the MTB bio-carrier. This will allow extremely fast and
accurate detection of the target bacteria even at low
concentrations. Both experiments and simulations carried out
for the proof of concept indicate that this detection method is
very effective in detecting the MTB based bio-carrier system
entirely on-chip.

Fig. 10. 8 µm beads flowing between the microelectrodes in the
microchannel.
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