
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

7:
24

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Selective capture
aSchool of Life Science and Technology, State

and Environment, Harbin Institute of Tech

yanmei@hit.edu.cn; shaoqinliu@hit.edu.cn
bMicro- and Nanotechnology Research Cente

150080, China

† Electronic supplementary informa
10.1039/c7ra04583b

Cite this: RSC Adv., 2017, 7, 30446

Received 24th April 2017
Accepted 28th May 2017

DOI: 10.1039/c7ra04583b

rsc.li/rsc-advances

30446 | RSC Adv., 2017, 7, 30446–304
and rapid identification of E. coli
O157:H7 by carbon nanotube multilayer biosensors
and microfluidic chip-based LAMP†

Tianchan Li,a Fanjiao Zhu,a Wei Guo,a Hongxi Gu,a Jing Zhao,a Mei Yan*ab

and Shaoqin Liu *ab

We describe a sensitive approach for visual and point-of-care detection of E. coliO157:H7 and its toxic gene

by combining carbon nanotube (CNT) multilayer biosensors and microfluidic chip-based loop-mediated

isothermal amplification (LAMP). The anti-E. coli O157:H7 functionalized CNT multilayer biosensor can

selectively capture the target bacterium E. coli O157:H7 in complex samples. After culturing, the

captured bacteria can be released on demand by cleavage of the anti-E. coli O157:H7 antibody–bacteria

interaction. The DNA concentration of the released bacteria was subsequently analyzed with microfluidic

chip-based LAMP. After systematic optimization of capturing and detecting conditions, the proposed

sensing platform was capable of detecting concentrations as low as 1 CFU mL�1 without complicated

instrumentation, this is much more sensitive than previous reported methods. The distinct advantages of

the proposed sensing platform, such as high specificity, low cost, good reproducibility and the ability of

regenerating, make it a potential platform for detecting E. coli O157:H7 in related food safety and clinical

diagnosis.
1. Introduction

Pathogenic strains of bacteria are a key concern for hospitals,
environmental biology, the food industry and water supplies
because bacterial infection can cause a wide variety of illnesses.
For example, in the developing world, enterohemorrhagic
Escherichia coli of serotype O157:H7 is one of themost abundant
and dangerous pathogens,1–4 and oen leads to hemorrhagic
colitis, hemolytic uremic syndrome (HUS) and death.5–7

Conventional methods of bacterial detection and identi-
cation rely on the submission of samples to laboratories for
culturing in selective media.8 The cell culture-based assays are
reliable, but are lengthy and generally take up several days to
obtain a conrmed result, resulting in the loss of precious time
between sample collection and treatment.9 Currently, a variety
of detection methods have been developed to measure bacteria
in samples, including enzyme-linked immunosorbent assay
(ELISA),10,11 polymerase chain reaction (PCR),12–15 protein
microassay,16 quartz crystal microbalance (QCM) system,17,18

surface plasmon resonance (SPR),19–21 ow cytometry (FC),22
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chemiluminescence (CL),23–26 and surface enhanced Raman
spectroscopy (SERS).27 Although these techniques are less time-
consuming, they are associated with some limitations that
hinder their wide applications. For example, PCR assays are
expensive, complex and require a skilled technician. Therefore,
a fast, reliable, portable and user-friendly technique able to
detect specic bacteria and determine their concentrations is
urgently needed.

Detection of bacteria involves two distinct processes: (1)
selectively capturing of bacteria from samples and (2) identi-
cation of the captured bacteria. However, selective capture and
recognition of bacteria is complicated by their low abundance
(the infectious dose of pathogenic bacteria is about 10–100
cells).28 In response to the above pressing challenges, in this
study, we proposed a simple strategy that combined loop-
mediated isothermal amplication (LAMP)-based microuidic
chip with carbon nanotube multilayer structure to develop
a portable sensing platform for the selective capture and
recognition of the target bacterium. The antibody functional-
ized carbon nanotube multilayer is capable of selective capture,
culture and release of bacteria. The captured bacteria could
then be lysed for rapid and sensitive nucleic acid amplication
with LAMP-based microuidic chips. Using Escherichia coli
O157:H7 as the targeted bacterium, we demonstrated the ability
of the proposed sensing platform to selectively capture, culture,
release and precisely detect and quantify bacteria. As compared
to other biorecognition entities, the proposed sensing platform
provides several advantages including low cost, facile and easy-
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04583b&domain=pdf&date_stamp=2017-06-11
http://orcid.org/0000-0001-6990-8728
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04583b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007048


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

7:
24

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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to-use.29–32 Therefore it is foreseeable that the combination of
carbon nanotube multilayer structure-based chip and LAMP
microuidic chip can be a fast, reliable and portable sensing
platform for detection of the targeted bacterium.
2. Experimental
2.1 Reagents and equipment

Multi-walled carbon nanotubes (MWCNTs), sodium poly-
styrenesulfonate (PSS, MW 70 000), polyethyleneimine (PEI,
MW 25 000), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), n-hydroxysuccinimide (NHS), propidium iodide (PI) and
(3-aminopropyl)triethoxysilane were purchased from Sigma-
Aldrich. The E. coli O157:H7 strain (ATCC 43889) and anti-E.
coli O157:H7 polyclonal antibody were purchased from Prajna
Biology (Shanghai, China). Other chemicals of analytical grade
were obtained from commercial sources and used as received.
All aqueous solutions were prepared with ultrapure water from
aMilli-Q water purication system (18.2 MU, Milli-Q, Millipore).
The ITO (about 15 U sq�1) coated glass was obtained from
Leaguer Film Technology (Shenzhen). Poly(dimethylsiloxane)
(PDMS) was purchased from Dow Corning Co. Ltd. LAMP
amplication reagents were purchased from Summus Co. Ltd.,
bacterial lysis reagent was from Huafeng Co. Ltd. (Guangzhou,
China). LAMP primers used in this work were synthesized by
Sangon Biotech Co. Ltd. (Shanghai, China).

UV-Vis absorption spectra were measured by using a U-4100
spectrophotometer (Hitachi, Japan). Cyclic voltammetry (CV)
measurements were carried out with a CHI 860D electrochem-
istry work station (CHI, USA), and electrochemical impedance
spectroscopy (EIS) was performed using a Solartron 1260A
Impedance/Gain-phase Analyzer (Ametek, UK). The impedance
spectra were recorded within the frequency range of 0.1 Hz–100
kHz at a 0 V bias potential. The amplitude of the applied sine
wave potential in each case was 10 mV. Electrochemical
measurements were performed with a conventional three elec-
trode system comprised of a platinum wire as auxiliary elec-
trode, a standard Ag/AgCl reference electrode and the modied
ITO electrode as the working electrode. The PDMS was bonded
with the glass slide by plasma cleaner (Harrick, USA). The
quantitative detection of E. coli O157:H7 was monitored by
digital ber optic sensor (FS-N18N, Keyence Corporation,
Osaka) and the optical bers (FU-75F, Keyence Corporation,
Osaka).
2.2 Preparation of carbon nanotube (CNT) multilayer-based
biosensor

The ITO-coated glass substrates were cut into a denite size (30
mm � 10 mm), cleaned with Piraha solution,33 and deposited
into toluene solution containing (3-aminopropyl)trimethox-
ysilane to yield an amine-functionalized surface. At the same
time, the MWCNTs was acidized by ultrasonication in a mixture
of concentrated HNO3 and H2SO4 (v/v, 1 : 3) for 24 h, followed
by extensive washing with deionized water until the ltrate was
neutral. Then it was dried in a vacuum. Generally, van derWaals
forces among CNTs are large enough to make them stick
This journal is © The Royal Society of Chemistry 2017
together and form large bundles. Thus the MWCNT multilayer
prepared from pure MWCNT solution is not uniform. To
improve the dispersion in solution and meanwhile remain their
high conductivity, the resulting MWCNTs are in 1 mg mL�1 PSS
solution to form the nal concentration at 1 mg mL�1. The p-
like stacking of the benzene rings benets the binding between
PSS and CNTs, leading to a high fraction of individualized CNTs
aer dispersion. It is found that MWCNTs dispersed in PSS
solution is stable for several months at room temperature. As
shown in Scheme 1, CNT multilayer-based biosensor was
prepared by alternatively immersing amine-functionalized ITO
into MWCNTs solution and 1 mg mL�1 PEI, using an immer-
sion time of 5 min, and rinsed with pure water and dried under
N2 ow aer each layer deposited. The CNT multilayers-coated
ITO electrode was then immersed into the activation solution
(45 mM EDC and 15 mM NHS) for 2 h to activate the carboxyl
groups. Aer rinsing with water, 10 mg mL�1 of anti-E. coli
O157:H7 was immediately dropped on the surface and then
incubated at 4 �C for 24 h. Then the surface was incubated with
BSA for 1 h at room temperature to close the bound sites. Aer
washed with PBS and water, themodied electrodes were stored
at 4 �C for use.
2.3 LAMP reaction in microuidic chip

A PDMSmicrouidic chip used in this work had a simple layout
with brief channels geometry (8 parallel lines, 10 mm � 0.6 mm
� 0.8 mm, volume of about 5 mL). Microuidic channels were
formed in PDMS by a photolithography technique.34,35 The
LAMP reaction was carried out with a 5 mL reaction mixture
containing 1 � ThermoPol buffer, 8 mM MgSO4, 0.8 M Betaine,
1 mM deoxynucleoside triphosphates (dNTPs), 0.32 U Bst Poly-
merase, 0.2 mM (each) F3 (primer sequence: AACTACTG-
TAAGTAATGGAACG) and B3 (GTGATTTTTTGTTCTATGTCACT),
1.6 mM (each) FIP (TGTTGGAACAATAACTTCATCTCCTGTTG
CTCTTCATTTAGCTTTG) and BIP (AATGCTATAAAATACACAG
GAGCCACAGACATTTGCCAAGTTTCA).

Amplication was performed in a water bath at 63 �C for 1 h.
The detection result was determined by a ber optic sensor
according to the turbidity of the solution during LAMP ampli-
cation, which was then conrmed by agarose gel electrophoresis.
2.4 Sample preparation

The E. coli O157:H7 were spiked into apple juice and milk to
form different concentrations, 1 CFU mL�1, 5 CFU mL�1, 10
CFU mL�1, 100 CFU mL�1 respectively. All samples were stored
at 4 �C and analyzed with the proposed assays.
2.5 Fluorescence microscopy analysis

The sample containing E. coli O157:H7 strains were incubated
with the biosensors for 45 min, aer the bacteria were captured,
the biosensor was immersed into 4% paraformaldehyde solu-
tion for 30 min, and then washed with PBS for two times. The
biosensor was then immersed into PI uorescent dye for
15 min, washed by PBS for two times and dried in air. The
bacteria were viewed using a uorescence microscopy (Olympus
RSC Adv., 2017, 7, 30446–30452 | 30447
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Scheme 1 The protocol of microfluidic chip-based LAMP coupled with CNT multilayer biosensor.
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BX53, Tokyo, Japan). Fluorescence images were obtained using
a 100 � oil lens.
2.6 Detecting E. coli O157:H7 with CNT multilayer-based
LAMP assay

The CNT multilayers-based biosensor was incubated with 1 mL
E. coli O157:H7 sample solution for 45 min, rinsed with PBS
solution, cultured in LB nutrient broth medium at 37 �C, and
immersed into the mixture of 5 mM [Fe(CN)6]

3�/4� and 5 mM
PBS for EISmeasurements. Next, DNA templates of the captured
bacteria were extracted with DNA extraction kit for bacteria. 0.4
mL nucleic acid extracted from the E. coli O157:H7 was then
introduced via the inlet. Further, 4.6 mL LAMP reaction mixture
was drawn slowly into the microchannel by capillary force. The
inlet and outlet were tightly sealed by uncured PDMS to form an
integral microchannel for LAMP reaction. The results were
analyzed with the optical detection unit including optical bers
and digital ber optic sensor. The ber optic sensor employs
a high-intensity red light-emitting diode (LED) light at 640 nm
and a phototransistor.

The launching and collecting optical bers were inserted
carefully into the ber channels that oppose each other. The
detection length is 12 mm. The reduction of optical density was
used to indicate the turbidity generation of the LAMP reaction.
The turbidity increased with the amplication of DNA, so
30448 | RSC Adv., 2017, 7, 30446–30452
optical density¼ ln(I0/I1) ¼ turbidity, where I0 is the intensity of
incident light and I1 is the intensity of transmitted light.
3. Results and discussion
3.1 Principle of microuidic chip-based LAMP coupled with
CNT multilayer biosensor

The protocol in this study combines the amplication features
of LAMP with the ability of anti-E. coli O157:H7 polyclonal
antibody-modied CNT multilayer electrode to selectively
capturing E. coli O157:H7. The principle of the sensing platform
is shown in Scheme 1. In this multilayer biosensor, MWCNTs
was used to increase the surface area and electrical conductivity
of sensors. The large surface area of MWCNTs allows more anti-
E. coli O157:H7 polyclonal antibodies linked to MWCNTs in the
multilayers via a carbodiimide-mediated wet-chemistry
approach. The resulting anti-E. coli O157:H7 polyclonal
antibody-modied CNT multilayer electrode are then used as
the nanoscale anchorage substrates to effectively capture E. coli
O157:H7 on the electrode surface through antigen–antibody
interaction. When E. coli O157:H7 is present in the sample, it
will be captured by the anti-E. coli O157:H7 polyclonal antibody-
modied CNT multilayers through the antigen–antibody inter-
actions, resulting in the changes in the charge transfer resis-
tance of the electrode. The captured bacteria are then cultured
in modied E. coli culture broth to increase the number of E.
This journal is © The Royal Society of Chemistry 2017
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coli O157:H7 and improve the detection sensitivity. This culture
enrichment process is inevitable because the contamination
level oen falls below the detection limit. DNA templates of the
captured bacteria are extracted and analyzed using a micro-
uidic chip-based LAMP coupled with an optical turbidity
sensor.

3.2 Preparation, characterization and bacterial capture
capability of the CNT multilayers

As shown in Scheme 1, the anti-E. coli O157:H7 polyclonal
antibody-modied CNT multilayer electrode is prepared by
alternatively immersing amine-functionalized ITO into nega-
tively charged MWCNTs solution and positively charged PEI,
followed by functionalization with anti-E. coli O157:H7 poly-
clonal antibody. UV-Vis spectroscopy, cyclic voltammetry and
electrochemical impedance spectroscopy (EIS) conrmed the
successful preparation of CNT multilayer electrode (see details
in Part S1 of ESI and Fig. S1 and S2†).

We rst tested the capability of the anti-E. coli O157:H7
polyclonal antibody functionalized CNT multilayers for selec-
tively capturing E. coli O157:H7. The antibody functionalized
CNT multilayers were exposed to various concentrations of E.
coli O157:H7. Since the capture efficiency depends on the
incubation time and antibody concentration on the surface of
electrode, we investigated the inuence of incubation time and
antibody concentration during the functionalization process on
E. coli O157:H7 capture efficiency (Fig. S3†). A suitable
Fig. 1 (a) Nyquist plot of the anti-E. coliO157:H7 polyclonal antibody-mo
O157:H7 concentrations in terms of CFUmL�1. The concentration of E. co
relationship between the relative Ret and the logarithm of E. coli O157
solution of 5mM [Fe(CN)6]

3�/4� and 5mMPBS (pH 7.4). (c) Fluorescence i
The E. coli O157:H7 concentration is 105 CFU mL�1. (d) Fluorescent ima
antibody-modified (MWCNT/PEI)4MWCNT electrode after culturing for
mL�1. Scale bars are 20 mm.

This journal is © The Royal Society of Chemistry 2017
concentration of anti-E. coli O157:H7 polyclonal antibody was
found to be 10 mg mL�1. The optimal incubation time for the
electrode was 45 min for the target capture.

Based on the above optimized capture conditions, the
capability of the electrode for capturing E. coli O157:H7 at
different concentrations were analyzed with EIS and uores-
cence microscopy. Fig. 1a illustrates the Nyquist plot showing
a mixed charge transfer and diffusion resistance process that
varies gradually with increasing the concentration of E. coli
O157:H7. As shown in Fig. 1a, the charge transfer resistance
(Ret) of the antibody functionalized CNT multilayers is ca. 75.71
� 5.23 U. In the presence of bacteria, a greater increase in Ret is
observed due to the binding of bacteria through antigen–anti-
body interaction. Furthermore, the Ret increases with an
increase in target E. coli O157:H7 in the solution. A linear
relationship between the ratio of Ret/Rblank and the logarithm of
the E. coli O157:H7 concentration was found in the range of 5–
105 CFU mL�1 (Fig. 1b). The uorescence microscopy also
conrmed the successful capture of E. coli O157:H7 by the
antibody functionalized CNT multilayers. As shown in Fig. 1c,
the E. coli O157:H7 stained by PI uorescent dye are found to
adhere to the antibody functionalized CNT multilayers and
maintain good bacteria morphology.

The cell viability of the captured bacteria was next evaluated
by immersing the electrodes in culture broth for 1 h, 2 h and
3 h, respectively. The captured bacteria was then stained with PI
and observed with uorescencemicroscope. As shown in Fig. 1d
dified (MWCNT/PEI)4MWCNT electrode incubated with different E. coli
liO157:H7 is 0, 5, 10, 50, 102, 103, 104, and 105 CFUmL�1. (b) The linear
:H7 concentration. All measurements were performed in the mixture
mage of E. coliO157:H7 stained with PI adsorbed on the sensor surface.
ges of E. coli O157:H7 captured by the anti-E. coli O157:H7 polyclonal
1 h, 2 h, 3 h, respectively. The E. coli O157:H7 concentration is 1 CFU

RSC Adv., 2017, 7, 30446–30452 | 30449
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Fig. 2 (a) The electropherograms for investigating specificity of the
microfluidic chip-based LAMP reaction. No positive results were found
when no target was present (lane 8). Lane (1–7): the concentration of
DNA sample is 105, 104, 103, 102, 10, 1, 0.1 fg mL�1, respectively. Lane 8:
ultrapure water as the negative control. (b) Photograph of quantifi-
cation of the captured bacterial gene by the microfluidic chip-based
LAMP reaction. (c) Dynamic curves of the turbidity during the micro-
fluidic chip-based LAMP reaction. (d) Dependence of the turbidity on
the concentration of E. coli O157:H7.
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and S4,† aer culturing with culture broth for 1 h, 2 h and 3 h,
the number of captured bacteria on the electrode increases,
indicating that the CNT multilayers has good biocompatibility
and does not inuence the reproduction of the target bacteria.
By using staining method and microscopic counting method,
we found that about 60% of target bacteria were captured in the
range of 1–100 CFU mL�1 and nearly 95% cells were still viable.
These results verify the anti-E. coli O157:H7 polyclonal antibody
functionalized CNT multilayers possesses higher capture effi-
ciency and good compatibility.

3.3 Quantication of the captured bacterial gene by
microuidic chip-based LAMP

DNA templates of the captured bacteria were extracted with
DNA extraction kit for bacteria and quantied further by
microuidic chip-based LAMP. The microuidic chip-based
LAMP relies on an auto-cycling strand displacement of DNA
synthesis performed by the Bst polymerase and is able to
synthesize large amounts of DNA under isothermal conditions
in less than an hour.36 Moreover, the product of microuidic
chip-based LAMP can be detected by monitoring the turbidity of
the white precipitate magnesium pyrophosphate using the
optical sensors.37 Therefore, microuidic chip-based LAMP
assays are sensitive, faster, easier to use, and suitable for point-
of-care detection.

We rst investigated the specicity of the microuidic chip-
based LAMP reaction. DNA templates extracted from the E. coli
O157:H7, Bst polymerase, and a set of four primers including
two inner primers and two outer primers were injected into the
microchannels and reacted for 1 h at 63 �C. The product of
LAMP was analyzed by agarose gel electrophoresis. As shown in
Fig. 2a, in the presence of DNA templates, the LAMP gave
positive results, but no positive result was observed in the
absence of any DNA templates, indicating that the microuidic
chip-based LAMP reaction is specic.

The visual detection of bacterial gene was then performed on
the microuidic chip-based LAMP reaction coupled with the
turbidity sensor (Fig. 2b). Fig. 2c shows the dynamic curves of
the turbidity during the microuidic chip-based LAMP reaction.
It can be found that the turbidity increases quickly with the
reaction process. Moreover, the turbidity increases linearly with
the bacterial concentration (Fig. 2d). This means that the
bacterial concentration could be correlated to the gene quan-
tities detected by the microuidic chip-based LAMP reaction.

3.4 Analytic performance of the combination microuidic
chip-based LAMP coupled with CNT multilayer biosensor

3.4.1 Sensitivity. Under the optimal capturing and detect-
ing conditions, target E. coli O157:H7 with different concen-
trations were measured with the combination of CNTmultilayer
biosensor and the microuidic chip-based LAMP. Different
concentrations of E. coli O157:H7 was rstly incubated with the
CNT multilayer biosensor for 45 min. Aer rinsing with PBS
buffer solution, the captured bacteria was then cultured in LB
nutrient broth medium at 37 �C for 1 h, and immersed into in
the mixture of 5 mM [Fe(CN)6]

3�/4� and 5 mM PBS for EIS
30450 | RSC Adv., 2017, 7, 30446–30452
measurements. Next, DNA templates of the captured bacteria
were extracted and analyzed with the microuidic chip-based
LAMP. Fig. 3a shows dynamic curves of the turbidity for
different concentration of E. coli O157:H7. The turbidity is
linearly dependent on the logarithm of the bacteria concentra-
tion ranging from 1 CFU mL�1 to 104 CFU mL�1. The linear
regression equation is the turbidity ¼ 0.162 log[E. coli O157:H7]
+ 0.083 with a correlation coefficient of 0.9929 (n ¼ 6). The
detection limit (LOD) was calculated to be 1 CFU mL�1 at 3s.
The detection limit of the proposed sensing platform was lower
than those of other electrochemical methods (LOD: 8.0 � 102

cells mL�1), chemiluminescence (LOD: 103 CFU mL�1), PCR
(LOD: 102 CFU mL�1) etc. (Table S1†).38–40

3.4.2 Specicity. To establish the specicity and selectivity
of the proposed sensing platform, the antibody functionalized
CNT multilayers were exposed to E. coli Top 10, which do not
express the antigen of O157 and H7. As shown in Fig. 3c, no
signicant change in the Ret value was observed for 105 CFU
mL�1 E. coli Top 10. Compared with the blank experiment, Ret
value of the CNT multilayer electrode increased by only 8.57 �
1.55%. This good performance suggested that the antibody
functionalized CNT multilayers had good binding selectivity
and great potential for facile capture and detection of E. coli
O157:H7.

3.4.3 Reproducibility and regeneration. The combination
of CNT multilayer biosensor and the microuidic chip-based
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Dynamic curves of the turbidity for different concentration
of E. coli O157:H7. (b) The calibration curve for detection of E. coli
O157:H7. (c) Nyquist plots of the CNT multilayer electrode after
incubated with 105 CFU mL�1 E. coli Top 10 spiked into PBS. (d)
Dynamic curves of the turbidity for different concentration of E. coli
O157:H7 spiked into milk.

Table 1 The recovery of E. coli O157:H7 in real samples with the
combination of CNT multilayer biosensor and the microfluidic chip-
based LAMP

Sample

Added
(CFU
mL�1)

Proposed method Plate count method

Measured
(CFU mL�1)

Recovery
(%)

Measured
(CFU mL�1)

Recovery
(%)

Apple juice 0 0.76 � 0.16 0.33 � 0.58
Apple juice 1 1.01 � 0.16 101.0% 1.12 � 0.35 112.0%
Apple juice 5 5.23 � 0.02 104.6% 5.12 � 0.63 102.4%
Apple juice 10 10.89 � 0.03 108.9% 10.45 � 0.14 104.5%
Apple juice 100 102.81 � 0.26 102.8% 100.67 � 0.21 100.7%
Milk 0 0.72 � 0.12 0.33 � 0.58
Milk 1 1.21 � 0.16 121.0% 1.06 � 0.06 106.0%
Milk 5 5.50 � 0.01 110.0% 5.26 � 0.03 105.2%
Milk 10 10.13 � 0.03 101.3% 10.35 � 0.12 103.5%
Milk 100 112.12 � 0.04 112.1% 102.17 � 0.42 102.2%
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LAMP also showed very desirable reproducibility. The repro-
ducibility of the proposed method was assessed by testing
sample solution of 50 CFU mL�1 of E. coli O157:H7 under
optimized experimental conditions. The relative standard
derivation (RSDs) was 3.52% in 6 repetitive assays, indicating
the excellent reproducibility of the measurements.

Regeneration of the CNT multilayer biosensor was another
advantage of the proposed sensing platform. Aer electro-
chemical detection, the CNT multilayer biosensor was
immersed in pH 2.2 glycine–HCl buffer solutions to break the
captured bacteria-antibodies on CNT multilayers interaction
and release the captured bacteria. EIS and uorescence staining
method were performed to demonstrate the detachment and
attachment of E. coli O157:H7. As shown in Fig. S5,† the
regenerating biosensor still remained 95% of its original
capturing efficiency for two times. Aer 6 times, the bacterial-
capture efficiency decreased to 85% of its original capturing
efficiency. These results conrmed that the CNT multilayer
biosensor could be regenerated without signicant loss of the
capture efficiency.

3.4.4 Application in spiked samples. In order to evaluate
the applicability of the combination of CNT multilayer
biosensor and the microuidic chip-based LAMP for real-life E.
coli O157:H7 monitoring, we examined the number of CFUs in
food samples. Different concentrations of E. coli O157:H7 was
spiked into apple juice and milk and measured directly without
pretreatment. Fig. 3d depicts dynamic curves of the turbidity for
different concentration of E. coli O157:H7 spiked in milk
This journal is © The Royal Society of Chemistry 2017
samples. The complex samples itself did not cause obvious
positive results. Table 1 summaries the data in the assay for the
spiked samples. It is observed that the recovery of our method is
in the range of 101–112.1%. In addition, the spiked samples
were further quantied by a classic plate count method and
compared with the results obtained by our method. We found
that the data obtained with our method were in agreement with
those with classic plate count method. The result demonstrated
that the method can be successfully applied in the complex
samples.

4. Conclusion

In conclusion, we have demonstrated the ability of the CNT
multilayer biosensor and the microuidic chip-based LAMP
combination to capture, culture, lyse, detect and quantify E. coli
O157:H7. The detection sensing platform displayed high spec-
icity and detect E. coli O157:H7 for concentrations as low as 1
CFU mL�1 without complicated instrumentation. Compared
with other solid phase-based separation techniques such as
magnetic beads, the capture and culture process of bacteria can
be monitored in situ by electrochemical methods. In addition,
the proposed sensing platform has many advantages such as
low cost and simplied operations. These merits make it
a potential platform for point-of-care detection of E. coli
O157:H7 in hospitals, environmental biology, food industry and
water supplies.
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