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Microfluidic based impedance biosensor for
pathogens detection in food products

A MEMS-based impedance biosensor was designed, fabricated, and tested to effectively de-
tect the presence of bacterial cells including E. coli 0157:H7 and Salmonella typhimurium
in raw chicken products using detection region made of multiple interdigitated electrode
arrays. A positive dielectrophoresis based focusing electrode was used in order to focus
and concentrate the bacterial cells at the centerline of the fluidic microchannel and direct
them toward the detection microchannel. The biosensor was fabricated using surface mi-
cromachining technology on a glass substrate. The results demonstrate that the device can
detect Salmonella with concentrations as low as 10 cells/mL in less than 1 h. The device
sensitivity was improved by the addition of the focusing electrodes, which increased the
signal response by a factor between 6 and 18 times higher than without the use of the
focusing electrodes. The biosensor is selective and can detect other types of pathogen by
changing the type of the antibody immobilized on the detection electrodes. The device was
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1 Introduction

Foodborne diseases are a serious public health issue caus-
ing millions of acute illnesses, hundreds of thousands of
hospitalizations, and thousands of deaths each year in the
United States alone [1]. Many foodborne pathogens outbreaks
happen every year. For example, two separate outbreaks of
Shiga toxin-producing Escherichia coli were investigated in
2015 by FDA. These outbreaks were caused by the trans-
mission of pathogens to humans via contaminated vegeta-
bles, fruit, meat, drinking water, and eggs. It is noted that

E. coli O157:H7is a type of bacteria that lives in the intestines
of both human and animals. It may result in bloody diarrhea
and can sometimes cause kidney failure and death. There are
other types of E. coli such as E. coli (ETEC), E. coli (EPEC),
E. coli (UPEC), and E. coli O104:H4 that can make people just
as sick as E. coli O157:H7 [2]. On the other hand, Salmonella
is one of the most frequently reported cause of foodborne
illness. The Salmonella family includes over 2,300 serotypes
of bacteria. They are too small to be seen without a micro-
scope. Salmonella Enteritis and Salmonella Typhimurium are
the most common in the United States and account for half of
all human infections. Therefore, it is of great priority and im-
portance for the researchers to develop an advanced method
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for accurate and efficient detection technique of foodborne
pathogenic bacteria [3].

Conventional bacterial culture testing methods are con-
sidered the gold standard for pathogens testing. They are
implemented to detect and identify the pathogenic bacte-
ria in food products and reliable for insuring food safety.
These techniques have been used for many years as the food
and drug administration (FDA) has established the screen-
ing procedure [4,5]. The major disadvantage of this tech-
nique is the long duration of bacterial culture (2—5 days) to
confirm diagnosis. Nucleic acid-based assays such as Poly-
merase Chain Reaction (PCR) have very high specificity and
sensitivity and turnaround time of 24 h due to the need for
enrichment step [6], Although many PCR instruments have
been approved by food safety organizations such as AOAC
International PCR cannot distinguish between live and dead
bacteria and false positives may occur [7]. The immunologi-
cal methods such as ELISA (enzyme-linked immunosorbent
assay) are based on specific antibody-antigen binding and
also require a long enrichment step. The failure to detect
foodborne pathogens also increases the transmission risk of
pathogens [8].

Some of the recent techniques that are used for
biosensor detection are: (i) Electrochemical [9], poten-
tiometric [10], impedimetric [11-13], and conductometric
[14]. An electrochemical immunosensor based on screen-
printed gold electrodes, for instance, was developed for the
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Table 1. Various biosensor techniques for E. coli and Salmonella detection

Technique Food matrix LOD [CFU/mL] Ref.
Immunosensor/ Salmonella protein/ Salmonella Water and Juice 1% 10! [24]
Diazonium based/ aptasensor/ SPEs/ Salmonella Apple juice 1x 10! [19]
Impedance sensing/ IDM gold arrays/ Salmonella Poultry samples 1 x 102 [20]
SPR sensor/ in-situ detection/magnetic nanoparticle/ Salmonella Pure culture 1.4 x 10 [21]
Bacterial enrichment/in-situ /impedance detection/ E. coli Chicken sample 5% 10* [25]
Microfluidic /label free/ p-DEP focusing/ E. coli Drinking water 3 x 10? [26]
Impedimetric aptasensor/ 3D-IDEA/ quantification/ E. coli Water sample 1 x 102 [27]
Magnetic separation/ MNPs/ microfluidic/ E. coli Pure culture 1.2 x 10! [28]
SERS/ magnetic nanoparticles/membrane filtration/ E. coli Ground beef 1 x 101 [29]
Magnetic bead/sandwich complex/in-situimmunoassay Spinach/chicken 1% 10! [30]
Electrospun nanofiber/magnetic nanoparticle/ E. coli Broth samples 6.7 x 10' [31]

IDM: Interdigitated microelectrode; MNPs: Magnetic nanoparticles; SERS: Surface enhanced Raman spectroscopy; SPEs: Screen printed

electrodes; SPR: Surface plasmon resonance.

chronoamperometric detection of Salmonella typhimurium at
a concentration as low as 20 cells/mL [15]. (ii) Optical, biosen-
sors include light Surface Plasmon Resonance (SPR) [16],
Surface-Enhanced Raman Spectroscopy (SERS) [17], chemi-
luminescence [18], and fluorescence [19]. For example, a sim-
ple and rapid SERS method was investigated for sensing
E. coli O157:H7 in ground beef at 10 CFU/mL [20]. SPR
immunosensor with Fe;O, MNPs separation was used for
Salmonella enteritidis detection at a concentration as low as
14 CFU/mL [21]. (ili) Mass-based biosensors, for example, a
quartz crystal microbalance nanoplatform for a label-free de-
tection of E. coli was demonstrated under optimal conditions.
The operation frequency was proportional to the antigen con-
centration with a minimum detection limit of 5 ng/mL, and
a sensitivity of 0.037 Hz g/mL cm ™! [22]. Furthermore, Other
detection techniques include magnetic nanoparticle (MNPs)
which combines high surface area and high affinity, it can be
implemented in biological samples labelling to provide a di-
rect readout by naked eye in which approached the detection
limitof 12 CFU/mLin broth and 30-300 CFU/mL in food ma-
trices [23]. Electrospun detection technique combined mag-
netic separation technique, capillary immunoassay, and di-
rect electrical measurement for rapid and accurate sensing
of the E. coli O157:H7 cells, the electrospun biosensor device
has alinear detection for E. coli 0157:H7 concentration of 10"
to 10* CFU/mL with a low concentration of 67 CFU/mL [24].
The impedimetric biosensor approach was implemented and
studied (See Table 1 [19-21,24-31]) by measuring the change
in the impedance of the electrodes which indicates the pres-
ence or absence of the pathogen cells. These pathogen cells
bind to the receptors such as antibodies that are immobilized
on the interdigitated electrode arrays (IDEAs).

This paper presents a biosensor for rapid and accurate
detection of Salmonella cells in raw chicken samples, and
E. coli 0157:H7 cells in in pure culture. The device consists
of a region for focusing and concentrating the bacterial cells,
and a region for detection of bacterial cells. The detection
region is coated with specific antibodies for selective detec-
tion. The Salmonella and E. coli O157:H7 bacteria cells were
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detected with a concentration as low as 10 and 13 cells/mL,
respectively.

2 Theoretical background

Dielectrophoresis (DEP) principle can be used as a compet-
itive and alternative solution to many recent techniques of
cell concentration and separation [32], such as centrifuga-
tion, filtration, fluorescence activated cell sorting, or optical
tweezers. In many biomedical applications, DEP has impor-
tant advantages over traditional techniques of cell separation.
Using DEP principle, a wide range of cells, bacteria, viruses,
DNA, protein, and particles can be isolated and analyzed with-
out harming them. In addition, DEP can operate directly on
unaltered and unlabeled cells [33]. Therefore, it reduces the
expense, the labor, and the time needed for the development
and validation of labeling and tagging. The cells remain viable
for more analysis since DEP does not affect the properties of
the cell [34]. Polarized charges will be induced on the sur-
face of the dielectric particle when it is under an influence
of an electric field (E-field). In this work, the bacteria cells
were pushed to the center of the channel that is connected to
the detection channel. This was achieved by adjusting the
magnitude and the frequency of the applied electric field
signal across the focusing electrodes using function gener-
ator while the bulk fluid kept flowing toward the outer two
channels to the waste outlets. The ramp down channel gen-
erates hydrodynamic drag force on the particles/ cells that
aids the focusing of cells and particles into the centerline
of the channel. The DEP was discussed in details in multi-
ple publication [35-37]. The focusing of cells is also depen-
dent on the flow rate of the fluid inside the microchannel.
DEP force in conjunction with hydrodynamic drag force cre-
ates a streamlined flow of cells, through the centerline of
the microchannel towards the detection electrodes region.
E. coli and Salmonella cells are captured on the detection elec-
trode array using anti-E. coli and anti-Salmonella antibodies,
respectively.
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3 Materials and methods
3.1 Biosensor design

The biosensing device is shown in Fig. 1(A). It consists of
(i) A focusing region, based on p-DEP, concentrate the bacte-
rial cells in the centerline of the fabricated microchannel and
push them toward the sensing region using a ramp down
vertical electrode pair made of electroplated gold along with
tilted thin gold finger pairs designed with 45° degree, and
a ramp down channel that generates. The Implementation
of this method resulted in a highly concentrated bacterial
cells by adjusting the frequency and the amplitude of the
signal applied on the focusing electrode. (ii) A region for
bacterial cells sensing region consists of three adjacent sets
of interdigitated electrode arrays (IDEAs). Each set has 10
pairs of fingers made of thin gold film. The finger width,
and spacing between fingers are 10 pm, and 10 wm, respec-
tively. Each set was measured independently using a pair of
bonding pads. The focusing microchannel width begins with
300 pm and ramp down to 100 wm at the end of the focus-
ing region. It splits into three 33 wm wide channels. The
outer two channels were used as waste outlets to get rid of
the bulk media that does not have bacterial cells, while the
center microchannel is designed to carry the bacterial cells
towards the detection region. The depth of the microchan-
nel is 25 pm and has four inlet-outlet fluidic ports. The
detection electrode was functionalized by immobilizing spe-
cific antibodies to target the pathogen cells on the electrode
surface. The antibody solution was injected into the detec-
tion electrode using the antibody inlet and was immobilized
on the detection electrode array. The baseline impedance of
the antibody was measured. The pathogen samples were
tested by flowing them through the sample inlet toward
the focusing electrode and then toward the detection elec-
trode arrays, and into the waste outlet. After the microchan-
nel is filled with test solution, the flow stops for 30 min
to achieve an efficient binding between the pathogen cells
(e.g., Salmonella antibody) and antibodies (anti-Salmonella an-
tibody). The channel was then cleaned using distilled water
to remove any unbounded cells or particles. The impedance
was then measured again, and the impedance change
was determined by subtracting the baseline impedance
values.

3.2 Biosensor microfabrication

The fabrication of the device was performed using surface
micromachining process on top of a glass substrate. Fig. 1(B)
shows the cross-sectional view of the fabricated layers. The
glass slide (substrate) that was used in the fabrication pro-
cess has a dimension of 2 inches x 1.5 inches. The substrate
was cleaned using piranha solution which is composed of
hydrogen peroxide (H,0,) and sulfuric acid (H,SO,) in a
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ratio of 1:3, respectively. The substrate was placed inside the
piranha solution for 5 min to remove all the organic contam-
ination from the substrate surface, then washed thoroughly
with deionized water DI and blown dry with a nitrogen gas.
After cleaning, a layer of SU-8 2005 photoresist was spin
coated, followed by prebake, UV exposure without masking,
post bake to achieve a thin layer with a thickness of 4 pm, and
then hard baked for 30 min at 150°C to cure the SU-8 layer.
This SU-8 layer improved the adhesion property between the
following SU-8 layer for the microchannel, preventing the mi-
crochannel from peeling off from the substrate. Chromium
(Cr) and gold (Au) layers were deposited using magnetron RF
sputtering machine at 4-mTorr pressure achieving a thick-
ness of 50 nm and 150 nm, respectively. The Au film was
patterned using Shipley 1813 photoresist with a thickness of
1 pm, etched using wet etching by mixing potassium iodide
(KI), iodine (I,), and DI water to etch the exposed gold. This
created the IDE array for detection region, the electrode traces,
and focusing electrode, and seed layer for electroplating the
side wall of the focusing region. The next step is creating a
photoresist mold using AZ 4620 with a thickness of 12 pm in
order to electroplate the side walls for the focusing electrode.
The device was then immersed into Technic gold 25 ES gold
electroplating solution to plate the gold at the focusing elec-
trodes locations while the solution was placed on top of the
hotplate and heated at 55°C, stirred at a rate of 75 rpm, and
50 wA per cm? current density. The deposition rate of the
electroplating was controlled by the applied DC current den-
sity, and the length of the electroplating process was around
4 hh to achieve 12 pm of the electroplated gold. After electro-
plating, the AZ photoresist was no longer needed, and it was
removed using acetone, IPA, and DI water. The Cr layer is
no longer needed and was removed by placing the substrate
in Cr etchant for 30 s. The following step is pattering the
microchannel. SU-8 2025 photoresist was used with a thick-
ness of 25 pm. The SU8 2025 was spin coated, soft baked,
exposed to UV light, post baked, developed using SU-8 devel-
oper, and then finally hard baked to obtain the microchannel.
The final step is the polydimethylsiloxane (PDMS) bonding
to seal the microchannel. The microchannel was sealed us-
ing two polydimethylsiloxane (PDMS) covers cured with the
fluidic connectors for the inlet and outlets. Openings were
made on the first PDMS slab for the inlet and outlets, and
oxygen plasma treatment was applied to make the surface hy-
drophilic and then SU-8 (Microchem 2005) was spin coated
on the treated PDMS surface and cured at 95°C for 10 min to
improve the adhesion. The device was then aligned using the
inlet and the outlet markers and bonded to the first PDMS
cover manually and baked on a hotplate at 95°C for 10 min
while placing a weight on its top to secure the bonding. Sim-
ilarly, the second PDMS cover was prepared with the fluidic
connectors, treated with oxygen plasma, and aligned manu-
ally with the first PDMS layer and bonded. Fig. 1(C) shows
scanning electron micrographs of the fabricated devices while
Fig. 2(A) shows the completed biosensor device sealed with
PDMS covers.
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Figure 1. (A) Three dimensional schematics of the biosensor device showing the focusing and the detection regions, (B) Cross-sectional
views of the biosensor fabrication processes, (C) SEM micrographs of the fabricated device showing the focusing electrodes, the detection

electrodes, and the split of the microchannel.

3.3 Antibody preparation and immobilization
3.3.1 Salmonella antibody preparation

Rabbit anti-Salmonella O antiserum poly B (Becton, Dick-
inson and Company, Franklin Lakes, NJ) was used as cap-
ture antibody. It was mixed with the crosslinker, sulfosuccin-
imidyl 6-[3-(2-pyridyldithio) propionamide] hexanoate (sulfo-
LC-SPDP), for antibody immobilization. The antibody was co-
valently bound to the biosensor gold surface through the
crosslinker. Therefore, the immobilization was achieved via
the crosslinker (not physical adsorption). Briefly, for each

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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test, 8 ul of each antiserum was diluted with 292 pL filtered
chicken rinse, mixed with 300 L sulfo-SPDP (20 mM water
solution), and then incubated at room temperature for 1 h.
To reduce the disulfide bond of the thiolated antibody, 200
L DTT (0.1 M sodium acetate buffer, 0.1 M NaCl, pH 4.5)
was then added into the tube to react for 30 min at room
temperature before the antiserum mixture was loaded into
the biosensor. Therefore, antiserum was 1:100 diluted.

The thiolated antibody was immobilized on the gold sur-
face of the three IDE arrays via the antibody inlet. Once the
detection channel was filled with the antibody-crosslinker
solution, the flow was stopped for 1 h, during which the
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antibody could be adsorbed non-specifically to the gold elec-
trode surface. Any unbounded antibody was washed using
distilled water. Next, Salmonella cells that corresponds to the
antibody was flown over the immobilized antibody via the
sample inlet. The target Salmonella bound to the antibody due
to the specificity of the capture antibody for the Salmonella.
Any unbound cells were washed away using distilled water,
leaving the securely bonded antigen/antibody complex on the
sensor array.

3.3.2 E. coli 0157:H7 antibody preparation

The anti-E. coli 0157:H7 antibody was immobilized on the
detection electrodes via physisorption since the cross linker
was not used. Goat anti-E. coli O157:H7 polyclonal antibody
(Ab) was purchased from Meridian life sciences, USA. The
antibody was prepared at the concentration of 10 pg mL-1 us-
ing sterile DI water. 1 mL of prepared antibody was pumped
into the microchannel through the inlet and the pump was
stopped before the solution reached the outlet. The antibody
solution was kept in the microchannel for 1 h, to achieve
highest surface coverage, and minimizing any subsequent
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Schematic of the pathogen
testing setup which consists
of the syringe pump, the
function generator, and the
impedance analyzer.

nonspecific adsorption. The anti-E. coli antibody was immo-
bilized on the sensing electrode surface. After 1 h, the liquid
was then pumped out, and any unbound antibodies were
washed away using DI water.

3.4 Pathogen sample preparation
3.4.1 Raw chicken spiked Salmonella sample

The whole chicken (~5 pounds) was bought from a super-
market. Excess fluid was aseptically drained, and the carcass
was transferred into a large sterile bag. A 400 mL of buffered
peptone water (BPW) was poured into the cavity of the car-
cass. The carcass was rinsed with a rocking motion for 1 min
to assure both interior and exterior surfaces were rinsed. The
sample rinse was then filtered with a 100 wm and then a
20 pm cell strainer (pluriSelect Life Science, Leipzig, Ger-
many) to remove big debris which may block the biosensor’s
microchannel. The filtered rinse was used freshly to dilute
Salmonella cells or aliquoted and frozen at -20°C until used.
Alab constructed avirulent Salmonella enterica Typhimurium
strain (AsipB, Cmr) was used to spike the chicken rinse. An
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overnight culture (37°C, 200 rpm, in LB broth) of S. enterica
Typhimurium was harvested by centrifugation at 4000 rpm
10 min and washing with sterile distilled water three times
and then suspended in 25% sterile glycerol. The cell suspen-
sion was aliquoted and frozen at -80°C until used. At the same
time, one aliquot was serially diluted and plated on LB agar
plates to determine the cell concentration. The cell concen-
tration was determined to be 2 x 10° CFU/mL. Before the
test, one aliquot Salmonella suspension and several aliquots
of filtered chicken rinse were thawed on ice. The Salmonella
suspension was then diluted with the filtered chicken rinse
to the desired concentrations.

3.4.2 E. coli 0157:H7 Pure culture sample

The E. coli bacteria that is used in the study is E. coli
0157:H7 (ATCC 700728) was obtained from American Type
Culture Collection (ATCC, USA). For preparing inoculum
and test culture, E. coli (EC) broth (Fluka Analytical, USA)
was used. For agar plate preparation tryptic soy agar (TSA)
powder (Fluka Analytical, USA) used. Overnight broth cul-
ture of E. coli O157:H7 measuring 1 mL was centrifuged
(Horizon 642VES, Drucker Company, PA) at 3200 rpm for
10 min. After the centrifugation, the supernatant was re-
moved, and the cells were re-dispersed in 1 mL of sterile
deionized (DI) water. The re-dispersed cells were centrifuged
at 3200 rpm for 10 min, and the step was repeated. After the
centrifugation, the supernatant was removed, and the cells
were re-dispersed in 1 mL of sterile EC broth. From the pre-
pared inoculum, 20 pnL was added to 20 mL of sterile EC
broth and incubated at 37°C for 18 h (from the previous ex-
perimental analysis, it was found that 18 h incubation time
is optimum). The sterile media was incubated along with the
culture to be used as a “control sample”. For serial dilutions,
1 mL of sample was taken and mixed well with a tube con-
taining sterile 9 mL of sterile deionized water (per dilution).
From the first dilution, 1 mL of the content was taken and
mixed with 9 mL of sterile deionized water (second dilution).
Subsequent dilutions were prepared similarly. Based on the
Dbacterial concentration requirement, dilution numbers were
selected for the study. For example, if the required concentra-
tion is around 10° Colony Forming Unit (CFU) then the sixth
dilution was used, for about 10> CFU the seventh dilution
used and for about 10-50 CFU eighth dilution was used as
the test sample. These numbers derived from our routine ex-
perimentation on the bacterium. For all studies 1 mL of the
sample employed in the detection process. Moreover, each
sample was subjected to CFU analysis to obtain the exact bac-
terial concentration that was delivered to the device. A total
of 1 mL of the diluted sample taken for instrumentation was
subjected to spread plate inoculation on the prepared TSA
plates. After inoculation, the plates were incubated at 37°C
for 24 h. After incubation, the plates were observed for CFUs
and the values were recorded and calculated for number of
CFU present in each sample.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Results and discussion
4.1 Testing setup

The impedance testing setup to detect foodborne pathogens is
shown in the schematic in Fig. 2(B). The following equipment
are used. (i) An impedance analyzer (Agilent 4294A) with a
wide frequency ranges of (100 Hz—10 MHz) were used to per-
form a precise measurement of the biosensor’s impedance
change. The device bonding pads were connected to the
test leads for external connection to the impedance analyzer.
(ii) A programmable infuse-withdraw syringe pump is used
to infuse the test samples (antibodies and antigens) through
the device inlets. The optimum flow rate to inject the test
sample in the device was determined to be 1-2 wL/min. (iii)
An inverted contrasting microscope was used to observe the
surface of the interdigitated electrode and the microbeads as
they flow through the device. A high magnification was used
to study the surface of the electrodes after immobilization
of the bacteria cells. (iv) A function generator was used to
generate p-DEP on the focusing electrode by applying an AC
voltage across the focusing electrode connection pads.

4.2 Focusing effect

The focusing region was designed to significantly improve
the focusing capability of the device by getting rid of over
80% volume of the pathogens testing media. This resulted in
a concentrated sample, significantly improving the pathogen
detection sensitivity. It consisted of a ramp down vertical elec-
trode pair along with tilted (with 45°) thin film finger pairs
with a ramp down channel. The ramp down feature of the
channel generated hydrodynamic forces that also aided the fo-
cusing process. The width of the focusing channel starts and
ends at 300 and 1000 wm, respectively. This design generated
p-DEP force by applying an alternating voltage of (5 V) at a
specific frequency (5 MHz) that focused and concentrated the
pathogenic cells or beads into the center of the microchannel
and directed them toward the detection zone microchannel
which has a width (30 wm) much smaller than the opening of
the first focusing microchannel. The bulk fluid kept flowing
toward the outer two channels into the waste outlets. The fin-
ger’s width and spacing between them and spacing between
the inner edges of the finger pairs were 10, 10, and 10 pm,
respectively. First, the tilted thin Au finger pairs generated
stronger p-DEP force. This is because the vertical Au side-
walls were far from each other and have minimum effect.
Therefore, the pathogenic cells were focused in a narrow line
in the center (about 10 pm wide). As the channel ramps down,
the generated p-DEP force from the Au vertical sidewall pair
becomes dominant especially in the z-axis and contributing
more to the focusing process. Prior to injecting the pathogenic
samples into the sample inlet, the three detection electrodes
were functionalized with antibodies — crosslinker mixture
in order to perform the selective detection of Salmonella and
E. coli O157: H7. This process has increased the number
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of the pathogenic cells in the detection regions because the
sample media was decreased by 80% and still has the same
number of pathogenic cells. When the focusing effect was
not used, the number of bacterial cells that reached the detec-
tion electrode were much less. The microbeads were utilized
to demonstrate the device focusing capability because their
relative permittivity is 4 which is similar to that of Salmonella
cells (4.5—6.5) [38,39]. Optical image of the microbeads mov-
ing in the focusing region is shown in Fig. 3(A) before the
p-DEP effect and in Fig. 3(B) after the p-DEP effect.

4.3 Testing results
4.3.1 Electrical equivalent circuit

To study the impedance response and the electrical prop-
erties, the equivalent circuit of the biosensor was analyzed
in the presence of live and dead Salmonella cells separately.
Fig. 3(C) represents the equivalent circuit of the impedance
biosensor which consists of two double layer capacitances
(Cal) connected in series with the solution resistance (Ry)
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and parallel to a dielectric capacitance (Cge). The electrode
pair, each with an area A and spacing G were placed in par-
allel. An AC voltage (v) at specific frequency was applied to
the electrode pair which resulted in an electrical current flow,
and a solution resistance Rs, given by:

v G

Rso= 7 Psoy (1)

The resistive component in the equivalent circuit is made
of the test solution present between the electrodes which is
represented as Ry,. The testing sample solution resistance
Rso between the interdigitated electrode pair is proportional
to the concentration of the pathogen in the tested sample. A
thin layer of charged particles are formed on the surface of
the electrodes due to the two separated electrodes. This thin
layer of particles generates capacitance Cq, while the dielec-
tric capacitance Cgy. represents the overall capacitance of the
dielectric medium. Both Cy; and Rs,; are connected in paral-
lel with the direct capacitive coupling between the electrodes
(Ccen), which depends on the solution dielectric constant and
the geometry of the electrodes [40,41]. The parasitic resistors
(Rpar) are generated from the connections and wires of the
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for live Salmonella of 120 cells/mL,
(e) live Salmonella of 70 cells/m and,
(f) dead Salmonella of 70 cells/mL.
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measuring circuit which is small and can be neglected. Cur-
rent will flow through the Rs, while another current called
a displacement current flow through the capacitor Cceyy. The
total impedance of the circuit is equal to the summation of
the Rgy and the two capacitors C4; impedance. The total
impedance is expressed by:

2G

+J.U).R !
7~ Eogp s0 (2)
Jo

EIS spectrum analyzer software was used to simulate the
response of the equivalent circuit and generate the impedance
spectrum. Fig. 3(D) shows the experimental and simulated
data (Bode plot) for the electrical equivalent circuit. The sim-
ulation value of Cy4 was calculated to be around 20 nF and
the value of the Ry, is basically the value of the tested solu-
tion resistance which is calculated to be 4.5 MQ for the live
Salmonella sample with the concentration of 120 cells/mL.
Fig. 3(E) and (F) shows the equivalent circuit and the sim-
ulation results of the of live and dead Salmonella cells both
with concentration of 70 cells/mL. R, of the dead cells sam-
ple is much smaller because of the significantly low number
of Salmonella cells bind to the electrodes. In the contrary,
Rso is big in the case of live Salmonella cells because of the
high number of cells bind to the detection electrodes. At low
frequencies region (below 100 Hz) the impedance response
is dominated by capacitive impedance Cq. At medium fre-
quency region (100 Hz—8 KHz) the response is due to both
resistive and capacitive components and thus the Rg, is dom-
inant and the impedance is frequency independent. At high
frequencies, above 8 KHz the current flow through the cell
and defines the impedance value. Hence, the impedance re-
sponse at high frequencies is solely due to the resistive com-
ponent of the solution and the effect of bacteria cells is in-
significant.

The reason that the dead cells show low impedance is that
the surface of the dead cell is damaged or compromised after
being exposed to the heat. The specific binding between the
immobilized antibodies and the antigens cannot be formed
or weakened. Unbound dead cells are then washed away dur-
ing the cleaning process and the measurements were taken.
Thus, there was no change or a very small change in the
resistance of the solution during the dead cells testing com-
pared with the base reading of the solution resistance of the
electrodes after immobilizing the electrode with antibodies.

4.3.2 Salmonella spiked raw chicken testing

Different serial concentrations of Salmonella samples (120,
40, 15, 10) cells/mL were prepared, and the number of cells
were counted based on the bacteria culturing method before
injecting. The biosensor in this work is used only for detecting
the presence or absence of the E. coli 0157:H7 and Salmonella
cells. It cannot be used for cell counting. The anti-Salmonella
antibodies with crosslinker were injected through the outlet
towards the detection electrode microchannel. These anti-
bodies were adsorbed on the detection electrode surface to
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ensure selective detection of Salmonella cells. An impedance
analyzer was used to measure the impedance of the detection
electrode with the antibodies injected over a frequency range
of 100 Hz—10 MHz. The measured antibodies impedance
was used as a baseline impedance to accurately obtain the
Salmonella cells impedance. The biosensor device was washed
with distilled (DI) water after the antibody and the bacteria in-
jection to get rid of the unbound antibody, bacteria cells, and
any unwanted material from the channel. Many experiments
were performed on the Salmonella samples with and without
applying p-DEP force. The cells were injected via the sample
inlet. The flow was stopped after the channel was filled with
Salmonella solution. The Salmonella was left to be immobi-
lized on the detection electrodes for 30 mins to bind to the
coated antibody recognition elements which already present
on the detection electrode. An increase in the impedance val-
ues were noticed due to the antigen-antibody binding.

In addition, same experiments were repeated several
times with the p-DEP focusing effect. It was used in order
to push the cells toward the centerline of the microchannel
and impedance measurements were recorded on the detec-
tion electrode array. Figure 4 shows the impedance spectra of
the Salmonella samples at different concentrations with the
error bars. Each error bar represents testing of 1 Salmonella
concentration three times using three different devices. The
response of the detection electrode showed that the measured
impedance was directly proportional to the concentration of
the Salmonella cells bound to the antibody on the detection
electrodes. The use of the focusing electrodes has signifi-
cantly improved the signal strength by a factor between 6
and 18 times than the impedance value obtained without fo-
cusing effect. It can be inferred that applying the focusing
effect will increase the number of the target cells in the detec-
tion region and hence increase the chance of detecting low
concentration of pathogens. Three detection electrodes were
used to insure the capturing of the bacteria cells in the mi-
crochannel at a higher percentage. The impedance response
as a function of frequency was calculated by subtracting the
baseline impedance (antibody impedance) from the binding
impedance (antigen-antibody) and the experiments were re-
peated 3 times to confirm the repeatability of the data. The
results demonstrate that the biosensor was able to detect the
Salmonella cells at low concentration limit of 10 cells/mL and
the time required for the testing was less than 1 h exclud-
ing the antibody immobilization lifetime. In the commercial
stage the fabricated device will only be used once and it is
precoated with the specific antibody.

4.3.3 E. coli 0157:H7 culture testing

The device was also used to test E. coli O157:H7 samples by
using the specific anti-E. coli antibody without crosslinker.
E. coli O157:H7 samples were used with different concentra-
tions (1000, 60, 25, 13) cells/mL. These samples were tested
with same manner by injecting anti- E. coli antibody as a
biorecognition element then followed by E. coli cells for both
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with and without focusing effect. Figure 5 shows the E. coli
testing results. The testing results of the pure culture sam-
ples demonstrate that the device was capable of detecting low
concentration of E. coli O157:H7 cells with high sensitivity
and reliable results after repeating the experiments several
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Figure 4. Testing results for
Salmonellaspiked raw chicken
samples with and without fo-
cusing effect for different con-
centrations: (A) 120 cell/mL,
(B) 40 cell/mL, (C) 15 cell/mL,
(D) 10 cells/mL.

Figure 5. Testing results for E.
coli 0157:H7 for different con-
centrations: (A) 1000 cell/mL,
(B) 60 cells/mL, (C) 25 cells/mL,
(D) 13 cells/mL.

times to confirm the repeatability of the data. Figure 6(A) and
(B) shows different concentration results with and without
focusing for one detection electrode for Salmonella cells and
E. coli 0157:H7 cells respectively. The results demonstrate the
significant effect of the p-DEP focusing mechanism on focus-
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ing and concentrating the E. coli 0157:H7 samples (without
using crosslinker). This has enhanced the signal strength
(sensitivity) as an outcome of increasing the concentration
of the sample that reached the detection electrode by p-DEP.
Thus, more E. coli cells results in more binding to antibody
on the detection electrodes. The impedance response of dif-
ferent concentrations at 1 KHz for both Salmonella spiked
raw chicken and E. coli O157:H7 samples are shown in Fig. 7.
The testing results shows that the impedance remains inde-
pendent of frequency between 100 Hz and 8 KHz. Therefore,
for the purpose of plotting the concentration as a function
of impedance, a specific frequency was selected within this
range. The response shows that the measured impedance is
directly proportional to the concentration of the tested bacte-
ria on the detection electrodes.

4.3.4 Specificity testing

More experiments were performed to prove the specificity of
the biosensor device. This was accomplished by immobilizing
anti-E. coli O157:H7 antibody on the detection surface while
the pathogenic sample was Salmonella cells. The impedance
response showed no significant difference in the impedance
values with respect to the baseline impedance of the detection
electrode while the response was strong when we injected
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chicken samples and (B) E.
coli 0157:H7 samples.

E. coli 0157:H7 cells as shown in Fig. 8(A) and (B). This was
expected since the detection electrode surface was modified
specifically with anti-E. coli O157:H7 antibody, as the
anti-E. coli antibody does not bind to non-E. coli cells
which proves the specificity of the biosensor device. Same
experiments were performed on Salmonella cells with con-
centrations of 100 cells/mL and 40 cells/mL with Salmonella
antibody, and the impedance response showed a good signal
for the Salmonella antigen and a weak signal response for
the E. coli 0157:H7 and O157 E. coli (DHS alpha) antigens of
concentrations of 100 and 40 cells/mL. See Fig. 8(C) and (D).

4.3.5 Viability testing

The device ability to detect and differentiate between the live
and dead cells was also investigated. The pathogen cells were
killed by a brief exposure of heat at a temperature of 90°C.
After that, the dead pathogen cells were injected to the device
through the sample inlet toward the focusing electrode, and
to the detection electrode which is coated with the antibody
recognition elements. The change in impedance values was
monitored for living and dead cells for different concentration
of E. coli O157:H7 and Salmonella cells. For the dead cells, it
is clear that the change in the impedance response is very low
(weak signal) compared to that of the living cells due to the
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damaged cell surface after the heat exposure which dimin-
ished the chances of binding between the immobilized anti-
body and the dead cells. Impedance response was measured
after washing the unbound dead cells through the cleaning
process with DI water. Figure 9 shows the impedance re-
sponse for both E. coli 0157:H7 and Salmonella live and dead
cells. The stability of the biosensor over a long period of time
and under multiple environmental conditions was not stud-
ied thoroughly. The chips are one-time use and all reagents
are stored in the laboratory. However, this will be done in the
future study prior to distribution of the assembled sensors to
end-users.
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4.3.6 Testing time duration

Prior to testing, Salmonella antibodies was mixed separately
with the crosslinker (Sulfo-LC-SPDP) and was injected into
the device via the antibody inlet for 15 min. Then, the flow
was stopped and antibody—cross linker mixture was left on
the detection electrodes for 1 h to achieve maximum coat-
ing. The channel was then washed for 30 min with DI water
to remove the unbounded antibodies, and the impedance of
each IDEA array was measured. Next, the bacterial testing
sample was introduced into the biosensor via the sample in-
let into the focusing region, and then toward the sensing
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region. After the channel was filled, the flow was stopped for
30 min to allow the binding between the Salmonella antigens
(type B) and Salmonella antibodies. After cleaning the channel
with water for 30 min, the impedance was measured again,
where the impedance change indicated the presence/absence
of bacterial cells. Therefore, the overall testing time is
2.45hwhich include the antibody coating time, antigens bind-
ing time and the multiple washing step time. It is noted that
the biosensor will be used as a disposable device to eliminate
the possibility of contamination, per the recommendation of
food processing companies including major poultry industry
such as Tyson, Cargill, and Pilgrim’s. The device must be
pre-coated with antibody cross linker mixture prior to sale.
Therefore, the testing time that will be counted is the testing
and washing step time, which is 1 h.

5 Concluding remarks

The work presented in this paper involves a MEMS biosensor
based on impedance spectroscopy for the detection of E. coli
O157:H7 and Salmonella cells in raw chicken samples. The
device design consists of focusing electrode pair with a ramp
down channel, and detection electrode arrays coated with spe-
cific antibody with and without a crosslinker. The p-DEP force
was applied in order to focus and concentrate the bacterial cell
to a detectable level. The results demonstrate that the device
has a limit of detection of 10 cells/mL, and 13 cells/mL for
Salmonella, and E. coli, respectively. The inclusion of the fo-
cusing region has improved the signal sensitivity by a factor
between 6 and 18 times. In addition, the selectivity measure-
ment demonstrates the device ability to distinguish between
pathogens based on the antibody. The viability measurement
also demonstrated that the device can distinguish between
live and dead bacterial cells. Finally, the detection time was
less than 1 h.
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