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Abstract—Design and simulation of a biosensor based on interdigitated microelectrodes for Escherichia coli bacteria detection is presented. The biosensor includes a microchannel to
ensure the sample flow through the space between microelectrodes, where the surface is biofunctionalized with antibodies
to bacteria capture. The design and simulation were carried
out on COMSOL Multiphysics® software. Effects of microelectrode thickness and channel depth over the biosensor sensitivity were analyzed, and results showed considerable changes in
sensitivity. Analysis showed that sensitivity increases when the
biosensor is made with low-permittivity materials as well. A
maximum percentage change in sensitivity was obtained by
covering the total sensing area with bacteria.
Index Terms—biosensor, bacteria, interdigitated microelectrodes, microchannel.

I. INTRODUCTION
According to the World Health Organization, foodborne
pathogenic bacteria caused more than 350 million illnesses
and more than 200 000 deaths in 2010 [1]. A rapid and reliable method for bacteria detection is of great interest to
prevent foodborne illnesses and to take timely actions during the spread of infections. Traditional methods for bacteria detection include culture and colony counting, which can
take several hours or even days to get results. Faster methods as ELISA (Enzyme-Linked Immuno Sorbent Assay)
and PCR (Polymerase chain reaction) get results in a few
hours but equipment is of high cost and non-portable, and
the procedure requires specialized staff. In recent years,
several devices have been proposed to fulfill these requirements. Among these, biosensors based on interdigitated microelectrodes have achieved some popularity because of
their simplicity, low cost, and easy integration. All these
characteristics make them a good candidate to replace traditional methods [2-4]. However, these biosensors have some
drawbacks, including a relative high limit of detection
(LOD) and a change in capacitance according to the zone
occupied by the bacteria (above or between microelectrodes) [3, 5]. Different approaches have been attempted to
improve their limit of detection and sensitivity, like the implementation of magnetic beads, which are attached to the
bacteria to amplify the measured signal [6-8], the use of enzymes to generate faradaic current through redox reactions
[9, 10], or capture single stranded DNA instead of the
whole bacteria [11, 12]. However, these approaches may
increase the complexity of the sample preparation and
measurements, as well as the biosensor cost.
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In this work, a microfluidic channel is integrated between the interdigitated microelectrodes of the biosensor
with the aim of capturing bacteria only in this zone. Unlike
existing interdigitated microelectrodes biosensors that capture the bacteria above the entire surface, this design ensures the capture only between microelectrodes. Once defined the detection zone, the next step is focused on the design parameters affecting the sensitivity, and correspondingly the LOD of the biosensor. Biosensor sensitivity is defined
as the ratio between the initial capacitance and the capacitance after the bacteria is captured. A higher change in capacitance means a greater sensitivity. Capacitance as a function of microelectrode thickness and microchannel depth
was studied by simulation using COMSOL Multiphysics®
software. Escherichia coli (E. coli) was selected as microorganism since it is one of the most studied bacteria that
produces illness in humans.
II. BIOSENSOR DESIGN
A. Structure
The biosensor consists of two bonded substrates. The
first one is monocrystalline silicon with a silicon dioxide
(SiO2) layer as insulator. On top of the SiO2, the structure of
the interdigitated microelectrodes of titanium (Ti) is defined, and the microfluidic channel is delineated between
microelectrodes. The second one is borosilicate glass with a
hydrogenated amorphous silicon carbide (a-SiC:H) layer
deposited on its surface. Once the substrates are bonded, a
biofunctionalization process is carried out to cover with antibodies the a-SiC:H surface between the electrodes to capture E. coli bacteria. Fig. 1 depict a cross section view of a
pair of interdigitated microelectrodes with immobilized bacteria between them.
B. Operation
Fig. 2 shows a top view of the biosensor with a sample of
water with bacteria inside the microchannel. First, the microchannel is filled with bacteria-free water, and the capacitance is measured as reference. Then, water with bacteria is
introduced in the microchannel keeping it there for a few
minutes. After that, the water with bacteria is driven out.
Finally, the microchannel is filled again with bacteria-free
water and a second capacitance measurement is performed.
If no bacteria are captured, the two values of capacitance
are the same, since in both cases there is only water inside
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Fig.1 Cross section view of a pair of interdigitated electrodes of the biosensor.

the microchannel. On the other hand, if bacteria are captured, a difference in capacitance measurements is obtained
due to the presence of bacteria during the second measurement. The change in capacitance will depend on the number
of captured bacteria and it will be greater as more bacteria
are captured. A small layer of about 10 nm is formed above
a-SiC:H surface during biofunctionalization process that
consists of five stages: hydroxylation, to pattern hydroxyl
groups on the surface. Silanization process to bond 3aminopropyltrimethoxysilane (APTMS) to the hydroxyl
groups. Glutaraldehydes incorporation to be bonded to amino groups of the APTMS. Addition of protein A to be attached to the glutaraldehydes. Finally, antibodies with high
selectivity for E. coli bacteria are linked to protein A. A detail explanation of this process can be found in [13]. The
biofunctionalized layer is not possible to simulate because
permittivity data are not reported in literature. Furthermore,
since the layer is very thin, its influence in the total capacitance is expected to be low.
C. Electrical Model
Equivalent circuit of the biosensor is shown in Fig. 3.
The circuit includes the capacitances associated to the dielectric double layer (Cdl) formed in the electrode-solution
interfaces. Silicon capacitance and resistance (CSi, RSi), SiO2

Fig.2 Top view of the biosensor showing bacteria flow inside the
channel.

Fig.3 Equivalent circuit of the biosensor.

capacitance (CSiO2), a-SiC:H capacitance (CSiC), and borosilicate glass capacitance (CBG) depend only on the geometric
parameters and the electric properties of the materials of the
biosensor. Water and bacteria inside the microchannel are
modeled by a capacitance (Cch) and a resistance (Rch). Unlike the other circuit elements, Cch and Rch depend not only
of the geometric parameters and the electric properties but
also on the concentration of captured bacteria. From the
equivalent circuit, the total capacitance is given by:
𝐶𝑡𝑜𝑡 = (𝑁 − 1)

𝐶𝑐ℎ 𝐶𝑑𝑙
𝐶𝑆𝑖 𝐶𝑆𝑖𝑂2
+
+ 𝐶𝑆𝑖𝐶 + 𝐶𝐵𝐺
2𝐶𝑐ℎ + 𝐶𝑑𝑙 2𝐶𝑆𝑖 + 𝐶𝑆𝑖𝑂2

(1)

where N is the number of electrodes.
D. Simulations
Simulations were performed using the Electrostatic
module of Comsol Multiphysics. The biosensor was modeled in 2D taking advantages of its symmetry. The biosensor geometry consists of 160 interdigitated electrodes of titanium, the length of each electrode is 3165 μm, width and
gap between electrodes is 10 μm, thickness of SiO2 layer is
0.5 μm, thickness of the a-SiC:H layer is 0.44 μm, and microchannel depth was of 10 μm. In simulations, we are considering that E. coli bacteria are completely covering the
surface of the microchannel, and since the bacteria width is
0.5 μm, we represented all bacteria as a uniform layer of 0.5
μm over the a-SiC:H between microelectrodes. The relativity permittivity of materials used for simulations are listed on
Table 1. The maximum number of bacteria that the biosensor could capture using these dimensions is 3.4×106 colony
forming units (CFU). The procedure in each case under
study consisted of two simulations, the first one filling the
microchannel only with water, the second one, adding bacTable 1. Permittivity of Materials used for simulations
Material
Relative permittivity
Borosilicate
4.6
Silicon
11.9
Silicon dioxide
3.9
PDMS
2.5
a-SiC:H
4.6
Water
80
E. coli
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Fig.4 Biosensor capacitance simulated with and without E. coli bacteria

Fig.6 Capacitance change due to E. coli bacteria presence simulated for

for different electrodes thickness.

different microchannel depths.

teria to the surface of a-SiC:H. Simulations with microelectrode thickness starting from 50 nm up to 0.6 µm were performed. Once the highest sensitivity was found as a function
of the microelectrode thickness, a new set of simulations
was performed varying the microchannel depth from 4 μm
to 15 μm. Then, a simulation placing bacteria vertically, i.e.
forming a 3 μm bacterial layer in the microchannel, was run.
Finally, simulations using different materials as substrates
were carried out.
III. RESULTS
Fig. 4 shows the capacitance of the biosensor for different microelectrode thicknesses. Sensitivity in Fig. 5 is obtained from Fig. 4 by calculating the percentage change in
capacitance due to bacteria between the microelectrodes.
The highest sensitivity is reached using a 0.3 μm microelectrode thickness. That thickness was used in subsequent simulations.
To evaluate the impact of the integrated microchannel on
sensitivity, simulations without microchannel and including
bacteria only between microelectrodes was run. The per-
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Fig.5 Capacitance change due to E. coli bacteria presence simulated for
different electrodes thickness.

centage change in capacitance change was of -11%, a lower
sensitivity compared to the biosensor with microchannel.
Table 2 summarize the results obtained in both cases. Later,
simulations for different microchannel depths were performed, the results are plotted in Fig. 6. It can be observed
that the biosensor sensitivity is barely affected unless a shallow microchannel is implemented (below 10 µm in depth).
Up to this point, all simulations were performed assuming a horizontal positioning of the bacteria. If now a vertical
positioning of the bacteria is defined, the layer of bacteria
can be as high as 3 μm since E. coli is a rod-shape bacterium with dimensions of 500 nm of diameter and up to 3 μm
of long. Then, simulations with a microchannel of 10 µm in
depth and a layer of bacteria of 3 μm was run, resulting in a
sensitivity of -60.9%, a higher value than that obtained with
a bacterial layer of 0.5 µm.
IV. DISCUSSION
The microelectrode thickness has a significant impact on
the biosensor sensitivity when the bacteria is captured between microelectrodes. Too thin or too thick microelectrodes decrease the sensitivity. When the microelectrodes
are thicker than 0.4 μm, a higher portion of the electric field
go through the water, reducing the effect of the bacteria layer on the capacitance. In fact, Cch can be represented by two
parallel capacitors, one capacitor due to the bacterial layer
and the other one due to the water in the microchannel. As
the microelectrodes become thicker, the transversal area of
the microelectrodes in contact with water grows, increasing
the total capacitance and minimizing the effect of the bacterial layer. On the other hand, if the electrode thickness is
thinner than 150 nm, the transversal area of the microelectrodes becomes very small, reducing the contribution of the
microchannel to the total capacitance of the device. An optimal microelectrode thickness of 0.3 μm was founded for
Table 2. Simulation results.
Biosensor type
Capacitance change (%)
Without microchannel
-11
With microchannel
-46.2
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detection of E. coli bacteria. If the biosensor is applied for
detection of other pathogen microorganism, the microelectrode thickness could be adjusted considering the dimensions of this microorganism and findings in this work.
The simulations of the biosensor with different microchannel depths did not show significant variations above
10 µm. It agrees with the results presented by Van Gerwen
et al. [14], in which more than 80% of the total current
would flow by a microfluidic channel with a depth equivalent to the gap between fingers. Remembering, the gap between adjacent fingers of this design is of 10 μm. Then,
above 10 µm, the additional depth does not have significant
effect on the capacitance of the biosensor. Bacteria capture
on the ceiling of the microchannel is not necessary since the
effect on total capacitance would be much lower than the
effect of bacteria captured between electrodes.
From Eq. 1, one can see that the sensitivity is increased
as Ctot ≈ Cch, since the bacterial layer only affect Cch. Therefore, low-permittivity materials should be used in the fabrication of the device to decrease the contribution of the other
terms in Eq. 1, and thus to increase the sensitivity. To confirm this, some materials commonly used in microfluidics
were used as substrates for the simulations (Fig. 7). The
highest capacitance change occurs when polydimethylsiloxane (PDMS) is used, this was expected due to its low permittivity.
Returning to the results in Table 2, the biosensor sensitivity increases when a microfluidic channel is integrated to
confine the bacterial sample to the area between microelectrodes. Although the use of the area on the microelectrodes
would allow to house a greater number of CFUs, the contribution to the capacitance of one bacterium on microelectrodes is different to that obtained by one bacterium between microelectrodes [15], which would add uncertainty to
the measurement. Furthermore, if the microfluidic channel
were integrated on microelectrodes, the parasitic capacitances would give rise to a poor performance of the device.
For these reasons, and considering that an easy fabrication
process is desired, the microfluidic channel in this device
was integrated between microelectrodes.
V. CONCLUSIONS
The design and simulation of a biosensor based on interdigitated microelectrodes with an integrated microchannel between microelectrodes was introduced. Effects of
the microelectrode thickness and the integrated microchannel were addressed. The microelectrode thickness significantly affects the sensitivity of the biosensor. For E. coli
bacteria, an optimum thickness of 0.3 μm was found. The
use of a microfluidic channel integrated between microelectrodes improves the biosensor sensitivity and removes possible quantification errors by uncertainly about the capture
zone (between or on microelectrodes). Finally, a greater
sensitivity will be reached is materials with low permittivity
are used for the fabrication of the biosensor.
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Fig.7 Simulation results of the capacitance change due to E. coli bacteria
for different substrates.
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