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ARTICLE INFO ABSTRACT

Keywords: By combining a functionalized microwire sensor with a dielectrophoresis (DEP) technique, a rapid and accurate
E. coli detection detection method for bacterial pathogens was developed and demonstrated. The gold-tungsten microsensor
Dielectrophoresis (sensing diameter, 25 um) was functionalized with specific Escherichia coli (E. coli) antibodies against surface

Functionalized microwire biosensor
Nonspecific binding
Ground beef

antigens to capture E. coli bacterial cells from phosphate buffer saline (PBS) and ground beef. The DEP technique
consisted of the application of a pin-type microwire and large base electrode under an alternating current (AC)
electric field of 10 Vpp at a frequency of 3 MHz. Additionally, bovine serum albumin (BSA) was utilized as a
blocking agent for the attachment of nonspecific proteins to the microwire surface to prevent false positive
signals due to nonspecific binding. The resistance and fluorescent intensity (FI) demonstrated a linear re-
lationship with the concentration of E. coli cells ranging from 10° to 107 CFU/mL. These results showed that DEP
can be used as a reliable alternative for the detection of E. coli without a blocking effect minimizing the sig-

nificant difference between PBS and ground beef.

1. Introduction

Foodborne diseases have received considerable attention due to
their serious threat to public health and safety by microorganisms such
as bacteria (Yang & Bashir, 2008). Traditionally, the methods for de-
tection of foodborne pathogen exist such as qPCR assays. These con-
ventional methods have own limitation including sensitivity, specifi-
city, requirement of sample enrichment, sensitivity, and cost (Maraldo
& Mutharasan, 2007). For example, a qPCR can be included as one of
the most common detection methods for beef industries. QPCR methods
have emerged as a strong competitor for bacteria identification with
high sensitivity; however, commercial techniques are typically limited
to 6-8 channels using published primers. The qPCR assay relies on the
DNA extract, a series of reactions, which are performed in a thermal
cycler (Kralik & Ricchi, 2017). qPCR requires a significant amount of
DNA, which is often hindered with the ability to culture-specific bac-
teria. Therefore, developing methods for the detection of foodborne
pathogenic bacteria is essential (Law, Ab Mutalib, Chan, & Lee, 2015;
Zeng, Chen, Jiang, Xue, & Li, 2016; Zhao, Lin, Wang, & Oh, 2014). In
particular, biosensor-based methods have been viewed as an attractive
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alternative method in this field (Yang, 2009). They offer several ad-
vantages including rapid detection time, cost-effectiveness, simple
sample preparation, and sensitive and specific detection (Singh,
Poshtiban, & Evoy, 2013; Suehiro, Hamada, Noutomi, Shutou, & Hara,
2003). There are many methods for improving sensor efficiency such as
(1) improving antibody immobilization methods on the sensor surface,
(2) improving electrode performance to enhance the sensitivity, (3)
enhancing the detection signal, and (4) improving the dielectrophoresis
(DEP) technique for concentrating samples (Heo & Susan, 2009; Kim
et al., 2016). The immobilization method has been widely adapted as
the key process for the composition of biosensors because the analytical
performance can profoundly depend on the effectiveness of the anti-
body immobilization on the electrode surface (Kyprianou et al., 2009).
In a previous study, when the width of the electrode bands was narrow,
the sensitivity of the biosensor increased. On the other hand, the main
interaction signal may be improved through case-specific amplification
schemes, such as enzyme-labeled amplification, to strengthen the de-
tection signal and achieve lower detection limits (He, Zang, Liu, He, &
Lei, 2018; Liu et al., 2010).

DEP refers to the electrokinetic motion of neutral particles by
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Fig. 1. Schematic diagram of experimental equipment system.

polarization effects in a nonuniform electric field. The DEP force (Fpgp)
can be calculated according to the following equation (Huang, Wang,
Tseng, & Fang, 2008; Lapizco-Encinas, Davalos, Simmons, Cummings, &
Fintschenko, 2005):

Fppp = 27r’e,Re [ Fey | VE? (¢}

where Fpgp is the DEP force (N), ¢, is the permittivity of the suspension
medium (F/m), E is the electric field (V/m), r is the radius of the par-
ticle (m), and Re [Fcy,] is the real value of the Clausius-Mossotti (CM)
factor, given by:

(2)

where € *p is the complex permittivity of the particle, and ¢* ,, is the
complex permittivity of the medium.

Depending on the relative polarizability of the particle and medium,
the sign of the DEP force can be determined (Lu, Chee, Yamada, & Jun
2013). The DEP force has been integrated with biosensors to improve
bacterial detection, such as through bacterial cell concentration in
microfluidic chips (Gomez, Morisette, & Bashir, 2005; Li, Zheng, Akin,
& Bashir, 2005; Morgan, Izquierdo, Bakewell, Green, & Ramos, 2001;
Yang et al., 2006), separation of target cells and nontarget cells (Li &
Bashir, 2002; Suehiro et al., 2003), and the enhancement of antibody
capture efficiency to bacterial cells (Koo et al., 2009; Yang, 2009).
Studies of the detection of pathogenic cells in real food samples using
the DEP force have been documented (Kim et al., 2011; Lu & Jun 2012).
Sensors were designed with functionalized microwires based on DEP
and an antigen-antibody reaction for the rapid detection of foodborne
pathogens. Top and bottom electrode configuration for generating DEP
was used for capture the E. coli K12 cells from fresh produce (Kim et al.,
2011) and orange juice (Lu & Jun 2012). The gold microwire with
25 pm in a diameter was used as a probe, and it was functionalized with
monoclonal E. coli antibody on the surface of the microwire. The tip

microwire sensor concentrates the analyte on its surface by attracting
cells in the vicinity of the tip by AC electroosmotic flow and by the
capture of cells on the high aspect ratio microtip by capillary action
(Yeo, Liu, Chung, Liu, & Lee, 2009). These immunosensors were in-
tegrated with fluorescence and electrochemical impedance spectro-
scopy (EIS), and their sensing capability was explored in food systems
such as orange juice and spinach (Kim et al., 2011; Lu et al., 2013; Lu &
Jun 2012). However, these biosensors have some limitations, including
high production cost and complexity for a portable biosensor. In ad-
dition, there have been few studies on microwire biosensors for the
detection of foodborne pathogens in complex food systems that include
proteins, lipids, and other macromolecules. Here, we describe a por-
table and simple EIS system based on a microwire and evaluate the
biosensor for the rapid and specific detection of E. coli in ground beef
samples. The aims of this study were to (1) characterize a rapid and
precise biosensor for the detection of foodborne pathogens of E. coli in
ground beef using the functionalized microwire attached with the DEP
technique and (2) evaluate the sensing performance by calculating the
resistance based on the circuit theory and comparing the FI values.

2. Materials and methods
2.1. Sensor preparation

An xyz stage (KAL4-0803; Kwonsys, Daejeon, South Korea) con-
taining a probe guide panel was assembled on an aluminum board
(300 x 450 mm) to control the accurate movement of the 25 um dia-
meter 7% gold-tungsten-coated wires (ESPI Metals, Ashland, OR, USA).
A 2 x 2” gold plate served as the bottom electrode, and a function
generator (33120A; Agilent Technologies, Santa Clara, CA, USA) was
utilized for the generation of sine waveforms. To observe the sensing
wire in detail, an optical microscope (150 X magnification) was placed
on the board with a microscopy holder (03668; Edmund Optics Inc.,
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Barrington, NJ, USA). A digital camcorder was used to monitor the
experimental procedure. A fiber-optic Y-shaped dual light microscope
illuminator (CS-A923WLED; OMAX, Irvine, CA, USA) was used to
provide background light. A picoammeter (6485; Keithley, Cleveland,
OH, USA) measured the wire current values through the electrolyte
solution. The schematic design of the whole system is presented in
Fig. 1. DEP is the translational motion imparted on uncharged particles
as a result of polarization induced by non-uniform electric fields as
shown in Fig. 1(c). This phenomenon can be used to move particles in
inhomogeneous alternating current (AC) electric field. Any non-polar
material will exhibit a certain degree of polarization when exposed to
an electric field. Depending on the properties of the particle, electric
dipoles are generated on opposing ends of the particle in response to an
electric field, resulting in motions toward or away from the maximum
electric field. Because the cells were rapidly concentrated at the end of
the tip by DEP force, the force can improve the efficiency to capture the
particles to compare to the absence of DEP. A droplet of bacterial
sample (10 pL) was placed in a hemispheric concave (3 mm in dia-
meter) on a gold plate as a bottom electrode. The microwire was dipped
in the droplet at a velocity of 50 mm/min until the distance between the
microwire tips and bottom electrode was as close as 1 mm. DEP was
applied at 3 MHz and 20 Vp,;, for 2 min. Thereafter the microwire was
withdrawn at a speed of 5 mm/min.

2.2. Materials

The 25-um diameter 7% gold-tungsten-coated wire (Q11253) was
ordered through ESPI Metals. Polyethyleneimine (PEI) solutions
(P3143), streptavidin (S4762), and bovine serum albumin (BSA;
A7906) were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Rabbit polyclonal antibodies (B65003R) and biotinylated rabbit anti-
body (B65007R) were obtained from Meridian Life Science (Saco, ME,
USA). Polydimethylsiloxane (PDMS; 0007590060) was purchased from
Dow Corning (Midland, MI, USA). Potassium chloride (080M0091V),
potassium hexacyanoferrate (II) trihydrate (110M0152V) and po-
tassium hexacyanoferrate (III) (ACS reagent, =99.0%) (MKBQ4398V)
for the electrolyte solution were obtained from Sigma-Aldrich Co.
Ground beef was purchased from a local market (Seoul, South Korea),
and the beef protein and fat content were analyzed by the Foundation
of Agriculture Technology Commercialization and Transfer (FACT).

2.3. Bacterial preparation

Cultures of E. coli K-12 (KCCM 12515; Seoul, Korea) were trans-
ferred into tryptic soy broth (Becton Dickinson, MD, USA) and in-
cubated at 37 °C for 24 h. The initial cell counts of the E. coli culture
were counted using a serial dilution method.

2.4. Ground beef preparation

The preparation of the ground beef was conducted using the method
by Varshney and Li (2009). Samples (25 g) of ground beef were
weighed, and diluted with 225 mL of 0.1% peptone water in sterile
stomacher bags. The mixture was homogenized and filtered by filter
paper (40617102; ADVANTEC, Japan) to separate the beef particles.
The filtered ground beef was inoculated with E. coli cultures ranging
between 103-107 CFU/mL. We could not obtain consistent/credential
readings from microbial concentrations of 10-100 CFU/mL. The limit
of detection (LOD) was setup to be 1000 CFU/mL.

2.5. Functionalized wire

The microwires were cut into 25 mm in length, and washed by
distilled water and 70% alcohol using the digital sonifier for 5 min
each. The wires were placed on the automated xyz stage (Franklin
Mechanical & Control Inc., Gilroy, CA) controlled by the COSMOS
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program (Franklin Mechanical & Control Inc., Gilroy, CA; Velmex, Inc.,
Bloomfield, NY) for the step-wise movements of wires. A computer was
used to initiate the XYZ motor control program. Wires were immersed
into glass vials containing 7 mL of 1% PEI solution for 5 min and
withdrawn at a constant withdrawal velocity of 6 mm/min. PEI coated
wires were baked at 175 °C for 1 h (Cairns, 2013). PEI has been utilized
for the immobilization of proteins due to the intensity of binding be-
tween them (Mateo, Abian, Fernandez-Lafuente, & Guisan, 2000;
Pessela et al., 2003, 2005; Schlauf, Assadollahi, Palkovits, Pointl, &
Schalkhammer, 2015). Therefore, PEI was selected for immobilization
of streptavidin, because PEI has a great positive charge, strongly
binding with streptavidin which was negatively charged. Then, the wire
was immersed in 3 pL of 0.01% streptavidin for 5 min and then with-
drawn, and biotinylated antibodies were applied in the same manner
for 5 min, resulting in streptavidin-linked biotinylated antibodies ready
to capture bacterial cells. For the blocking treatment, the wire surface
was washed with distilled water. To avoid nonspecific binding, 3 pL
aliquot of bovine serum albumin (BSA) solution (1 mg/mL in phosphate
buffer saline (PBS)) was placed on the wire surface coated with anti-
body. Finally, the electrode was washed with PBS and distilled water.

2.6. E. coli cell detection

A 5 uL of beef exudates and E. coli was deposited on the gold
electrode. After the functionalized wire was placed in air for 2 min, an
alternate current (AC) field was generated at 3 MHz and 10 Vpp. Then,
the microwire tips were immersed in the sample at a depth of 400 um at
a rate of 200 um/s. The tip remained into the solution for 2 min and
then, the wires were pulled out from the solution at the rate of 8 um/s.

2.7. Immunofluorescence method

To understand the effects of DEP and functionalization on the FI of
E. coli cells captured on the wire in PBS at 1 x 10® CFU/mL, four cases
such as plane wire without DEP, functionalized wire without DEP, plain
wire with DEP, and functionalized wire with DEP were tested as fol-
lows: E. coli cells in the sample solution were captured on microwires
and were bound to fluorescein isothiocyanate (FITC) labeled polyclonal
E. coli antibodies. The wire was rinsed in water to remove nonspecific
binding between the targeted cells and wire. Fluorescent images of the
FITC antibodies were obtained using a real-time cell imaging system
(DeltaVision system, Applied Precision, WA, USA). A 292 X 724 pixels
area of the wire tip was cropped from each picture and their fluores-
cence intensities were measured by the Image J program (National
Institutes of Health, Bethesda, MD).

2.8. Resistance measurement

To evaluate the sensitivity and specificity of the sensor, a resistance
measurement of the developed sensor was conducted. This method is a
simplification of the EIS measurement that transduces changes in in-
terfacial properties between the electrode and the electrolyte. A key
difference between EIS and the experiment is that the former applies a
small amplitude sine wave perturbation to an electrochemical system
throughout a wide range of frequencies, while the latter applies only a
single frequency to the system without the need for a Nyquist plot,
which is a widely used impedance plot to evaluate resistance.
Additionally, the experiment only needs two electrodes to measure the
impedance. Resistance measurements were carried out as followed.
First, the electrolyte container was filled with a solution of 0.1 M KCl,
5 mM K4 Fe(CN)g, and 5 mM K3Fe(CN)g. The platinum electrode (ap-
proximately 0.5 mm) (CHI 115; CH Instruments, Inc., Austin, TX, USA)
was made for the counter electrode. To read the electrical current, a
function generator to apply the voltage was attached to a picoammeter
(Fig. 1(b)). The functionalized pure microwire which did not capture E.
coli cells was soaked in a solution with 200 mV DC potential, and the
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electron transfer resistance of the functionalized microwire was mea-
sured by the picoammeter. After 2 min of air-drying of the microwire
captured E. coli cells using DEP and antigen-antibody interaction, the
microwire was also immersed into the electrolyte solution at the same
depth. The electron transfer resistance of the functionalized microwire
detected E. coli cells was measured by the picoammeter. The change of
electron transfers resistance (ARet) at the electrode interface with or
without E. coli binding with the antibodies was calculated as:

ARet = Ret (antibody-bacteria) — Ret (antibody)

2.9. SEM imaging

E. coli cells captured on the functionalized wire tips were examined
with a scanning electron microscope (SEM). Wires were deposited on
the aluminum stub and were fixed using double-sided adhesive carbon-
tape. A field emission scanning electron microscope (FESEM) (NOVA
NANO SEM 450, Tokyo, Japan) was used for SEM analysis. The samples
were viewed and photographed at a total magnification of 2000 x and
8000 X .

2.10. Statistical analysis

All experiments were repeated in at least triplicate. Statistical ana-
lyses were conducted with Statistical Package for the Social Science
(SPSS, Version 21.0, IMB Corp., Armonk, NY, USA). The analysis of
variance (ANOVA) followed by Duncan's multiple range test and
Student's t-test were performed at p < 0.05.

3. Results and discussion
3.1. Fluorescent intensity (FI) value

In general, the fluorescent intensity (FI) value increases with the
number of captured bacterial cells on the microwire. The effects of DEP
and functionalization of FI values of captured E. coli cells are shown in
Fig. 2. The plain wire without DEP treatment showed the lowest FI
values. Compared to the FI value of the plain wire without DEP as
control, the FI values of the functionalized wire without DEP and the
plain wire with DEP were slightly higher, by 2% and 3%, respectively.
However, the FI value of the functionalized wire with DEP was higher
by 7% compared with that of the control. Similarly, Yang (2009) also
increased the efficiency of antibody capture using DEP, which enhanced
the close contact of the cells with the functionalized antibodies onto the
chip surface and significantly improved the immune-capture efficiency.
The E. coli cells were gathered around the tip-end of the microwire due
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Fig. 5. Sensing specificity of the functionalized microwire biosensor for the
detection of E. coli and S. aureus at 10° CFU/mL.

to the circulation from the DEP force.

The FI values of E. coli cells detected on a microwire in PBS and
ground beef are shown in Fig. 3. The FI values increased linearly over
the 10%-10® CFU/mL range. As the E. coli cell concentration increased,
the FI values increased, with a high correlation (R? = 0.983 in PBS and
0.9817 in ground beef), demonstrating that E. coli concentrations can
be quantified by the developed sensor. The experimentation determined
that the lowest concentration of bacterial suspension at which the
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Fig. 6. FESEM images of microwire-detected E. coli cells from PBS. (a) Plain wire. (b) Plain wire with detected E. coli, and (c) Functionalized wire (without blocking

agent) with E. coli detected using DEP force.

sensor was able to detect a signal was 1 x 10® CFU/mL and that the
number of CFU could be estimated as (1 x 10° CFU/
mL) X (5 pL) = 5 CFU. Thus, the detection limit of the developed
sensor was determined to be 5 bacterial cells per wire in a sample
concentration (1000 CFU/mL). Lu and Jun (2012) found no significant
difference in the FI values of E. coli values between orange juice and a
control. Kim et al. (2011) also concluded that spinach had no adverse
effects on the capturing of E. coli cells due to the size selectivity of the
capillary action on the surface and distinct permittivity variation (Yeo
et al., 2009).

We did, however, find a difference in FI values between PBS and
ground beef. This finding indicates that the proteins in the ground beef
might have affected the FI values of the E. coli cells captured on the
wire. In ground beef, nonspecific antibody staining could cause non-
immunological binding to the microwire because the ground beef
contains different macro and micro nutrients (e.g., moisture, protein,
fat, ash, iron, zinc, copper, and magnesium). This complex sample in
this study, which contained 20% protein and 6% fat, may have com-
promised the ability of the sensor to detect pathogens due to the

nonspecific adsorption of the sensor by the food components (Maraldo
& Mutharasan, 2007).

3.2. Resistance values of E. coli cells from PBS and ground beef

The electron transfer resistance with different concentrations
ranged from 103-10”7 CFU/mL of E. coli diluted in PBS and ground beef,
as shown in Fig. 4. The results show a linear correlation between the
resistance and concentration of E. coli, and there were significant dif-
ferences between each concentration (p < 0.05). If cells attach on an
electrode surface, they effectively decrease the electrode area, which
the current reaches and thereby increases the interface impedance. The
density, growth, and long-term behavior of cells on the electrodes were
shown to change the impedance of the sensor (Yang & Bashir, 2008).
Ruan, Yang, and Li (2002) also reported that the electron transfer (Ret)
increased following an increase in cell concentration; however, the
change in the electron transfer resistance from ground beef increased
rapidly relative to that of PBS. This observation could be due to other
food components such as proteins or fats attached to the microwire in
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Fig. 7. FESEM images of functionalized microwire-detected E. coli cells from ground beef with DEP (a) without blocking agent from an uninoculated sample, (b)
without blocking agent from an inoculated sample, (c) with blocking agent from an uninoculated sample, and (d) with blocking agent from an inoculated sample.

the ground beef samples, causing a false positive signal and reduction in
sensor sensitivity (Daniels & Pourmand, 2007; Shen et al., 2012). Be-
cause the impedance sensor needs to be very sensitive to characterize
the properties of binding materials, the surface of the sensor could be
bound with nonspecific binding substances (Varshney & Li, 2009).
Therefore, eliminating nonspecific binding is important for capturing
the target bacteria and improving the sensitivity of detection (Kim,
Moon, & Morgan, 2013). Vidal, Bonel, Ezquerra, Duato, and Castillo

(2012) also addressed problems of nonspecific adsorption on the re-
maining active sites. The unspecific adsorption onto unblocked strep-
tavidin sites will produce a higher current.

Bacterial cells can be bound to immobilized antibodies via the
bioaffinity reaction but it may also be attached to the non-functiona-
lized area. The latter can be target bacteria or non-target bacteria. In
either case, it affects sensor's accuracy and sensitivity. These non-spe-
cific binding can be minimized by filling the unoccupied sites with a
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blocking agent. BSA is widely used for non-specific binding blocker
with 0.1-3% of solutions (Shen et al., 2012). Non-target bacteria will be
unbound to BSA coating area as well as antibody layer. To solve this
problem, BSA was used as a blocking agent. BSA is a serum albumin
protein and one of the most commonly used blocking reagents in bio-
logical detection due to its stability and low cost (Shen et al., 2012).
The effect of BSA on the change in resistance from ground beef is
presented in Fig. 4. Additionally, after the blocking treatment, the
electrical current data in the ground beef showed a linear relationship
(R? = 0.975) between the change in resistance and concentration of E.
coli. Regarding the electron transfer resistance, there was no significant
difference between PBS and ground beef (p > 0.05). Therefore, by
applying this BSA treatment, only cells are selectively collected and
detected in the food-based mixtures.

3.3. Resistance values of E. coli cells and Staphylococcus aureus

The specificity of E. coli relative to that of S. aureus at 10® CFU/mL
as a negative control for a functionalized microwire sensor was com-
pared as seen in Fig. 5, S. aureus as a negative control significantly
decreased the electron transfer resistance of the wire compared to that
of the wire with captured E. coli cells on the electrode surface
(p < 0.05). The result clearly showed that the functionalized micro-
wire sensor had a high selectivity for E. coli. Lu et al. (2013) also studied
a modified microwire sensor immobilized with antibodies for E. coli
versus S. aureus, which indicated the sensing specificity to E. coli K-12.

3.4. SEM images of E. coli cells captured on the microwire

Fig. 6 and Fig. 7 show FESEM pictures of the E. coli cells captured on
the microwire (E. coli concentration of 1 x 10° CFU/mL in PBS and
ground beef). The plain wire without any treatment and without any
cells attached to the wire is shown in Fig. 6(a). The plain wire immersed
in the E. coli cell solution is presented in Fig. 6(b). A few cells captured
on the wire without functionalization and DEP force are shown, which
may have been due to the sensing deficiency. A large number of bac-
terial cells were captured on the functionalized wire as shown in
Fig. 6(c), indicating improvement in the sensing deficiency after mod-
ification. A significant difference was observed between Fig. 6(b) and
(c), which confirm the presence of microbes captured onto the func-
tionalized microwire with DEP force in PBS. Additionally, the DEP force
assisted by an AC field notably increased the sensitivity. Similarly, Lu
and Jun (2012) showed improved specificity and sensitivity of the de-
tection of E. coli cells and polystyrene beads in a functionalized mi-
crowire, which may be due to different DEP forces based on differences
in the size and properties of the object.

The evaluation of the functionalized microwire with DEP force in
ground beef is presented in Fig. 7. In Fig. 7(a), to test for the microwire
specificity, the microwire was placed in ground beef that did not con-
tain E. coli cells; however, nonspecific substances considered to be beef
protein were found to be attached to the wire in Fig. 7(a). Many E. coli
cells and a few nonspecific substances captured on the functionalized
microwire with applied DEP force are shown in Fig. 7(b). After blocking
treatment with BSA, however, the results showed a significant im-
provement in the sensing specificity of the sensor. The microwire im-
mersed in the ground beef lacking inoculation after functionalization
and blocking treatments is presented in Fig. 7(c). In Fig. 7(c), non-
specific binding cannot be observed on the wire surface, indicating that
BSA fully covered the nonspecific binding sites. The functionalized
microwire with blocking detected E. coli cells in ground beef as de-
monstrated in Fig. 7(d). Many E. coli cells were captured onto the
functionalized wire.

4. Conclusion

In conclusion, the functionalized microwire sensor was developed

LWT - Food Science and Technology 132 (2020) 109230

under DEP conditions based on the combination of PEI-streptavidin-
antibodies. The biosensor allows for the accurate detection of E. coli in
exudate filtered from ground beef to remove particles. The performance
of the developed sensor was characterized in terms of FI and the change
in resistance on the wire surface with captured bacterial cells. The
changes in resistance and FI in PBS and ground beef indicated a linear
correlation with increasing E. coli concentration in the range of
10°-107 CFU/mL. Additionally, using the developed sensor, E. coli cells
could be detected in the range of 10°-10” CFU/mL within 25 min 25
min is an average detection time in the lab scale when the sensing
procedure was exercised by skilled labors. The estimated detection time
is expected to be much faster than other conventional techniques (i.e.
PCR) due to no enrichment process required. This technique was suc-
cessfully experimentally tested using a complex food system, ground
beef, which is expected to have great potential for the rapid, specific,
and accurate detection of other pathogenic bacteria. Future study is
needed to optimize the system parameters to minimize false positive
values and validate the detection protocols.
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