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Abstract: Conventional pathogenic bacteria-detection methods are lab-bound, time-consuming and
need trained personnel. Microelectrodes can be used to recognize harmful microorganisms by
dielectric impedance spectroscopy. However, crucial for this spectroscopy method are the spatial
dimensions and layout of the electrodes, as the corresponding distribution of the electric field defines
the sensor system parameters such as sensitivity, SNR, and dynamic range. Therefore, a variety of
sensor models are created and evaluated. FEM simulations in 2D and 3D are conducted for this
impedimetric sensor. The authors tested differently shaped structures, verified the linear influence of
the excitation amplitude and developed a mathematical concept for a quality factor that practically
allows us to distinguish arbitrary sensor designs and layouts. The effect of guard electrodes blocking
outer influences on the electric field are investigated, and essential configurations are explored. The
results lead to optimized electronic sensors in terms of geometrical dimensions. Possible material
choices for real sensors as well as design and layout recommendations are presented.

Keywords: biosensor; FEM simulation; sensor design; electrochemical sensor; bacteria detection;
bacteria sensor; pathogens; impedance spectroscopy

1. Introduction and State of the Art

Pathogenic bacteria represent a prime threat to medical facilities because of their
fast growth and harmful effects on human health [1]. Conventional detection methods
require time-consuming processes including sensing of characteristic metabolites or cellular
reproductive cycles. For decades, researchers have been looking for fast and accurate
detection and identification systems for bacterial strains [2]. Recent advances in micro- and
nano-fabrication technologies have led to significant improvement of detection limits, and
reduced the time required for sample preparation [3].

Impedance Spectroscopy (IS), or Electrochemical Impedance Spectroscopy (EIS), can
be used to detect bacteria in liquids [4–6]. Specifically, it is of interest to attract bacteria to
the surface of an electrode via an applied field, and its attractive force to a polarizable cell.
However, crucial for impedance spectroscopy method and for effective attraction are the
spatial dimensions and layout of the electrodes, as the corresponding distribution of the
electric field highly defines the sensor system behavior. Even though many experimen-
tal approaches have been taken [7–11], the precise underlying concepts to EIS bacterial
detection have not yet been investigated thoroughly by numerical approaches.

Here, a systematic study on bacterial, electrochemical impedimetric sensors is pre-
sented. After briefly illuminating other methods for biofilm or cellular lifeform detection,
the work focuses on design aspects that are essential for the further development of biosen-
sors of this kind. In general, the investigation comprises two steps. First, the attraction of
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bacteria to the sensor surface by DC potentials is explored. Second, classical impedance
spectroscopy for detection is the method of choice for read-out. The goals are to illuminate
and verify the physical concepts behind the sensor, including an optimized attraction
method for cells in fluids, as well as finding the best geometry. The role of electrode
periodicity is addressed, and a new mathematical tool for evaluation of arbitrary, complex
sensor models is presented. Finally, novel layout and design recommendations for future
biosensors are given.

The state of the art divides into the two phases of operation before reviewing the
landscape of bacterial sensors. First, the attraction of bacteria and their adhesion on the
sensor surface is considered. Applying DC potentials on electrodes to move and attract
microorganisms in solution has been scientifically proven [7–10].

Next, bacterial detection via EIS (using AC potentials) is presented in a series of
projects. A recent review describes the literature around pathogen detection very well [11].
In general, the use of microfabrication of bacterial sensors has made it possible to integrate
multiple processes in sequence for one-step sensing or in parallel for high-throughput
screening [3,12].

Lab-on-chip provides a convenient, cost-effective approach that is compatible with
microfluidics. In addition, electrical methods do not require a labeling step for sensing
target bacteria. Boehm et al. constructed a microfluidic bacteria sensor based on measuring
the impedance in a fixed-volume chamber containing cells [13]. Platinum microelectrodes
are used to discriminate two bacterial strains E. coli and M.catarrhalis in a few minutes
using a change in impedance. By contrast, Carbonaro et al. have developed an on-chip
artificial pore that could be used to detect bacterial pathogens [14,15].

Cheng et al. presented a microfluidic system out of two parallel glass slides and a
thin PDMS gasket [16]. After cells were adhered to the glass surface and modified with
proteins specific to the target cells, they were lysed to monitor a change in conductivity that
correlates with the number of cells. A lower detection limit was presented as 20 cell/uL [3].
Electrochemical impedance spectroscopy is a label-less sensing technique. Liao et al. devel-
oped a microfluidic electrochemical sensor array for detection of uropathogens in human
clinical fluid [17]. In line with the development of impedance-based sensors, the electrical
impedance output can be further amplified by a parallel set of electrode configurations
such as interdigitated array microelectrodes (IDA). Many parallel electrodes and a large
active surface area improve the detection limit and response time [3,18]. Laczka et al.
report a bacterial cell detection limit of 1500 cells/mL [18]. Lei et al. took a capacitive
approach [3,19]. Yang et al. applied IDA microelectrodes for the detection of variable
Salmonella Typhimurium in milk. The microelectrodes, consisting of indium-tin-oxide
(ITO), measure an impedance change during bacterial cell growth [20]. A bacterial suspen-
sion with the initial concentration of 105 CFU/mL could be detected in 2.2 h. In contrast to
the previous approaches Lu et al. have detected bacterial cells in an insulating environment
using IDA gold electrodes. The inter-electrode spacing was further reduced to 2 µm in
this device, enabling an attachment of single bacteria across two adjacent electrodes. The
current was closely associated with the number of bacterial cells that formed a conducting
bridge between adjacent electrodes. Although the sensor is extremely sensitive at detecting
a single bacterium, it requires a clear understanding of the conducting mechanism of the
bacterial cells on the electrode surface [3].

Other essential approaches in pathogen detection are nanomaterials, such as nanopar-
ticles, nanotubes, nanowires and nanomechanical switches. Current nano-fabrication tech-
nology can make the size of a sensing probe comparable to those of bacteria or other target
pathogens, improving the sensitivity and detection limit of a sensor [21,22]. Elkin et al.
coated the carbon nanotube surfaces with bovine serum albumin (BSA) to improve the
solubility of the nanotubes in aqueous solution, and further constructed nanotube-protein
conjugates with pathogen-specific antibodies to detect E. coli O157:H7. Direct measure-
ment of conductance between two electrodes with a nano-sized gap can also be a highly
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sensitive technique for biosensing purpose. The applications have been extended to detect
a pathogen cell bigger than small biomolecules, such as virus or antigens [3,11].

Several groups have demonstrated a highly sensitive immunosensor based on a field
effect transistor (FET) constructed with nanotubes [22,23]. Optical approaches involving
surface plasmons can also be found [24].

With the maturity of the current nano-fabrication technology, the fabrication and
assembly of the new sensors has become a straightforward process. However, reliability, re-
peatability, durability, and ease of operation are important issues for lab-on-a-chip pathogen
sensors. In addition, the integration of a complex process within a single chip still faces
challenges [3]. As geometrical parameters highly influence the sensor performance [18],
FEM simulations started to foster the understanding of this kind of biosensor [25].

2. Materials and Methods

The AC DC Module of COMSOL Multiphysics© v5.5 is used for FEM Simulations [26].
To evaluate arbitrary structures, a quality factor is defined. The quality factor is based on
the electric field norm of the gradient. The quality factor needs precise volumes of interest,
specified in Section 4.5 for further reading.

An optical Zeiss Metallux microscope is used to obtain photographs of fabricated
structures.

3. Theory

COMSOL© provides a numerical solution solving the underlying Maxwell equations
for the desired model. First, the scalar field of the electric potential is calculated. The
second derivative of the potential gives the electric field gradient Vij, see Equation (1).

Vij =
∂2 V

∂xi∂xj
(1)

The length of a gradient is defined via the norm in Equation (2). In the case of a polarizable
bacterium in an electric field, the gradient corresponds to a dielectric mechanical force
acting on it.

||Vij|| =
√

∆Ex · ∆Ex + ∆Ey · ∆Ey + ∆Ez · ∆Ez (2)

Directed towards to electrodes that span the electric field, these forces shall be maxi-
mized in the later application by creating fields as inhomogeneous as possible.

The electrode configurations and their nomenclature can be seen in Figure 1. It also
presents the main 3D models that will be investigated in further detail in the further
sections.

Electrochemical effects such as the pH effect must be taken into account for real-life
applications. This work assumes small applied potentials, low surface area of the electrodes
and the low ionic strength that are expected to lead to very low involved currents and by
that to very low chemical reactions on the electrodes surface.



Sensors 2021, 21, 1487 4 of 13

S-shape T-shape Z-shape

a

b

e
Side 

view

Figure 1. (a) Electrode configuration and used nomenclature in this work. Polyimide acts as an
insulator between the electrodes (b) Designed 3D structures for Gathering and Detection of Bacteria

4. Results
4.1. Concept and Verification of Bacteria Detection

Dielectric or Electrochemical Impedance Spectroscopy relies on changes of the di-
electric properties of the surrounding materials. The method is used as a read-out. Low
concentrations of bacteria are to be expected in most applications. Hence, an attraction
phase is also included in the investigations. In this phase, polarizable bacteria can be
attracted by high field gradients that directly lead to a dielectric force pushing the cells
closer to the sensor’s electrode. Further details are discussed in Section 4.3.

The color scale indicates low (blue) and high (red) potentials in the following plots. In
Figure 2, a sensor stack is simulated with Finite-Element Method. Between the electrodes a
dielectric displacement field arises when a potential of 10 mV is applied. Going along the
dashed line, starting from the center of the model, a total displacement can be calculated.
The spatial parameter in Figure 2c,d is based on the dashed line and peaks in the middle
of the electrodes in Figure 2a. The total displacement shows significant changes when a
circular model of a bacterium exists somewhere in the sensor stack. The parameters of the
bacteria model have been chosen equivalently to the properties of E. coli.



Sensors 2021, 21, 1487 5 of 13

V

Bacterium included in electric displacement field

Without bacterium One bacterium insideD
is

p
la

ce
m

en
t 

o
f 

D
ie

le
ct

ri
c 

Fi
el

d
 (

V
/m

m
)

D
is

p
la

ce
m

en
t 

o
f 

D
ie

le
ct

ri
c 

Fi
el

d
 (

V
/m

m
)

Substrate

Dielectric

Electrodes

Fluid under
test

Spatial Parameter x (a.u.)Spatial Parameter x (a.u)

a

b

c d

Phases

1) Attract bacteria 

2) Detection via EIS

0 60-60 -40 4020-200 60-60 -40 4020-20
00

10

20

10

Figure 2. Concept of Bacteria Interfering with the Displacement Field: (a) A 2D two-electrode
simulation of the displacement field when applying an external potential. (b) A circular model of a
bacteria interacting with the displacement field between the electrodes. First, bacteria re attracted by
applying DC potentials to the electrodes. In a second step, the read-out follows via electrochemical
impedance spectroscopy (EIS) using AC potentials. (c,d) Displacement of the electric field in the
center of the model in 1D with and without bacteria. The plot is evaluated along the dashed line in
the model, starting from the center as indicated in (a). The color scale indicates low potentials (blue)
to high potentials (red).

4.2. Material Choice

A major advantage of modern FEM simulations is the ability to change the involved
materials, or rather material properties of the objects in the model. Rapid prototyping
massively benefits as the materials can be tested in the simulations. A 2D simulation is
performed for this purpose and satisfies the required level of complexity. In Figure 3, the
two-electrodes model from Figure 2 is used to study possible substrates with different
permittivity. In this setup, the electrical field lines are symmetrical. Thus, the plot is split in
the middle for two different substrates, aluminum oxide and borosilicate glass. As substrate
material Al2O3 and borosilicate glass are used due to their low dielectric dissipation
factor and their insolubility in an aqueous environment. Also, a flexible substrate PET
(Polyethylene Terephthalate) is presented. As the electrical field lines can change when
the substrate is deformed, a rigid substrate is preferred. The electrodes are fabricated out
of gold.

Bacteria shall be gathered to the proximity of the sensor’s electrodes. Aluminum oxide
as the substrate proves more concentrated field lines which also makes the mechanical
force much stronger. From this simulation plot, aluminum oxide should be applied as the
material in the sensor structure design.
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a b
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εr = 3,5

Figure 3. FEM Electric Field Simulations for Substrate Material Selection. (a) Solid substrates. The left
side indicates aluminum oxide. The right-hand side shows the electrical field for borosilicate glass. (b)
Flexible Substrate PET (Polyethylene Terephthalate). Corresponding dielectric constants have been
added to the desired parts. The color scale indicates low potentials (blue) to high potentials (red).

4.3. 3D Electrode Designs

The goal of this work is to be able to evaluate arbitrary electrode structures for the
purpose of detecting bacteria. However, the complexity of the models, especially in 3D,
is quite high. As an analytical solution is very challenging, the work tests and evaluates
models that can be fabricated as well. In Figure 4 three sensor models of electrodes in
3D are shown in an example of fabrication. Picking the right dimensions depends on
available fabrication methods, and hence defines the minimal spatial resolution. The used
dimensions can be realized as shown in photographs taken on an optical microscope. Au
has been used as an electrode. Lithographic smearing effects have been simulated briefly,
but seemed to be neglectable to a reasonable extent.

Experimental proof of fabrication is taken with an optical microscope.
The concentrations of bacteria in fluids are quite low, even if biofilms form. It is

worthwhile to note that a detection limit is 104 bacteria per ml. [4]. A miniaturized sensor is
a more economical approach. The trade-off is a smaller area where the sensor can interact
with the bacteria. To overcome this limit, two phases of operation are realized (see also
Figure 2).

First, there is the physical attraction or gathering of the bacteria. The authors expect
high field gradients that can polarize a bacterium, and therefore, a mechanical force in the
direction of the electrodes act on them. The second phase is the detection when a critical
concentration of bacteria is in the vicinity of the electrodes. The physical signal of the
attendance of the desired bacteria can be realized with Impedance Spectroscopy in the
real-world application [4]. It is important to the sensor layer design that it should have
enough force to attract the bacteria in the sensor layer. The Z-shape has regular straight
edges and right angles which are easily manufactured and produced. This shape could
maximize the adsorption of bacteria on the surface of the sensor; even the bacteria at the
corner could be affected.
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Figure 4. Optical micrographs of fabricated structures based on the models in the theory section and
Figure 1.

4.4. Periodicity of Multiple Electrodes

By working on geometrical parameters, the authors put effort into arranging the field
lines that suit the purpose of bacterial attraction and detection. External fields play an
important role in their impact on the internal field lines and their shielding, respectively. As
the electrical field can be disturbed from outside of the sensor, a possible array of electrodes
is investigated in Figure 5. One approach is to increase the number of electrodes to an
arbitrary number. The outer electrodes can be used as guard electrodes when putting
ground potential on them. Again, the reduction to 2D is sufficient here and simplifies
the issue.

Potential plot Streamline plot

a b

mV

c

Contour plot

Figure 5. Periodicity of Multiple Electrodes: (a) Potential plot of five electrodes with two outer guard
electrodes. (b) Streamline plot showing electrical field lines and possible asymmetries. (c) Contour
Plot. The color scale indicates low potentials (blue) to high potentials (red) but is reversible for the
purpose on estimating field distributions. The stack follows the same partitioning as in Figure 2.

For this purpose, external fields are minimized through the guard electrodes and
show the extent of the displacement field in the outer versus the inner electrodes. The
guard electrodes have an influence on both modes of operation. On the one hand, bacterial
attraction benefits from shielding external fields. On the other, impedance spectroscopy
relies on optimized internal fields. Therefore, significant sensor performance parameter
improvements, such as a better signal-to-noise ratio, can be achieved this way.
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4.5. Definition of Quality Factor in 3D

The geometry of the sensor design defines the ability to gather bacteria. The attraction
of bacteria needs optimized geometrical parameters; however, the qualitative evaluation of
arbitrary models is challenging as the whole volume above the sensor is important for the
purpose. To create a metric to measure the quality of each sensor structure, a quality factor
is defined. The goal here is to derive a metric that not only evaluates the fields in a single
point or line, but instead over the whole simulated space. Hence, a volume of interest is
defined as in Equation (3) and visualized in Figure 6. The spatial parameters used are the
length (l), width (w) and height (h).

Vinterest = l · w · h (3)

Basically, starting from the potential all gradients are calculated to indicate the cor-
responding attractive force on polarizable objects in the fluid. A 3D grid with the mesh
size of 1 µm is defined as volume of interest. This allows the division of the complete
simulation space into smaller pieces. The gradient in each of these boxes are geometrically
summed up and divided again by the by the volume of interest.

Top View Side View

Figure 6. Towards full mathematical evaluation of 3D simulations: Definition of quality factor.
COMSOL Multiphysics© gives a numerical solution to the Maxwell equations. The potential in each
single point of the 3D model is calculated and can be used to derive electrical gradients in the mesh.
W represents the distance from line contact edge to middle of zigzag contact; I is the distance from
peak to valley; and h is the height of interest volume.

Higher gradients lead to stronger force while the gradients are distributed over the
active sensor area. Therefore, the sum of these gives an indication on the effect. The second
step—the detection via EIS—also benefits indirectly from this metric. As more bacteria are
in the very proximity of the sensors the available sensor performance increases.

4.6. Full Evaluation of 3D Models, the Role of Configurations and Excitation Amplitude

The excitation signal varies the maximum electric field norm in the very center of the
models; see Figure 7a. The spatial dimension refers to the 2D line as in Figure 2. The center
peaks plotted go from 10 mV to 300 mV in 20 mV step size appear to go linearly with the
electric field norm. The two smaller side peaks are due to material interfaces, e.g., substrate
to fluid. It is worth noting that the excitation amplitude has deliberately not exceeded
300 mV. The bare electrodes are partly in contact with the fluid and it is advisable to stay
outside the electro-active window.

More importantly, not only 2D but 3D data is gained and evaluated by the concept
of the quality factor. Figure 7b,c shows the results on the distribution of gradient lengths
in the full model volume. Remarkably, choosing the electrodes to different configurations
leads to distinguished outcomes. Quantization errors occur in the numerical approach and
challenge the search on an adequate fit function for arbitrary models. However, using the
quality factor and then applying the arithmetic mean on the histogram showed promising
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results. The configuration of setting the lower electrodes to ground was superior to all other
configurations, see Table 1. A higher quality factor can be interpreted as larger, average
gradients in the overall volume units of the model.

Lower electrodes

on ground

Upper Electrodes

on ground

El
ec

tr
ic

 f
ie

ld
 n

o
rm

 [
V

/m
]

Spatial dimension [a.u.]
b c

a

Electric field gradient norm [V/m] Electric field gradient norm [V/m]

10 mV

Figure 7. Distributions of Gradient Lengths across Volume of Interest, the Influence of Configuration
of the Electrodes and the Role of Excitation Amplitude: (a) The role of excitation amplitude for the
gradient length ranges from 10 mV (bottom line) to 300 mV (step size 20 mV in a single, center point
of the model. (b) Using the concept of the quality factor a histogram depicts the full 3D distributions
of gradient lengths in the simulated model ZF. The electrodes are configured in way that the bottom
ones directly on the substrate are on ground. (c) Switching the configuration on the same model
exhibits a different configuration.

This approach allows for mathematical analysis of the FEM models in addition to a
visual evaluation of the structures.

4.7. Sensor Layer Geometry Comparison between T-Shape, S-Shape, Z-Shape and ZF-Shape

To find the most efficient structure to attract the microorganisms, four kinds of struc-
tures have been designed and simulated to find out their potential distributions. One
structure, ZF, is shown in Figure 8, but is exactly like the Z-structure except of one minor
difference. The bottom electrodes are connected to each other in the ZF-structure. Side
views of the best-performing models can be seen in Figure 8.

Simulated potential plots with different combinations of electrode potentials are com-
pared with a focus on field distributions in the central region. Among these combinations,
‘E4’ is applied with 10 mV, and ‘E2’ or ‘E1 = E3’ regarded as ground; these combinations
have much higher gradient distribution visible even in optical inspection.
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Aluminumoxide

Gold

Gold
Polyimid

Water

Electrode 1

Electrode 2

Electrode 3

Electrode 4

ZF

Figure 8. Comparison of Field Distributions on T-,S-, Z and ZF-shaped 3D Structure of the Sensor
Layer. A modified version of the Z-model with connected bottom electrodes is included, called ZF-
structure. A four-electrode setup is used for shielding purposes. The nomenclature of the electrode
configurations is given on the left side and shows the big impact on how the potentials are applied to
each electrode. Unmentioned electrodes are kept on floating potential. The color scale indicates low
potentials (blue) to high potentials (red).

A compilation of the results when applying the quality factor to the models can be
found in Table 1. The combination which shows higher gradient distribution is selected
and is chosen to be further developed experimentally. From the many combinations more
were tested; however, the ones with at least one bottom electrode (E4) performed best.

Table 1. Quality Factors for various sensor designs. Not mentioned electrodes are kept on floating
potential.

Type Electrode Configuration QF Ranking

S E1 = E3 = 0 E4 = 10 mV 1.28014 7
S E2 = 0 E4 = 10 mV 1.66557 6
T E1 = E3 = 0 E4 = 10 mV 1.95682 4
T E2 = 0 E4 = 10 mV 2.35999 3
Z E1 = E3 = 0 E4 = 10 mV 1.83386 5
Z E2 = 0 E4 = 10 mV 2.93997 2

ZF E1 = E3 = 0 E4 = 10 mV 3.23390 1
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In general, the modified version of the presented Z-structure with connected bot-
tom electrodes (ZF) achieves the highest ranking of all in terms of large areas with high
inhomogeneities for bacterial attraction (DC potentials).

5. Discussion

For the purpose of attracting and detecting microorganisms in solutions, a conceptual
study is presented. Starting from the physical background, applied mathematical concepts
are used to consider the real-life sensing framework (e.g., electrode configurations). This
work aims to broaden the understanding of impedimetric biosensors using numerical
simulations.

The change of the displacement field on polarizable models of bacteria is investigated
in Figure 2. A simulational proof of concept for movement of bacteria in electrical fields
is presented. As the typical particle size of E. coli is in the micrometer-range, diffusional
forces acting on the bacteria are neglected [27]. The conducted FEM simulations are used to
derive the best materials for practical sensors as seen in Figure 4. This work demonstrates
the positive role of guard electrodes in Figure 5. An efficient shielding can be realized by
adding additional, constantly biased electrodes.

The mathematical construct of quality factor works for arbitrary models. Starting
from the numerical solution to the Maxwell equations, this work successfully evaluated
S-, T-, and Z-shaped designs. Sharp edged Z and ZF- structures are superior as they
provide a higher field gradient distribution to gather microbes close to the electrodes. To
compare arbitrarily, the work shows that FEM simulations allow deep insights in the field
distributions. Regarding the two phases of bacteria attraction and detection, conclusions
on the acting forces can be drawn (see Figure 2) [7]. This work defines a quality factor
for bacteria attraction which can simplify the selection of optimal field distributions in
Figure 7. These FEM simulations are used to select optimal materials and sensor topologies
for our fabricated sensors. Two-electrode sensors are likely to perform worse than three-
and four-electrode setups. Regarding how to configure or connect the electrodes for a real
sensor, a strong recommendation from the simulation result is to set the substrate electrodes
to ground, as shown in Figure 8. A superior sensor performance is expected when the full
potential drop lays in the active sensor area. However, this figure is not straightforward to
interpret. Hence, the authors developed the quality factor. Table 1 summarizes the results
and ranks the tested structures.

Compared to the state of the art, this theoretical study shows that more complex
electrode setups can improve both accumulation of bacteria at the surface and therefore
also the sensitivity of the sensor. This work contributes to the scientific community by
providing a mathematical tool for evaluation and clear recommendations for design and
layout of next-generation biosensors.

6. Conclusions

An in-depth analysis of 2D and 3D electrode structures and their behavior when
performing electrochemical impedance spectroscopy for bacteria attracting and sensing
purposes has not been done to the best of the author’s knowledge. Reliability, repeatability,
durability, and ease of operation are important issues for lab-on-a-chip pathogen sensors
and heavily rely on the sensor layout and design. The integration of a complex process
within a single chip still faces challenges [3,22,23]. Towards the realization of a real-world
application, electrochemical effects such as the pH effect must be taken into account. This
work contributes to overcome these hurdles and sets a theoretical framework for further
investigations.

In particular, this study can be used to fabricate optimized electrode structures for
bacterial sensing in fluids. Crucial design parameters in Impedance Spectroscopy for
bacteria sensors are researched. Specifically, the role of guard electrodes on microelectrodes,
the excitation amplitude, and a mathematical tool to evaluate sensors are presented.
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In times of a pandemic, and the known lifespan of thin biofilms in dry and liquid
state is an interesting parameter to eventually detect pathogens in public spaces. Label-free
electrochemical sensing can be an inexpensive possibility for tracking whether cleaning
is needed. Another interesting route can be the digestion of pH-insensitive, cost-effective
sensors. As the human metabolism is still a great mystery in many aspects, pills using this
technology might be able to help identify certain cell cultures in the digestion track. This
kind of biosensor represents an alternative route to enzymatic sensor approaches.
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