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A B S T R A C T

Pseudomonas aeruginosa is a pathogenic bacterium in fresh water supplies that creates a risk for public health.
Microbiological analysis of drinking water samples is time consuming and requires qualified personnel. Here we
offer a screening system for rapid analysis of spring water that has the potential to be turned into a point-of-need
system by means of simple mechanism. The test, which takes 1 h to complete, electrically interrogates the
particles through a microfluidic chip suspended in the water sample. We tested the platform using water samples
with micro beads and water samples spiked with P. aeruginosa at various concentrations. The mono disperse
micro beads were used to evaluate the performance of the system. The results were verified by the gold standard
membrane filtration method, which yielded a positive test result only for the P. aeruginosa spiked samples.
Detection of 0–11 k bacteria in 30 μL samples was successfully completed in 1 h and compared with a con-
ventional microbiological method. The presented method is a good candidate for a rapid, on-site, screening test
that can result in a significant reduction in cost and analysis time compared to microbiological analyses routinely
used in practice.

1. Introduction

The first micro-machined electrical microfluidic chip was produced
by Ayliffe et al. [1]. Using an impedimetric technique, the identification
and detection of several cells are shown in published literature, such as
CD4 T-cells [2], general blood cells [3], yeast cells [4], stem cells [5],
lymphocytes [6] and leukemia cells [7]. Applications of the technique
are not limited to cell measurement. So far, detection of circulating
exosomes [8], droplet speed and size measurement [9], as well as the
detection of metal wear particles inside engine oils have been shown
[10].

Waterborne infections pose a significant threat to populations across
the world, especially in developing and under-developed regions [11].
The gold standard microbiological cultivation methods lack of swiftness
means it can take up to a few days or even weeks to verify the patho-
genic contamination from environmental or clinical samples [12].
Therefore, as a highly sensitive and fast technique, electrical micro-
fluidic applications can be used for detection of pathogens to address

the speed and cost issues.
Impedimetric bacteria detection inside microchannels was first

realized by Bernabini et al. by using oil to focus the suspending solution
from the two sides towards the middle of the channel in the sensing
region, which consists of top and bottom electrodes [13]. Since the
bacteria are nearly 20 to 30 times smaller than RBC in volume, the
acquired signal from the bacteria is very low. Hydrodynamic focusing
of the conductive suspending solution with an insulating oil leads to a
restriction of electric field lines and enhances the sensitivity that en-
ables detection. However, hydrodynamic focusing requires very fine
tuning of flow rates that cannot be achieved with simple pumping
technique. Besides, the surfactant needs to be dissolved inside the oil to
get a continuous water-oil flow that increases the complexity and cost.
Haandbaek et al. succeeded in the detection of E. coli and B. subtilis at
very high excitation frequencies that employed RC resonance consisting
of inductors connected to the top and bottom electrodes to improve the
sensitivity [14]. In their setup, the incoming particles were focused into
the middle of the channel by DEP (dielectrophoresis) through
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additional micro electrodes integrated within the chip. Since the bac-
teria are very small and produce a very low signal magnitude, opacity –
which is the ratio of high to low frequency impedance [15] – is in-
adequate to distinguish between the bacteria and beads, which is the
main drawback of electrical systems. Selectivity of the impedimetric
devices can be done through immobilization of bio-molecules – which
have an affinity to the analyte – around the sensing region. Upon
binding of the target particle, the impedance changes due to blockage of
the electric current. Antibodies [16], aptamers [17], peptides [18], and
antibody-coated nanoparticles [19] are among the selective molecules
that are immobilized in the sensing region.

Detection of pathogens in liquid samples is one of the main topics of
interest to the LOC community. The μTAS (Micro total analyzing
system) with integrated microfluidic channels and fluid control units
allow a system that is of comparable size to the particles of interest
[20,21]. Microfluidic chips enable rapid detection of bacteria using
various other techniques like optical [22,23], electrochemical [24,25],
surface plasmon resonance (SPR) [26], quartz crystal microbalance
(QCM) [27] and cantilever sensors [28]. Optical detection techniques
are the most similar ones among the other techniques with regards to
their detection principle. The only drawback is the requirement to in-
tegrate some optical components like optical fibers, lenses, laser
sources, photomultiplier tubes, CMOS sensors, etc. [29–31]. The elec-
trochemical technique is the Faradaic versions of the impedimetric one
that measures the current generated by oxidation or reduction of spe-
cific chemical materials inside the solution. By functionalizing the
electrode surfaces, the chemical reaction occurs in the presence of the
analyte around the electrode detecting the bacteria as shown in pub-
lished literature with numerous versions of micro devices [32]. Whilst
its electrode and microchannel design slightly differs from the im-
pedimetric one, using labeled molecules is a necessity, as well as using a
redox catalyst. The SPR measurement principle is based on sensing the
variation in the angle of reflected light upon changing the optical
properties of the medium. Thus, it requires surface functionalization
[33] with a complex optical setup for analysis. Whilst being sensitive
and selective, it requires expensive bio-molecules in addition to preci-
sion optical instruments. QCM measures the change in the resonant
frequency of quartz crystals because of the mass alteration induced by
binding the pathogens onto the surface. Fabrication is carried out with
double-sided electrode formation on a pure quartz crystal substrate,
which makes it an expensive device in comparison to an impedimetric
detection chip. In addition, it needs surface functionalization with an-
tibodies [34]. A cantilever sensor is also a very tiny device that is hard
to engineer. A cantilever sensor measures the deflection of a reflected
laser beam from the surface upon binding of the analyte [35]. Utilizing
this technique for bacteria detection needs a functionalized cantilever
surface as well as an advanced optical setup, which make it hard to use.
There are also molecular biological techniques like polymerase chain
reaction (PCR) [36] and loop mediated isothermal amplification
(LAMP) [37] that have been adapted to LOC systems for detection of
pathogens. Several versions of LOC PCR [36,38] and LAMP [37] sys-
tems developed for pathogen detection can be found in published lit-
erature. These are the ultimate detection techniques targeting the
species-specific genetic sequences and generate millions of this DNA
sequence through nucleic acid reactions for fluorescent detection. On
the other hand, these techniques need previous cell lysis to reveal the
genetic material. The lysate is processed with several biochemical
substances at specific temperatures to increase the number of DNA se-
quences that is further fluorescently tagged. These protocols require
integration of many environmental gadgets to the microfluidic chip,
including valves, temperature sensors, heaters, etc. Fabrication of such
a device is hard and expensive in comparison to ours.

In this study, we have reported on an electrical microfluidic system
consisting of coplanar measurement electrodes and microchannels,
which are very easy to fabricate and integrate, unlike the top and
bottom electrodes that require very precise alignment. In addition, our

system does not require any previous focusing of the sample to be able
to detect particles of the size of bacteria. A two-stage filtering me-
chanism prevents clogging that enables working with very narrow
channels to achieve high sensitivity as well as simplicity. Though bio-
molecules like antibodies or nucleic acids provide selectivity for a test,
those reagents have to be replaced every time before running a new
test. Hence, by giving up selectivity, our system provides down to
single-particle sensitivity in 30 min with a cost-effective, multiple use,
microfluidic chip for preliminary screening of water samples. The ac-
curacy of our method is tested with blank, micro bead and P. aeruginosa
spiked samples by comparing it to the output of a membrane filtration
analysis using the same samples.

2. Materials and methods

In this study, we fabricated a microfluidic chip consisting of poly-
dimethylsiloxane (PDMS) microchannels and gold microelectrodes. The
microelectrodes were connected to a lock-in amplifier for electrical
detection. The water sample was spiked with P. aeruginosa or mono
disperse polystyrene (PS) micro beads (Polysciences, Inc.), and some
phosphate buffer saline solution (PBS, 10 × , 7.4 pH –Thermo
Scientific, ABD) was added to the water in a 15.6% v/v ratio to get
conductivity of 2.5 S/m. The spiked water samples were filtered using a
syringe filter (Millipore) with a pore size of 5.6 μm before pumping to
the microchannel. Then, a 30 μL test sample was run through the mi-
crofluidic chip while performing real-time electrical measurements. As
the particles were passing over the electrodes an impedance peak was
observed for every single particle due to blockage of the electric cur-
rent. Then, a 30 μL specimen was taken from the same sample and sent
to a microbiology lab to compare with a membrane filtration analysis.

2.1. Mold fabrication

A schematic representation of the channel mold fabrication is shown in
Fig. S1. A four-inch diameter silicon wafer is washed with acetone, iso-
propyl alcohol (Sigma Aldrich) and DI water, then dried with nitrogen
flux. The wafer is baked at 110 °C for 10 min to allow the evaporation of
every solvent molecule remaining on the surface. SU8 2005 (MicroChem),
a negative photoresist (PR), was poured over the wafer directly from the
bottle to cover a circle with dimensions half the diameter of the wafer. The
first layer of PR is coated for better adhesion to the active second layer.
Hence, after spin coating and heat treatment, UV is applied without a
mask. The second layer is spin coated at 850 rpm for 35 s (Fig. S1b). After
heat treatment to harden the PR at 65, 95 and 65 °C for 3, 6 and 2 min,
respectively, UV exposure is applied using a mask aligner (EVG620)
through a glass/chromium photomask (Fig. S1c). The mask design was
prepared using Layout Editor and the mask fabricated using a laser
scanning mask writer (Heidelberg Instruments DWL-66). After UV ex-
posure, the SU8-coated wafer was dipped into developer (MicroChem) for
1 min to obtain the desired microchannel pattern (Fig. S1d). In order to
prevent the SU8 coming away from the wafer during the PDMS is peeled
off after curing, some epoxy resin is brushed to the edge of the wafer to
stick the PR layer to the wafer.

PDMS (Dow Corning Sylgard 187) is mixed with its curing agent at a
weight ratio of 1:10. After thorough mixing, it is put in a vacuum
chamber to release the bubbles from the mixture, which takes nearly
30 min. Then the mixture is poured onto the mold and placed on a hot
plate for 2 h at 100 °C. The PDMS is cured and hardened by the heat to
take the shape of the mold and then it is peeled off. Hence the pattern
on the mold is transferred to the PDMS where all the extrusions on the
mold form the microchannels in the PDMS slab. SEM images of the
PDMS microchannels are shown in Fig. 1, which are the microchannels
used for P. aeruginosa detection, and have dimensions of 10 μm in
height and 30 μm in width.

Fig. 1a shows the top view of the microchannel inlet, where square-
shaped staggered filters are present to avoid clogging of the
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microchannel by large-scale particles. The 50 × 50 μm squares are
drawn on the mask of the microchannel during the design step, which
are implemented as pillars on the PDMS replica of the mold.

2.2. Electrode fabrication

The next step in the microfluidics chip fabrication was manu-
facturing the microelectrodes. These are created with a lift-off process
to finish the fabrication of 10 μm-wide gold microelectrodes. A mask
was designed and produced as mentioned above in the microchannel
fabrication step. A standard cleaning process was applied to the glass
slide in the sonicator bath by dipping the substrate glass slide in
acetone, methanol and isopropyl alcohol (Sigma Aldrich) for 1 min, and
a DI water flush and nitrogen drying were applied to the glass slide after
each step. HMDS (Hexamethyldisilazane) and AZ5214 (MicroChem) PR
were spin coated onto the glass slide at 4000 rpm for 50 s and 5000 rpm
for 40 s, respectively. Here the HMDS is used for better adhesion of the
PR to the glass surface. After heat treatment for 1 min at 110 °C on a

hotplate, the glass slide was placed on the mask aligner and exposed to
UV at 40 mJ/cm2 and followed by a developer step. This time the UV
exposed areas were peeled off, since the AZ5214 is a positive PR. The
metallization process was performed by thermal evaporation of 15 nm
chromium and 50 nm gold in a thermal evaporator (VAKSIS, MIDAS
PVD 3T). Molybdenum and tungsten boats were used for gold and
chromium evaporation, respectively. The physical vapor deposition
process was carried out at vacuum pressure of 10−6 Torr. In order to
achieve uniformity, the deposition was realized at a relatively slow rate,
which was 0.05 nm/s at a 40 A and 80 A current magnitude (60% and
30% power rate) for gold and chromium, respectively. The metal-
coated glass slide was put in acetone which etched the remaining PR on
the glass slide. Hence, the metal layer sitting on the PR is also peeled off
which forms the metal electrodes. Only the metal layer directly de-
posited on the glass surface remained on the glass slide. A simple re-
presentation of electrode fabrication process is shown in Fig. 2.

The last step of the fabrication is bonding of the microchannel and
the microelectrodes. We used nuts and bolts to reversibly bond the two

Fig. 1. SEM images of PDMS microchannels (a) top-view of the channel inlet with filtration section (b) cross-sectional image of the main microchannel.
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pieces, The PDMS microchannel and glass slide was sandwiched be-
tween two laser-cut Plexiglas parts fixed with nuts and bolts. Windows
corresponding to the inlet, outlet holes, the channel and the contact
pads were carved out from the upper part of the Plexiglas. A photo-
graph of our microfluidics chip is shown in Fig S2.

2.3. Experimental set-up

Our experimental setup consisted of a lock-in amplifier (HF2LI -
Zurich Instruments) that was connected to the microfluidics chip via
coaxial cables as well as a pressure pump (Elveflow – OB1) connected to
the vials containing the sample. The samples are sent through the mi-
crochannel by connecting the vials output tubing (Cole-Parmer 95702)
to the channel inlet via a flat metal syringe tip. The pressure value is set
from the pump's user interface (UI) on a PC, then the flow is started.
During the electrical measurements, the samples were sent at a constant
pressure of 330 mbar from the vial producing a 30 μL/h flow rate in the
microchannel used.

Using the automatic scanning feature of the lock-in amplifier,
1.5 MHz was determined to be the least noisy frequency point. Thus,
the middle electrode is excited by the lock-in amplifier's interior AC
signal generator at 1.5 MHz. The amplitude of the excitation voltage
was set to 3 Vp-p to achieve the best signal to noise ratio (SNR).
Comprehensive details of this were given in our previous work [7]. This
signal forms a current inside the chip driving the ions inside the

solution back and forth. The output is connected to the trans-impedance
amplifier (HF2TA - Zurich Instruments) from the second electrodes. The
trans-impedance amplifier turns the incoming current into a voltage to
be transferred to the lock-in amplifier. The lock-in amplifier analyzes
the voltage using its hardware and software reducing the noise as much
as possible so that it can detect tiny particles such as bacteria. A
drawing that represents the measurement setup is shown in Fig. 3.
Bacteria, as living cells, have a conductive cytoplasm and thin insulator
membrane and are suspended in the ionic solution and flow inside the
channel. When the bacteria arrive at the electrodes, the thin membrane
blocks the current during transit and the current reverts back after the
bacteria leave the electrode region. The fluctuating current signal is
converted to a voltage in the trans-impedance amplifier and transferred
to the lock-in amplifier. The lock-in amplifier processes the signal,
which is monitored on the computer screen continuously where a single
peak and trough occurs on the screen during the transit of the bacteria.
Since there are in-phase and out-of-phase components in the output
current according to the excitation voltage, the amplitude and phase
data are monitored and recorded via the lock-in amplifier. The peak
height is taken as the half value of the signal from peak to trough for
amplitude and phase parameters. Transit time, as another parameter, is
defined as the time between the peak and trough points of the signal as
shown in Fig. 3. The data is recorded in CSV form that is further pro-
cessed by a custom Python code employing Pandas library to handle the
large amount of data together with several other libraries. As the

Fig. 2. Schematics of the electrode fabrication process (a) the mask is designed by computer (b) printed with a mask writer over chromium-coated soda lime glass (c)
glass slide is cleaned (d) PR is spin coated over the glass slide (e) UV exposure is delivered via the mask aligner (f) the glass slide is dipped in developer solution that
etches the UV-exposed PR (g) 15 nm chromium is coated in the first step, (h) a 50 nm gold layer is coated in the second step in a thermal evaporator (i) the glass slide
is dipped into acetone to etch the PR and everything above it leaving the gold micro electrodes on the glass surface. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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sampling rate of the lock-in amplifier is set to 20 kHz, more than a
million data points are collected after 1 min of recording, which is hard
to process but good for catching details about the particles.

2.4. Detection of P. aeruginosa in spiked water samples using the culture
method

P. aeruginosa ATCC 27853 samples were cultivated in blood agar
and incubated at 37 °C overnight. After checking the purity of the P.
aeruginosa, bacteria were transferred to a sterile physiological saline
solution (0.1% NaCl). The water samples were spiked with P. aeruginosa
at 4 different concentrations and immediately measured with both
methods such that the detection experiments were started 1 h after
transplanting the bacteria from the blood agar. The membrane filtration
method (TS EN ISO 16266) was used as the classical method for P.
aeruginosa analysis. For microbiological analysis, samples were filtrated
on different sterile 0.45 μm membranes (Millipore) with a vacuum
pump after 10 times dilution. The filters were cultivated on selective
media in Cetrimide agar plates (Hypet Aqua, Diatek, Turkey) and left in
an incubator at 36 ± 2 °C for 44 ± 4 h. The Petri dish was in-
vestigated by naked eye to count the bacterial colonies. Bluish and
greenish areas were accepted as P. aeruginosa colonies, which were also
investigated under 366 nm UV light where the florescent areas were

assumed to be P. aeruginosa as well. The suspected fluorescent areas
were further checked with acetamide broth and King B agar selective
media (MERCK, Germany). When suspicious growths in a brown/red-
dish color appeared in the petri dishes, the oxidase test was performed.
Two or three drops of oxidase reagent (MERCK, Germany) was added to
suspicious colonies. The reaction was considered to be positive once an
intense purple color developed after 10 s.

3. Results and discussion

3.1. Principles of detection

Here the purpose of the fabricated microchip is to focus the particle
over the electro-active region. In the domain near the electrodes, the
electric field is very strong and forms a high current density, hence, it is
called the electro-active region. When a particle passes through this
region, the electrical field current lines are cut inducing a variation in
the output current that is fed to a trans-impedance amplifier. Since the
electrodes are connected to a lock-in amplifier which applies the ex-
citation voltage to the middle electrode and measures the current from
the outer electrodes continuously, particles are detected from the signal
provided by the lock-in amplifier.

Insulating substances, like PDMS and glass, were used as

Fig. 3. A representative drawing of the experimental set-up: The middle electrode is directly connected to the lock-in amplifier's AC output. Counter electrodes are
first connected to the outbox trans-impedance amplifier (TA) where the current is converted to a voltage and transferred to an inbox differential amplifier to amplify
the difference between them. Assuming perfectly identical electrodes, 0 V is sent to the lock-in amplifier for the ‘no particle’ state. Once a particle passes through the
electrodes, the balance between the current flowing via the counter electrodes are distorted and the fluctuations are detected by the lock-in amplifier, as shown in the
representative monitor. Here, the peak value is calculated as half the sum of the positive and negative peak heights as well as the transit time, which is also calculated
as the time interval between the positive and negative peak points.
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microchannel material to focus the electric current lines into a narrow
region so that the size of the particle becomes comparable with the
electro-active region. Therefore, channel dimensions are critical in
terms of the sensitivity of the measurement as shown before [7].
Lowering the channel width decreased the noise but kept the signal
constant, which meant a better SNR. Furthermore, the channel height
determined the distribution of the electric current lines from bottom to
top as the electrodes are on one side of the channel in a coplanar design
Fig. 4. Accordingly, the same size particles passing closer to the elec-
trodes gave higher signals. To decrease this disadvantage – the biggest
of the coplanar electrode design – the channel height needed to be as
low as possible or the particles needed to be focused at a constant
height. Since we do not want additional complexity in our chip, like
hydrodynamic focusing etc., a channel height of 10 μm and channel
width of 30 μm was adopted in our measurements.

A 2D and 3D COMSOL simulation of the phenomenon is shown in
Fig. 4, which was produced at an excitation voltage of 1 V and a
1.5 MHz excitation frequency. Here the 2D simulation demonstrates the
disruption in the electrical current field lines during the passage of the
particle that leads to a reduction in the total current and increases the
impedance. Fig. 4 shows a particle with an insulation membrane of
0.0001 S/m with a conductive interior of 0.6 S/m suspended in a
conductive medium of 2.5 S/m, which are the corresponding para-
meters representing the experimental conditions. While the membrane
thickness is very low, it blocks the current and increases the path length
of the electric field current lines as well as the impedance. The 3D si-
mulation shows that the current density reduces by moving away from

the electrodes and the current cannot penetrate into the particle, in-
stead it flows around, which is shown as the reddish area around the
particle as the current lines are squeezed.

The biggest challenge in pathogen detection is the small size of
bacteria that induces low output signals in the detection unit and leads
to a low SNR. According to the simulation results demonstrated in
Fig. 4, electric current flows around the membranous particle as if the
particle is a non-membranous bead, at 1.5 MHz. To achieve the max-
imum SNR, a frequency of 1.5 MHz was determined to carry out the
measurement even though penetration of the electric current into the
membrane is possible at higher frequencies. Therefore, if it had not
been possible to discriminate between membranous and non-membra-
nous particles under these conditions, it would have meant that our
measurement was size sensitive and lacked the ability to discriminate
bacteria from beads.

3.2. Reversible bonding and filtration

Our microchannel design is very low in height to enhance the sen-
sitivity, which makes the channel more prone to clogging. Although
there is two-stage filtering, the channels might clog due to misuse or the
channel inlet filter itself may clog when frequently plugging the con-
nector in and out. In addition, the channel inlets can also split due to
harsh and intense usage that leads to leakage. When the channel is
blocked or starts leaking, the whole microfluidics chip can become
unusable if the bonding is irreversible, which means a waste of time and
money. Therefore, plasma bonding was not employed due to its non-

Fig. 4. The COMSOL simulation of the channel around the electrode area with a particle includes: (a) 2D simulation of the electric current stream lines which
illustrates that the electrical current lines are forced to flow around the particle leading to increased impedance that can be monitored through the measurement
device (b) 3D simulation of the electrical current density with cross-sectional view which shows electrical current density gradient from bottom to top generating
higher current reduction for the particles passing closer to the electrodes.
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reversible character, even though it is the most common method.
Reversible bonding with nuts and bolts enables the PDMS channel to be
separated from the glass and to be replaced with a new one or replacing
the same channel after cleaning. In addition, electrode sets were made
very close to each other in our design to save on space to produce as
much electrode as possible in a single fabrication session in the clean
room. A single channel lays on 2 electrode sets covering both elec-
trodes. In case of channel or electrode break down, 2 electrode sets are
lost at once with irreversible bonding. Hence, mobility of the micro
channel permits jumping to the next electrode set once the first has
deteriorated through several possible reasons such as high voltage,
defective fabrication etc.

The filtration system consists of two stages, which are the syringe
filter and the channel inlet filter. The latter one prevents flow of the
wear remnants to the channel. Wear remnants form during the
punching of the inlet and outlet holes to the PDMS microchannel. In
addition, plugging the fluidic connectors in and out of the inlet holes
also produces wear particles that go through the channels after the flow
starts. Those wear remnants induce channel clogging as an inherent
property of the PDMS channels independent from the sediments con-
tained in the sample. On the other hand, dust particles hanging in the
air may stick around the inlet when the fluidic connectors are un-
plugged. The dust particles are pushed through the inlet while plugging
in the connectors which are carried to the channel when the flow is
started that can also lead to clogging. Therefore, a self-filtered channel
is the only way to prevent this type of clogging based on our experience.
Moreover, the channel inlet filter falls short in filtering the smaller
particles due its relatively big size. Small particles are possibly found
inside the sample which requires a previous filtration stage. The best
way is to filter the sample with a syringe filter before running through
the channel. A filter of 5.6 μm pore size blocks anything inside the
sample except for pathogens or the particles that are the same size as
the pathogens. Our two-stage filtering mechanism worked very well
during our experiments ensuring a smooth and continuous flow.

3.3. FEM simulation

Some FEM (Finite Element Method) simulation was performed using
COMSOL(R) MULTIPHYSICS 5.0 software to compare with the experi-
mental results. For 2 and 3 μm diameter PS beads, simulations were
done using the electrical parameters from our previous work [39]. For
both size beads, the particle height was arranged to give the same
distance from the top and bottom of the channel to the bead's closest
point. Thus, the center of the 2 μm diameter particle was assigned a
range from 1.5 to 8.5 μm, and the center of the 3 μm diameter particle
was assigned a range from 2 to 8 μm in 0.5 μm steps. The COMSOL
simulation was run at a mesh setting with minimum and maximum
element sizes of 0.01 and 1.0 μm respectively at a 1V excitation voltage
and 1.5 MHz frequency; the results are given in Amperes in Fig. 5a.
Here, the simulation results can explain the reason for the variation in
the experimental results for the same size particles. The highest peak of
the 2 μm diameter beads taking the shortest path to the electrodes gives
nearly the same value as the lowest peak of the 3 μm diameter bead that
takes the longest path to the electrodes. The overlapping signals of
different size particles cause some difficulties in discriminating between
the objects according to their size. However, the performance of the
system still has the capability to distinguish 2 and 3 μm diameter par-
ticles according to the simulation results shown in Fig. 5a. The simu-
lation shows that only the highest peak value of the 2 μm diameter bead
intersects with the some of the lowest values of the 3 μm diameter beads
whose routes are over 7 μm above the channel surface. With only 4 out
of 28 data points intersecting, according to Fig. 5b, simple statistical
calculations show this represents a 14.3% failure to distinguish between
the particles based on the signal height. On the other hand, these peaks
come from the lowest and highest paths of the beads inside the channel
where the wall lift force is very active, which does not favor the

positions close to the channel walls and further decreases the failure
number below 14.3%. This achievement arises from the relatively low
channel ceiling that holds the particle in a small height range closer to
the electro-active region as shown in Fig. 5b, which in turn leads to a
reduction in the variation of the signal helping to discriminate between
the particles.

3.4. Electrical measurements

Characterization of our device was performed with uniform 2 and
3 μm diameter mono disperse PS micro beads which were suspended in
a 2.5 S/m PBS solution in different vials. The SEM pictures of the PS
micro beads are given in Fig. S4. The vials were connected to a pressure
pump, and the 2 and 3 μm diameter beads were sent through the mi-
crochannel separately at a constant pressure. Results of the electrical
measurements are plotted in Fig. 6, which demonstrates that our system
is able to distinguish between 2 and 3 μm diameter PS particles. Those
results are in accordance with the simulation results discussed in the
previous chapter that showed the particles with lower paths cutting
more electric field current lines than the particles at higher paths. Since
the heights of the particle paths inside the channels showed variations,
peaks produced from the same sized particles varied as well.

In Fig. 6 three different parameters were calculated and plotted,
which are the peak heights of the amplitude and phase, and the transit
time, where all the 3 combinations are shown as scatter plots. Fig. 6a
shows that phase and amplitude produce the same trends without
giving any extra information. Transit times were in the same range for
both 2 and 3 μm diameter particles that cannot therefore be used as a
distinguishing parameter. Therefore, only one of the amplitude or phase
parameters would be enough for size-based particle identification. The
amplitude parameter was chosen for the rest of this study.

A 2.5 S/m PBS solution was spiked with P. aeruginosa and sent
through the channel via a pressure pump to test the possibility of the
electrical detection of P. aeruginosa. Results of the electrical measure-
ment are shown in Fig. S5 where every single amplitude peak corre-
sponds to a single P. aeruginosa bacterium. As the bacterial volume is
not constant like the beads, the results show bigger variations than the
bead results. A magnified view of a single peak is also shown in Fig.
S5b, which represents a single bacterium. Also shown is a closer look at
P. aeruginosa with the SEM image in Fig. S5c.

3.5. Comparison of the electrical and classical microbiological analysis

The aim of this study was to diagnose suspected water samples
swiftly. While the sample cannot be classified as pathogenic or not with
this on-chip electrical method, it can be diagnosed as suspect or not.
After a rapid on-chip inspection, the suspected samples might be sent to
labs for further analysis as to whether it is pathogenic or not, which
requires finding the exact species of the cells inside the sample. To test
this idea, a water sample that had been tested and confirmed free of any
contamination was spiked with P. aeruginosa at different concentra-
tions. The sample's conductivity was set to 2.5 S/m for electrical
measurements and filtered via 5.6 μm filters to prevent channel clog-
ging. The filter size was chosen specifically to select particles having the
same size as the pathogens and prevent the passage of particles bigger
than the channels, which could induce clogging and malfunctioning of
the chip. The samples spiked with different concentrations of P. aeru-
ginosa were sent through the channels separately and electrical mea-
surements were performed with a lock-in amplifier. It took 1 h to test
each 30 μL sample. According to the results, the water sample free of
contamination did not produce any significant peaks while the other
samples carrying the bacteria gave peaks that should be considered as
dangerous. For comparison with the classical microbiological methods,
all 5 samples were sent to a microbiology lab for testing with the
membrane filtration method. The plain and bead carrier samples did
not give any positive results while the spiked samples gave positive
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results, as shown by the photograph in Fig. 7. According to these re-
sults, the magnitude of the signal varied depending on the size and
position of the particles despite the noise level being constant in all the
experiments.

For the electrical measurements, the micro bead solution gave a
positive result while the plain solution gave a negative result. Hence,
the result for the electrical measurement of the micro beads can be
called a false positive, as it gave a negative result in the gold standard
microbiological analysis. In the other experiments, low concentration
spiked solutions produced 3000 particles/mL for the lock-in amplifier
measurement and 800 CFU/mL in the conventional assay. The medium
spiked solution produced 5000 particles/mL in the electrical measure-
ment and 1400 CFU/mL in the conventional assay. The highly con-
taminated solution produced 11000 particles/mL in the electrical
measurement and 6000 CFU/mL in the conventional biological assay.
These results validate our approach of analyzing fluid samples in 1 h to
identify samples as dangerous or not. It should be noted that the micro
bead solution, which is non-hazardous, is classified as dangerous by the

electrical measurement. It means that the samples having non-ha-
zardous particles with an equivalent size as the pathogens will also be
classified as dangerous in the on-chip electrical detection as false po-
sitive outputs. However, all the contaminated samples and plain sample
gave consistent results with the conventional microbiological assay,
which indicated the success of the method. The results of the LOC
system and the conventional membrane filtration analysis were found
to be in good agreement. We are offering this LOC system as a screening
method that can be used for rapid, frequent, on-site testing before
proceeding with the costly and time-consuming microbiological ana-
lysis for each sample.

Our method cannot identify the type of particle detected, yet it
raises a red flag for potentially infectious samples that can be further
scrutinized by downstream analysis. Hence, we envision the use of this
system for on-site monitoring of bottled water and recreational water
where currently, if a threat is detected, more detailed laboratory ana-
lyses would have to be performed. The microfluidic chip does not re-
quire trained personnel for analysis and runs on an automated system

Fig. 5. FEM simulation of microfluidic chip includes: (a) Calculation of the peaks for the 2 and 3 μm diameter beads passing over the electrodes at several heights.
The bigger size particle gives a higher signal as it cuts more electrical field current lines. In addition, signal reduction takes place for higher particle routes which adds
complexity in distinguishing the particles with regard to size. The plot shows that signals coming from the higher paths of the 3 μm particle overlap with the signals
coming from the lower paths of the 2 μm particle (b) 3D domain simulation of the electrical current density distribution indicating higher electric current density near
the electrodes.
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that only needs the introduction of the sample to the microfluidic chip.
The system can also be turned into a handheld analysis system by
miniaturizing the electronics and plumbing components that are used in
the peripheral units. This would be a very practical and low-cost testing
platform solution, thanks to the small and reusable microfluidic chips
introduced in this study.

All the five cases shown in Fig. 7 normally go to the lab for testing
with the membrane filtration method as standard. Our method comes
into play at this point removing the requirement for some tests giving
no peak to be sent to the lab for standard analysis, such as the one given
in Fig. 7a. Elimination of some samples for detailed analysis reduces the
cost and time dramatically, since the membrane filtration method is a
relatively expensive and complex method that needs clean environ-
ments and educated staff.

3.6. Miniaturization and integration

The use of this device in the field as a point-of-need tool can be
possible through miniaturization of the environmental components.
Our experimental setup included a PC controlled lock-in amplifier and
pressure pump for both measurement and driving the samples
throughout the microchannel. These are all heavy and large pieces of
equipment that are hard to carry for an operator or an end user in the
field. However, the μTAS community has developed many devices that
can take place of the desktop tools including: a handheld custom made
lock-in amplifier used for blood coagulation measurement [40], qPCR
[41], on-chip active and passive pumps used for Prothrombin time
measurement [42], droplet generation [43], drug analysis [44] and
delivery [45]. An external battery can be used for a power source [46];

however, the best solution is to use a cell phone which offers display
and computational abilities as well as power, which finds applications
in several fields such as E. coli detection via quantum dots [47], elec-
trochemical analysis of proteins [48] and bio-molecule detection with
SPR [49]. Therefore, our setup can be miniaturized to a handheld de-
vice for fast and cost effective point-of-need analysis of water samples.

4. Conclusions

In classical microbiological methods, which are labor intensive,
expensive and time consuming, all 5 samples – two of which were plain
water and a PS bead suspension while the other three were spiked with
P. aeruginosa bacteria – underwent the same investigations that nor-
mally take at least two days and require educated personnel. Here we
offer a pre investigation to diagnose the sample as dangerous or not. In
some cases, the spring water would not need to be analyzed, which was
determined in 1 h by this on-chip electrical measurement. However, our
test cannot be a gold standard due to the fact that our micro fabricated
device cannot detect what is inside the sample. The test results can only
claim whether there is potentially something dangerous in the sample
with regards to impedance peaks. The suspected particles can be either
solid particles, non-dangerous living species or pathogens, which can be
revealed by further microbiological investigation. However, our test
can decrease cost and time in analyzing water samples. For example,
on-chip electrical measurement tests show that our plain water sample
doesn't have any dangerous particles, which removes the need to send
the sample for microbiological analysis. This method does not only
reduce the cost; it also saves time with completion in 1 h. The electronic
and pumping components of the device have a chance of being

Fig. 6. Lock-in amplifier output for 2 and 3 μm diameter beads: (a) Histogram of peak amplitude (b) Scatter plot of transit time and amplitude (c) Scatter plot of
amplitude and phase (d) Scatter plot of phase and transit time. Results point out that transit time is not an applicable parameter for discrimination of 2 and 3 μm
diameter beads unlike amplitude and phase, which are quite good for size dependent identification.

I. Bilican, et al. Talanta 219 (2020) 121293

9



miniaturized, which make it a good candidate for a hand-held POC
(point of care) device for testing the water samples at source in minutes.
In addition, our device does not need educated operators and offers a
test that can be done by anybody who is capable of taking a water
sample.
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