Sensors and Actuators B 259 (2018) 1013-1021

journal homepage: www.elsevier.com/locate/snb

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical

SENSORS an

ACTUATORS

A microfluidic impedance biosensor based on immunomagnetic
separation and urease catalysis for continuous-flow detection of E. coli

O157:H7

Check for
updates

Lan Yao?, Lei WangP, Fengchun HuangP, Gaozhe Cai®, Xinge Xi¢, Jianhan Lin®"*

2 Key Laboratory of Agricultural Information Acquisition Technology, Ministry of Agriculture, China Agricultural University, Beijing 100083 China
b Key Laboratory on Modern Precision Agriculture System Integration Research, Ministry of Education, China Agricultural University, Beijing 100083, China
¢ Department of Biological and Agricultural Engineering, University of Arkansas, Fayetteville, AR 72701, USA

ARTICLE INFO

Article history:

Received 16 October 2017
Received in revised form

11 December 2017

Accepted 18 December 2017
Available online 19 December 2017

ABSTRACT

Keywords:

Impedance biosensor
Impedance normalization
Continuous-flow detection
Immunomagenatic separation
Urease catalysis

Early screening of foodborne pathogens is a key to control the outbreaks of foodborne illnesses. In
this study, a microfluidic impedance biosensor combined with the immune magnetic nanoparticles
(MNPs) for bacteria separation, the urease for biological signal amplification and the microfluidic chip
for impedance measurement was developed for rapid, sensitive and continuous-flow detection of E. coli
0157:H7. After the streptavidin modified MNPs were conjugated with the biotinylated polyclonal anti-
bodies (PAbs) to form the immune MNPs, the target bacteria was first separated by the MNPs from the
background to form the MNP-bacteria complexes. Then, the gold nanoparticles (GNPs) modified with
the urease and the aptamers against E. coli 0157:H7 were conjugated with the MNP-bacteria to form
the MNP-bacteria-GNP-urease complexes. Finally, the complexes were used to catalyze the hydrolysis
of urea into ammonium carbonate, leading to the decrease in the impedance. The impedance was online
measured by this proposed biosensor and analyzed using the impedance normalization to determine
the concentration of E. coli 0157:H7. A good linear relationship between the impedance relative change
rate of the catalysate and the concentration of the bacteria was obtained with low detection limit of 12

CFU/mL.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Foodborne pathogens have drawn great public attention world-
wide, since they could lead to serious healthy issues and significant
economic losses. It was estimated by World Health Organization
(WHO) that 600 million people (almost 1 in 10) in the world fell
ill after eating contaminated foods and 42 million died every year,
resulting in the loss of 33 million healthy life years [1]. The U.S.
Department of Agriculture (USDA) estimated that foodborne ill-
nesses cost $15.6 billion in the U.S. every year [2]. In China, it was
reported by National Healthy and Family Planning Commission
(NHFPC) that 5926 people suffered from food poisoning in 2015
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and the major cause of food poisoning was foodborne pathogens,
including Salmonella, Vibrio parahemolyticus, Bacillus cereus, Staphy-
lococcus aureus and Escherichia coli, etc. [3]. Rapid screening of
foodborne pathogens in foods has become one of the major chal-
lenges in preventing the outbreaks of foodborne illnesses. Thus,
rapid, sensitive and online detection methods for screening the
contaminated foods in their supply chains are urgently needed to
ensure food safety.

Currently available methods for bacteria detection mainly
include culture plating (Culture), polymerase chain reaction (PCR),
and enzyme-linked immune-sorbent assay (ELISA), etc. Culture is
the gold standard method with high reliability and sensitivity, how-
ever it is very time-consuming. PCR is a rapid, sensitive and high
throughput method [4,5], however it has high requirements on
nucleic acid extraction and well-trained technician. ELISA is also
a rapid and high throughput method [6,7], however it ofen lacks
sufficient sensitivity and has false positives. As alternative, various
types of biosensors, such as optical [8-10], electrochemical [11,12],
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Fig. 1. The principle of the microfluidic impedance biosensor based on immunomagnetic separation and urease catalysis for continuous-flow detection of E. coli 0157:H7.

magnetic [13,14], quartz crystal microbalance [15,16] and surface
plasmon resonance [17,18], etc., have been reported for rapid and
sensitive detection of foodborne pathogens. Impedance biosensor
is one type of electrochemical biosensors and relies on the electro-
chemical impedance change on the interface of the electrode under
an alternating perturbation with a direct-current bias. It is often
featured with compact design, easy integration, rapid response
and low cost, and interdigitated array microelectrodes with low
ohmic drop, high signal-to-noise ratio and miniature size are often
used as transducer. Besides, impedance biosensor is often com-
bined with immune magnetic separation for specific isolation and
efficient concentration of biological targets from complex sample
background. Magnetic nanoparticles (MNPs) own high surface-to-
volume ratio, less steric hindrance and uniform distribution, and
are often modified with the antibodies against the target for react-
ing with the targets, followed by applying an external magnetic
field to capture the MNP-target complexes and remove the sam-
ple background. To the best of our knowledge, there is few study
reporting online detection of foodborne pathogens, however it is
needed in some links in the food supply chains, such as milk and
poultry processing, etc.

In our previous study [19], we have successfully developed
a fluidic separation chip with active magnetic mixing for online
isolation and concentration of Listeria monocytogenes with the sepa-
ration efficiency of ~90% in 30 min. Besides, we also have developed
a microfluidic detection chip with interdigitated array microelec-
trode for quantitative measurement of impedance change with
the linear detection range of the catalysate (ammonium car-
bonate) from 1uwM to 100 wM. However, the impedance was
measured in the static condition, i.e., the catalysate was measured
~10min after it was injected into the detection chip, resulting
in longer detection time, worse background noise control and
lower sensitivity. Besides, the microelectrodes fabricated even
in the same batch often had an unsatisfied uniformity in the

impedance measurement of the catalysate at the same concen-
trations. In this study, we intended to develop a microfluidic
impedance biosensor for continuous-flow detection of foodborne
pathogenic bacteria using immunomagnetic separation for iso-
lating and concentrating the target bacteria from the sample
background, urease catalysis for amplifying the biological signals,
and continuous-flow impedance measurement for determining the
concentration of the bacteria. Besides, we used E. coli 0157:H7
as research model to verify and evaluate this proposed biosen-
sor. As shown in Fig. 1, after the streptavidin modified MNPs
were conjugated with the biotinylated polyclonal antibodies (PAbs)
against E. coli 0157:H7 through streptavidin-biotin binding to
form the immune MNPs, they were used for magnetic separa-
tion of the target E. coli O157:H7 cells in the sample to form
the MNP-PAb-bacteria complexes (magnetic bacteria). Then, the
gold nanoparticles (GNPs), modified by the aptamers against E. coli
0157:H7 and the urease, were incubated with the magnetic bacte-
ria to form the MNP-PAb-bacteria-aptamer-GNP-urease complexes
(enzymatic bacteria). The urea was catalyzed by the urease on the
enzymatic bacteria and hydrolyzed into the catalysate (ammonium
carbonate), resulting in an increase in the ion strength and thus a
decrease in the impedance. The impedance of the catalysate was
measured at the continuous-flow condition using the improved
microfluidic detection chip with the gold interdigitated array
microelectrode and analyzed using the impedance normalization
method to determine the concentration of the bacteria in the sam-
ple.

2. Materials and methods
2.1. Materials and reagents

Streptavidin, biotin, urea (NH,CONH,), ammonium carbon-
ate ((NH4);CO3), urease (E.C.3.5.1.5, Type III, 15,000-50,000
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units/g solid), and 2-(N-morpholino) ethanesulfonic acid (MES)
were purchased from Sigma Aldrich (St. Louis, MO, USA). The
biotinylated polyclonal antibodies against E. coli 0157:H7
were purchased from Thermo Scientific (Waltham, MA, USA)
for specifically reacting with the E. coli O157:H7 cells. The
aptamers against E. coli 0157:H7 were synthesized by Sangon
Biotech (Shanghai, China) with the sequence of 5’-biotin-
CCGGACGCTTATGCCTTGCCATCTACAGAGCAGGTGTGACGG-3'.

The streptavidin conjugated magnetic nanoparticles with the
diameter of 150nm from Ocean Optics (MHS-150-10, Dunedin,
FL, USA) were used for immunomagnetic separation of the target
bacteria. Gold chloride tri-hydrate (HAuCls-3H,0) from Sigma
Aldrich (St. Louis, MO, USA) was used to synthesize the gold
nanoparticles with the diameter of ~20nm. Phosphate buffer
saline (PBS, P5493, diluted 10 times by deionized water to 10 mM,
pH 7.4) was also purchased from Sigma Aldrich. Bovine serum
albumin (BSA) from Sigma Aldrich and polyethylene glycol (PEG)
20,000 from Merck (Darmstadt, Germany) were prepared in PBS for
blocking. Tween-20 was obtained from Amresco (Solon, OH, USA)
for washing the non-specific binding impurities. The deionized
water produced by Millipore Advantage 10 (18.2 MS2-cm, Billerica,
MA, USA) was used to prepare all the solutions.

2.2. Fabrication of the microfluidic detection chip

The microfluidic detection chip was fabricated by bonding
the redesigned glass-substrate interdigitated array gold micro-
electrode and the microfluidic channel. The gold microelectrode
included 25 pairs of digit fingers with 15 pm digit width, 15 um
inter-digit spacing, 3mm digit length and 100nm thickness.
Chromium with the thickness of 10 nm was used as the connecting
layer. The microfluidic channel with 100 wm height, 1 mm width
and 3 mm length was fabricated based on 3D printing and PDMS
casting. The 3D drawing in.stl format was designed using Solid-
works software and the mold was printed by the 3D printer (Vero
Whiteplus RGD835, Stratasys, Eden Prairie, MN, USA). The PDMS
prepolymer and curing agent were mixed at the ratio of 10:1 for
5min and degassed for 20 min in vacuum. Then, the mixture was
poured into the mold and placed at 60 °C overnight. After the PDMS
channel and the glass-substrate microelectrode were treated by
surface plasma (Harrick Plasma, Ithaca, NY, USA), they were bonded
to form the microfluidic chip. Besides, the microfluidic channel
was intercrossed vertically with the digit fingers of the microelec-
trode instead of being parallel with the fingers in our previous
design. Compared to the previous detection chip, the improved
chip required less catalysate for impedance measurement due to
3 times smaller channel size, and could be fabricated more eas-
ily due to much lower requirement on the alignment of the PDMS
channel and the microelectrode.

2.3. Culture and enumeration of the bacteria

Escherichia coli 0157:H7 (ATCC43888, used as target bacteria),
Salmonella typhimurium (ATCC14028, used as non-target bacteria)
and Listeria monocytogenes (ATCC13932, used as non-target bacte-
ria) were stored at —20°C with glycerol and revived by steaking
on Luria-Bertani (LB) agar plates. First, they were cultured in the
LB medium (Aoboxing Biotech, Beijing, China) at 37°C for 12-16h
with shaking at 180rpm, respectively. Then, the cultures were
serially 10-fold diluted by PBS to obtain the bacteria at the con-
centrations from 10! to 10° CFU/mL, respectively.

For bacterial enumeration, the bacterial samples were serially
diluted with the sterile PBS, and 100 p.L of the diluents were surface
plated on the LB agar plates. After incubation at 37 °C for 22-24h,
the colonies were counted to calculate the concentration of the
bacteria.

2.4. Surface modification of the GNPs

The synthesis of the GNPs with the size of ~20nm had been
reported in our previous paper with slight adjustment [20]. The
aptamers against E. coli 0157:H7 and the urease were modified
onto the GNPs to form the aptamer and urease modified GNPs
(apta-urease GNPs). Briefly, the pH of the GNPs was first adjusted
to 7.0 with 0.2 M K,COs. Then, streptavidin (1 mg/mL) was added
drop-by-drop into the GNPs and incubated for 1 h. After the biotiny-
lated aptamers (10 M) and the urease (10 mg/mL, in 5 mM MES,
prepared by the deionized water) were added drop-by-drop and
incubated for 5min and 1 h, respectively, the GNPs were succes-
sively blocked by 1% (w/v) PEG for 30 min and 10% (w/v) BSA for
30 min. When streptavidin, aptamers, urease, PEG and BSA were
added into the GNPs and incubated respectively, they were gently
blended using magnetic stirring to achieve better reaction. Finally,
the GNPs were centrifugated at 10,000 rpm for 15 min to remove
the excessive aptamers and urease, and the apta-urease GNPs were
dissolved in the deionized water and stored at 4 °C for further use.

2.5. Separation and detection of the target bacteria

The separation and concentration of the target E. coli 0157:H7
cells from the sample (either the pure culture or the spiked milk)
were based on our previously reported immunomagnetic separa-
tion method [21]. Prior to test, the immune MNPs (1 mg/mL) were
prepared by mixing the streptavidin conjugated MNPs with the
biotinylated PAbs (0.4-0.5 mg/mL) at 15 rpm for 45 min and mag-
netically separating the immune MNPs using a magnetic separator
(MS0406, Aibit Biotech, Jiangyin, China) for 2 min to remove the
excessive PAbs. 20 pg of the immune MNPs were first incubated
with 500 uL of the sample containing different concentrations
(10'-10° CFU/mL) of E. coli 0157:H7 at 15 rpm for 45 min to form
the MNP-PAb-bacteria complexes (magnetic bacteria). After mag-
netic separation to remove the sample background, the magnetic
bacteria were resuspended in 100 pL of PBST (PBS with 0.05%
Tween-20) and the purified and 5 times concentrated bacteria were
obtained.

The detection of the target E. coli 0157:H7 cells is based on
urease catalysis and continuous-flow impedance measurement.
The separated and concentrated magnetic bacteria were incu-
bated with 5puL of the apta-urease GNPs at 15rpm for 45 min
to form the MNP-PAb-bacteria-aptamer-GNP-urease complexes
(enzymatic bacteria). Then, the enzymatic bacteria were magnet-
ically separated to remove the excessive apta-urease GNPs and
washed with the deionized water containing 0.05% Tween-20 twice
and the deionized water twice, respectively, to further remove
the residual conductive ions. Finally, the enzymatic bacteria were
resuspended and incubated in 100 pL of the urea with the con-
centration of 100 wM at 15 rpm, followed by magnetic separation
for 2min, and the supernatant including the catalysate (ammo-
nium carbonate) and the surplus substrate (urea) was collected for
impedance measurement.

2.6. Continuous-flow impedance measurement of the catalysate

The supernatant was continuously injected into the microfluidic
impedance detection chip using the precise syringe pump (Type:
T60-S2&WX10-14-A, flow rate: 0-24 mL/min, Longer Pump, Baod-
ing, Hebei, China) at the flowrate of 1 mL/h. The impedance of the
catalysate was measured every 2s using the IM6 electrochemi-
cal workstation (ZAHNER, Kronach, Bavaria, Germany) with the
Thales analysis software by applying a sinusoidal alternating poten-
tial with the amplitude of 5mV, the direct-current bias of 0V and
the frequency range of 1Hz-5MHz on the microelectrode in the
detection chip.
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Fig. 2. The electrochemical impedance spectra of ammonium carbonate at different
concentrations ranging from 5 uM to 100 WM.

Since the variation of different microelectrodes has great impact
on the impedance measurement, the impedance normalization, i.
e. the relative change rate of impedance (RZ) at the characteristic
frequency, was used to analyze the impedance data, which was
calculated by

RZ = (Zu-Zs)/Zu x 100% (1)

where, Zs and Zu are the impedance of the sample and the urea at
the characteristic frequency, respectively.

3. Results and discussions
3.1. Analysis of the electrochemical impedance spectra

This proposed impedance biosensor was based on the
continuous-flow measurement of the impedance of the catalysate
(ammonium carbonate) at the presence of the urea, resulting from
the hydrolysis of the urea by the urease on the enzymatic bacte-
ria. To obtain the characteristic frequency for the continuous-flow
impedance measurement, the electrochemical impedance spectra
(EIS) of different concentrations (5-100 M) of ammonium car-
bonate were measured using the IM6 electrochemical station for
the proof of the concept. Fig. 2 shows the EIS for different con-
centrations of ammonium carbonate at the concentrations ranging
from 5 wM to 100 wM, which were measured when they were con-
tinuously flowing through the detection chip at the flow rate of
1mL/h. It could be seen that the impedance of ammonium car-
bonate increased when the concentration of ammonium carbonate
decreased from 100 wM to 5 uM. Besides, the maximum impedance
change in the EIS appeared at the frequency range from 1kHz
to 30 kHz. Therefore, the characteristic frequency was selected as
15kHz in this study.

3.2. Continuous-flow measurement of the catalysate

The purpose of this study was to verify the feasibility of this
proposed biosensor for continuous-flow detection of the target
bacteria. The continuous-flow measurement of the catalysate is
the pre-condition. Thus, different concentrations (5-100 wM) of
ammonium carbonate were used to simulate the catalysate and
successively injected into the detection chip from low concentra-
tion to high concentration, and the impedance at the characteristic
frequency of 15 kHz was collected every 2 s. Prior to the tests on
ammonium carbonate, the urea at the concentration of 100 M was
injected into the detection chip for washing and used as control.
After each concentration of ammonium carbonate was measured,
the chip was thoroughly washed with the urea till the impedance
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Fig. 3. (a) The impedance measured at the characteristic frequency of 15 kHz in the
continuous-flow condition for ammonium carbonate with the concentrations rang-
ing from 5 wM to 100 wM and the urea with the concentration of 100 wM; (b) The
relative change rate of impedance for ammonium carbonate with the concentra-
tions ranging from 5 wM to 100 wM and the urea with the concentration of 100 wM;
(c) The linear relationship between the relative change rate of impedance and the
concentration of ammonium carbonate (N = 3).

returned to the original level (the first measurement of the urea).
As shown in Fig. 3(a), the impedance of each concentration almost
remained the same level and decreased from 42.2 k2 to 6.9 k2
when the concentration of ammonium carbonate increased from
5 uM to 100 wM, indicating that more conductive ions (ammonium
ions and carbonate ions) resulted in higher conductivity and thus
smaller impedance in the continuous-flow condition. Besides, the
relative change rate of impedance was also calculated and shown
in Fig. 3(b) and (c), RZ increased from 0.09 to 0.85 when the con-
centration of ammonium carbonate changed from 5 M to 100 M,
and a good linear relationship between the relative change rate of
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impedance (RZ) and the concentration (C) was found and could be
expressed as

RZ = 0.285In(C) + 0.425(R2 = 0.98) (2)
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Fig. 4. The relative change rate of impedance measured at the characteristic fre-
quency of 15KkHz for different enzymatic catalysis times in the detection of E. coli
0157:H7 with the concentration of 102 CFU/mL (N=3).

1017
3.3. Optimization of the enzymatic catalysis time

The enzymatic catalysis time has a great impact on the sen-
sitivity of this proposed biosensor. Thus, the enzymatic bacteria
at the concentration of 102 CFU/mL were incubated in the urea at
the fixed concentration of 100 wM for different enzymatic cataly-
sis times (3 min, 5 min and 10 min). The EIS of their catalysate was
measured using the detection chip, and their relative change rates
of impedance at the characteristic frequency of 15kHz were cal-
culated for comparison. As shown in Fig. 4, RZ increased from 0.30
to 0.60 while the enzymatic catalysis time changed from 3 min to
5 min. This was mainly because more ammonium carbonate was
produced in the supernatant with more catalysis time for the same
amount of the enzymatic bacteria to catalyze the hydrolysis of the
non-conductive urea. Besides, when the catalysis time increased to
10 min, RZ only had slight increase (0.62). Therefore, the enzymatic
catalysis time was optimized to be 5 min in this study.

3.4. Calibration curve of this biosensor for target bacteria
detection

The calibration curve of this proposed impedance biosensor is
the basis for quantitative determination of unknown concentra-
tion of target bacteria. Thus, different concentrations of the pure
E. coli 0157:H7 cells ranging from 1.2 x 10! CFU/mL to 1.2 x 10°
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(d) The forming of the MNP-bacteria-GNP complex.
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CFU/mL were prepared and magnetically separated, followed by
detection at the optimal catalysis time of 5min using this pro-
posed impedance biosensor. The EIS of different concentrations of
E. coli 0157:H7 was shown in Fig. 5 (a). When the concentration
of the target bacteria increased, the impedance of the supernatant
decreased, indicating that more enzymatic bacteria were formed
and thus more ammonium carbonate was produced. To further
build up the calibration curve of this proposed biosensor, RZ at the
characteristic frequency of 15 kHz were averaged and plotted with
the concentration of E. coli 0157:H7. As shown in Fig. 5(b), a good
linear relationship between the relative change rate of impedance
(RZ) and the concentration (C) of E. coli 0O157:H7 ranging from
1.2 x 10! CFU/mL to 1.2 x 10° CFU/mL was found and could be
described as

RZ = 0.031In(C) + 0.449(R% = 0.95) (3)

The detection limit of this proposed biosensor was determined
by three times of signal-to-noise ratio and calculated as 1.2 x 10!
CFU/mL for the pure culture. The high sensitivity of this biosensor
was due to the following reasons: (1) the impedance normalization
with less variations resulting from the difference of the microelec-
trodes; (2) the higher concentration of the catalysate due to smaller
microfluidic channel and thus less volume of urea for catalysis;
and (3) the larger impedance change for different concentrations
of the catalysate due to the continuous-flow measurement of the

LIE*S Tura  Urea Utea Urea Urea
9.0E+4
G 7.0E+4
3
=1
£ 5.0E+4
9
£
= 1.2x 10! 1.2x10°
3.0E+4 T 1.2x102 4
CFU/mL CFUmL 12X 10° ‘s, CFU/mL
1.0E+4 t t t t t
0 250 500 750 1000 1250 1500
Time (s)
(@)
3 1.0 p
£ 1.2x10°
4
< 12x10° 12x10* CFU/mL
2 0.8 + / L)
E¥T Lo 120102 L, e
s CFU/mI, CFU/MmL |
o 1 SRR
< 0.6
L)
2]
Eﬂ 0.4 1+
<
2]
=
T 027
9
[
0.0 Urea Urea Urea Urea Urea
0 250 500 750 1000 1250 1500
Time (s)
(b)
0.9
]
Q
c
[~}
2 08t
=
St
=]
2071
E .
% y=0.0211n(x) + 0.543
E R2=0.98
9 0.6
Q
=
-
=
]
®0s : : : :
1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5
Concentration (CFU/mL)
(c)

Fig. 7. (a) The impedance measured at the characteristic frequency of 15kHz in
the continuous-flow condition for E. coli 0157:H7 with different concentrations
ranging from 1.2 x 10! CFU/mL to 1.2 x 10° CFU/mL; (b) The relative change rate of
impedance for E. coli 0157:H7 with different concentrations ranging from 1.2 x 10!
CFU/mLto 1.2 x 10° CFU/mL; (c) The linear relationship between the relative change
rate of impedance measured at the characteristic frequency of 15 kHz and the con-
centration of E. coli 0157:H7 in the spiked milk samples (N =3).

impedance. Besides, the TEM imaging was used to verify the form-
ing of the MNP-bacteria complexes and the MNP-bacteria-GNP
complexes, as shown in Fig. 5 (¢) and (d).

3.5. Specificity of this biosensor to non-target bacteria

The specificity of this proposed impedance biosensor mainly
depends on the polyclonal antibodies against E. coli 0157:H7 in
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Table 1
Comparison of different data analysis methods. '§’
Electrode 7s(kQ)  Zu (k) AZ(kQ)  RZ 5 SEETRA é
Electrode 1 37.1 46.0 8.9 ot | T|TTTm
Electrode 2 80.5 102.6 22.1 0.22
Electrode 3 435 54.9 11.4 0.21
Average 53.7 67.8 14.1 0.21
Standard deviation 234 304 7.0 0.01
Relative standard deviation 44% 45% 50% 5%
=
the forming of the magnetic bacteria and the aptamers against E. fless §
coli 0157:H7 in the forming of the enzymatic bacteria. Salmonella £S5 SSSEEE
typhimurium and Listeria monocytogenes at the same concentration B85 8 0w
level of 10* CFU/mL with E. coli 0157:H7 were used as the non-
target bacteria to test the specificity of this biosensor, respectively.
Three parallel tests were conducted to test the specificity of the
polyclonal antibodies. After the magnetic separation, both the orig-
inal and magnetically separated bacteria were surface plated for
bacterial enumeration, and the separation efficiency was defined as E
the ratio of the separated bacteria to the original ones. As shown in =) =)
Fig. 6(a), the separation efficiency of E. coli 0157:H7 at the concen- % X
tration of 1.2 x 10# CFU/mLis over 90%, however those of Salmonella E -
typhimurium at the concentration of 2.3 x 104 CFU/mL and Listeria s N am oo
monocytogenes at the concentration of 2.1 x 104 CFU/mL were both g|leceee2ee
less than 5%, indicating that the magnetic separation had a good 2 c:X é é cX> é :l Q
specificity. Sl Ak
Besides, these three separated magnetic bacteria were used
to react with the apta-urease GNPs, followed by urease catalysis “
and continuous-flow impedance measurement to obtain their rel- §D
ative change rates of impedance. As shown in Fig. 6(b), the relative £
change rate of impedance for E. coli 0157:H7 was much higher than 25
those of Salmonella typhimurium and Listeria monocytogenes, indi- gl E
cating that the specificity of this biosensor was further enhanced § g
by the aptamers against E. coli 0157:H7. 8 E:n
-1 P
3.6. Comparison of different data analysis methods g % SEE==ER
A EIEEEEEEE
To minimize the impedance difference of different microelec- %
trodes, impedance normalization, i.e., the relative change rate of <
impedance at the characteristic frequency, was used to analyze the g
impedance data. To further verify this, the impedance of ammo- g
nium carbonate at the concentration of 10 M and the urea at 3
the concentration of 100 WM was measured by three different gz
microelectrodes fabricated in the same batch at the characteris- S |E
tic frequency of 15 kHz. The standard deviation of their impedance g g
of ammonium carbonate at the concentration of 10 uM (Zs), their TS =
impedance changes (AZ) compared to the urea at the concentra- g %
tion of 100 WM (Zu), and their relative change rates of impedance % 5loooownn
(RZ) were calculated and compared. As shown in Table 1, both the % QMm@ mnas —un
standard deviation and the relative standard deviation of RZ were <
much less than those of AZ, which was often used to calculate P2
the concentration of the target bacteria. This indicated that this 5
impedance normalization was effective to reduce the impact from g
the difference of the microelectrodes. 5|
g | g
3.7. Detection of target bacteria in the spiked milk é 5"’ 2 g 222 é §
o
To further evaluate the applicability of this proposed impedance %
biosensor for detection of the target bacteria in food sample, 2
the pasteurized milk was purchased from local supermarket and 2
10 times diluted with the sterile PBS and then used to prepare S
the spiked milk samples with the E. coli 0157:H7 concentrations Sle o
ranging from 1.2 x 10" CFU/mL to 1.2 x 10° CFU/mL. Three parallel NE|SluwwssSELa
tests on different concentrations of E. coli 0157:H7 in the spiked 2E|2|83 g g g 82
milk were conducted using the proposed magnetic separation and e3 - B
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impedance biosensor. The continuous-flow impedance of differ-
ent concentrations of E. coli 0157:H7 were shown in Fig. 7 (a) and
the relative change rates of impedance were calculated and shown
in Fig. 7 (b). As shown in Fig. 7 (c), the relative change rate of
impedance measured at the characteristic frequency of 15 kHz had
a good linear relationship with the concentration of the bacteria,
which could be expressed as

RZ = 0.021In(C) + 0.543(R% = 0.98) (4)

3.8. Comparison of this biosensor with previous reported
biosensors

To further evaluate the performance of this proposed impedance
biosensor, some recently reported impedance biosensors for detec-
tion of foodborne bacteria using different transducers, such as
interdigitated microelectrode (IDME)[19,20], screen printed inter-
digitated electrode (SPIDE) [21], printed circuit board interdigitated
electrode (PCBIDE)[22], screen printed interdigitated microelec-
trode (SPIDME) [12,23], were compared and shown in Table 2.
This proposed biosensor had shown a shorter detection time and
a lower detection limit than other reported biosensors due to the
following reasons: (1) this biosensor used the urease to amplify
the biological signals; (2) this biosensor used the continuous-flow
impedance measurement to reduce the detection time and improve
the sensitivity; (3) this biosensor used the impedance normaliza-
tion to reduce the background noise from the variation of different
microelectrodes.

4. Conclusion

In this study, we have successfully developed a microfluidic
impedance biosensor combined magnetic separation and urease
catalysis for continuous-flow detection of E. coli 0157:H7, and
demonstrated that the impedance normalization was effective to
reduce the impact from the variation of different microelectrodes.
This proposed biosensor had a good linear relationship between
the relative change rate of impedance and the concentration of
E. coli 0157:H7 from 10! and 10° CFU/mL and was able to detect
E.coliO157:H7 aslow as 1.2 x 10! CFU/mLin 2 h. More importantly,
this microfluidic impedance biosensor has shown the potential to
integrate with the fluidic immunomagnetic separation for online
detection of foodborne pathogens and might be also extended to
detect other foodborne pathogens using their specific antibodies
and/or aptamers.
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