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immunosensor assay (EIA) for
sensitive detection of E. coli O157:H7 with signal
amplification on a SG–PEDOT–AuNPs electrode
interface

Yuna Guo,a Yu Wang,*b Su Liu,c Jinghua Yu,a Hongzhi Wang,a Min Cuia

and Jiadong Huangab

A novel electrochemical immunosensor assay (EIA) for highly sensitive and specific detection of Escherichia

coli O157:H7 has been developed. This immunosensor is constructed by the assembly of capture antibody

on SG–PEDOT–AuNPs composites modified glass carbon electrode. In the presence of target E. coli

O157:H7, horseradish peroxidase (HRP)-labeled antibody is captured on the electrode surface to form a

sandwich-type system via the specific identification. As a result, E. coli O157:H7 detection is realized by

outputting a redox current from electro-reduction of hydrogen peroxide reaction catalyzed by HRP. In

our assay, the combination of the unique properties of sulfonated graphene (SG) and gold nanoparticles

(AuNPs) can not only accelerate electron transfer on electrode interface, but also provide an excellent

scaffold for the conjugation of capture antibody that significantly improves the target capture efficiency

and enhances the sensitivity of the biosensor. The results reveal the calibration plot obtained for E. coli

O157:H7 is approximately linear from 7.8 � 10–7.8 � 106 colony-forming unit (cfu) mL�1 with the limit of

detection of 3.4 � 10 cfu mL�1. In addition, the biosensor has been successfully applied to the

quantitative assay of E. coli O157:H7 in synthetic samples (spring water and milk). Hence, the developed

electrochemical-based immunosensor might provide a useful and practical tool for E. coli O157:H7

determination and related food safety analysis and clinical diagnosis.
1. Introduction

Microbiological contamination caused by food-borne diseases
has become a major public health problem in the world.1,2 The
Centers for Disease Control and Prevention estimates that there
are 76 million cases of food-borne illness each year in the
United States.3 Among the pathogenic bacteria, Escherichia coli
O157:H7 (E. coli O157:H7) is one of the most detrimental food
pathogens that can cause serious food-borne illness and even
death.3,4 Therefore, there is an urgent need to develop simple,
rapid and cost-efficient strategies for the sensitive and specic
determination of E. coli O157:H7.

Conventionally, pathogenic bacteria identication is per-
formed using a culturing-based method, which involves
selective culture, Gram staining, as well as biochemical and
serological tests.5 Colony count estimation provides an inex-
pensive technique for pathogenic bacteria determination with
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simple operation. However, this procedure is rather time-
consuming to obtain visible colonies that can be identied.
Recent efforts in developing novel non-culture based strategies
includes enzyme linked immunosorbent assay (ELISA),6,7

polymerase chain reaction (PCR),8,9 protein microassays,10

quartz crystal microbalance (QCM) system,11 surface plasmon
resonance (SPR),12,13 and ow cytometry14-based assay
methods. For example, PCR-based assays involve the ampli-
cation and subsequent analysis of pathogen-specic nucleic
acid by PCR and sequencing, which have the ability of simul-
taneous analysis of multiple pathogens. However, a major
disadvantage of this assay is its susceptibility to external
factors such as complex sample matrices, non-specic DNA
amplication and so on. Protein microassays as alternative
tools for pathogen detection offer convenient techniques for
high-throughput screening of bacterial isolates from
numerous sample matrices. Nevertheless, it can't be ignored
that this approach demands high testing cost. Therefore, these
new techniques-based assay methods may combine some
appealing features such as multiplexing ability, excellent
sensitivity or rapid detection. However, they may suffer from
some intrinsic limitations such as requirement of skilled
technical staff and expensive equipment or reagents.
Analyst
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Immunoassay, the quantitative analysis of antigens or
antibodies concentrations based on the highly specic recog-
nition interactions of antibodies and antigens, has been
recognized as a very powerful tool in bioanalysis and clinical
diagnosis due to its high sensitivity, superb specicity and
possible analysis of difficult matrices without extensive
pretreatment.15,16 Among the various immunosensors devel-
oped, the electrochemical immunosensor assay (EIA) has
gained considerable attention as a bioanalytical technique
owing to its high detection speed, excellent compatibility,
minimal sample consumption, low cost and power require-
ments, and ease of miniaturization.17,18 In view of these merits,
EIA methods seem to be suitable for practical applications.
Typically, the electrochemical-based immunoassay is per-
formed using a sandwich-type immunoassay, which involves
the recognition elements (antibodies or antigens) immobi-
lized on the electrode surface to combine with target analytes
and result in signal amplication and reading due to immu-
nological responses.19 In recent years, great efforts have been
focused on the development of effective signal amplication
strategies to meet the increasing demand for ultrasensitive
detection of analytes.20,21 With the remarkable development of
nanotechnology, new nanomaterials have been extensively
used to improve the sensitivity of biosensor such as graphene
(GR), carbon nanotubes, conducing polymers, metal nano-
particles and so on.22–25

GR, a single layer sp2 carbon network arranged in a perfect
honeycomb lattice, has opened a new path for the utilization of
2D carbon materials as supports.22 Because of its unique
properties, such as high surface-to-volume ratio, excellent
electronic conductivity, easy functionalization and remarkable
chemical stability, GR has been recognized as an ideal electro-
active species in constructing composite materials for bio-
sensing applications.26,27 Typically, GR is acquired by chemical
reduction or thermal reduction from graphene oxide (GO) with
harsh reducing agents such as hydrazine monohydrate.28

However, the reduced graphene oxide (rGO) oen suffers from
irreversible cohesion due to van der Waals interactions, which
adversely affects the electrochemical performance as a result of
hindering electrolyte penetration into layers.29 It has been
reported that surface functionalization of GR with polymers can
be used as an effective approach to resolve such problems.30 For
example, poly-(3,4-ethylenedioxythiophene) (PEDOT), a con-
ducting polymer, has been widely applied in GR surface func-
tionalization owing to its excellent lm-forming property.31

The multivalent recognition effect is recognized as a very
effective approach to achieve improved affinity.32 Recently, a
wide variety of nanoparticles, such as dendrimers,33 gold
nanoparticles (AuNPs),34 quantum dots35 for antibodies,
peptides, and DNA, have been developed to be used as scaffolds.
Among them, AuNPs have attracted considerable attention
because of their unique properties, such as easy synthesis, huge
interfaces for biomolecules, excellent conductivity, good
biocompatibility, and desirable chemical stability.36 The large
surface area of nanoparticles improves the loading capability of
active biomolecules that enhances the recognition ratio and
binding affinity.
Analyst
Herein, we report the development of a novel EIA for sensi-
tive and specic detection of E. coli O157:H7. Sulfonated gra-
phene (SG)–PEDOT–AuNPs composites are successfully
synthesized via a simple one-step reaction. This biosensor is
constructed by the assembly of capture antibody on the surface
of SG–PEDOT–AuNPs composite modied glass carbon elec-
trode (GCE). Aer the sandwich-type identication, E. coli
O157:H7 detection is realized by outputting a redox current
from electro-reduction of hydrogen peroxide reaction catalyzed
by horseradish peroxidase (HRP). In our work, the combination
of the unique properties of SG and AuNPs can not only accel-
erate electron transfer rate on the electrode interface, but
provide an excellent scaffold for the conjugation of capture
antibody that remarkably improves the target capture efficiency
and enhances the sensitivity of the biosensor as well. Moreover,
the use of antibody offers high specicity intrinsic to the
immuno-recognition, which also improves binding efficiency
and enhances the selectivity of the biosensor. Furthermore, the
proposed biosensor overcomes the limitations of previously
reported methods,6–14 and provides simple, rapid, and cost-
effective detection of E. coli O157:H7 with high sensitivity and
selectivity. Hence, the developed electrochemical-based immu-
nosensor might provide a useful and practical tool for E. coli
O157:H7 determination and related food safety analysis and
clinical diagnosis.
2. Experimental section
2.1 Reagents and materials

Rabbit anti-E. coli O157:H7 antibody (capture antibody) and
horseradish peroxidase-labeled mouse anti-E. coli O157:H7
antibody (HRP-labeled antibody) were purchased from
Shanghai Prajna Biology Technique Ltd. (Shanghai, China). E.
coli O157:H7, Salmonella, E. coli DH5a and E. coli O149 were
obtained from Institute of Microbiology Chinese Academy
(Beijing, China). Peptone, beef extract powder, bacto-tryptone
and bacto-yeast extract were obtained from Qingdao Biological
Technology Co. Ltd. (Qingdao, China). 3,4-Ethyl-
enedioxythiophene (EDOT), styrenesulfonate (PSS), graphite
and bovine serum albumin (BSA) were purchased from Sigma
Aldrich Corporation (St. Louis, MO, USA). Gold chloride trihy-
drate (HAuCl4$3H2O), disodium hydrogen orthophosphate
(Na2HPO4$12H2O) and sodium dihydrogen orthophosphate
(NaH2PO4$2H2O) were obtained from Aladdin Chemistry Co.
Ltd. (Shanghai, China). All other chemicals were of analytical
grade and obtained from Sinopharm Chemical Reagent Co. Ltd.
(Beijing, China). All solutions were prepared using ultrapure
water, which was obtained through a Millipore Milli-Q water
purication system (Billerica, MA, USA) and had an electric
resistance > 18.3 MU. Milk and spring water samples were
obtained from a local market.
2.2 Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were carried out on a CHI 660D electrochemical work-
station (Shanghai Chen Hua Instrument Co. Ltd., China) with a
This journal is © The Royal Society of Chemistry 2014
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conventional three-electrode system composed of a bare or
functionalized GCE (�3mmdiameter) as the working electrode,
a platinum wire as the auxiliary electrode (�0.1 mm diameter),
and a Ag/AgCl reference electrode with saturated KCl solution as
the reference electrodes. UV-vis spectra were recorded using a
Lambda 35 Spectrometer (Perkin Elmer, USA) in the wavelength
range from 200–750 nm. Fourier transform infrared (FTIR)
spectra were recorded using Spectrum One FTIR apparatus
(Perkin Elmer, USA). Scanning electron microscope (SEM)
images were obtained from eld emission SEM (ZEISS, Ger-
many). The pH value of the used buffer was measured by a FE 20
Mettler-Toledo pH meter (Switzerland).

2.3 Synthesis of SG

GO was synthesized from natural graphite according to the
Hummers method37 with slight modications as follows: 100
mg GO was dispersed in water and treated with ultrasonication
at RT for 2 h. The pH value of the solution was adjusted to 9–10
with 5% (wt%) sodium hydroxide solution. Aer the addition of
a 6 mL of 10 mMNaBH4 solution, the mixture was reuxed at 80
�C for 12 h under constant stirring. The colour of resulting
solution changed from deep brown to black. Then the black
RGO was collected by centrifugation and repetitively rinsed with
ultrapure water and ethanol and dried at 60 �C in a vacuum for
24 h.

Subsequently, 50 mg RGO was added to a 8 mL of 10 mM
sulfanilic acid solution followed by mild mixing at room
temperature (RT) for 6 h. The resulting solution was mixed with
5mL sodium nitrite solution (100mM, containing 1MHCl) and
gently stirred at 4 �C for 2 h. Then the produced precipitates
were puried by washing several times with ultrapure water and
methanol until the ltrate was colorless and attained a neutral
pH. The as-prepared SG was collected by vacuum ltration.

2.4 Preparation of SG–PEDOT–AuNPs composites

The SG–PEDOT–AuNPs aqueous dispersion was synthesized by
the reduction of HAuCl4 with EDOT monomer in the presence
of SG and PSS. 25 mL aqueous solution of EDOT (15 mM) and 3
mL of 1% (w/v) PSS were added into 25 mg as-prepared SG and
adequately stirred at RT for 0.5 h. Then 10 mL HAuCl4 solution
(6.25 mM) was added drop wise into the mixture solution with
vigorous stirring. Aer reaction at RT for 12 h, the dispersion
solution was centrifuged at 8000 rpm for 5 min to remove the
surplus reagents. Subsequently, the produced solids were
washed thoroughly with ultrapure water and dried under
vacuum conditions to get puried SG–PEDOT–AuNPs
composites.

2.5 The fabrication of the biosensor

GCE was polished sufficiently with 0.3 and 0.05 mm alumina
powder on a microcloth, followed by rinsing with ultrapure
water and ethanol. The SG–PEDOT–AuNPs composites were
dispersed into ultrapure water with ultrasonication to get
homogeneous solution at concentration of 1.0 mg mL�1. Then,
the pretreated GCE was decorated with SG–PEDOT–AuNPs
composites by the addition of 10 mL of the as-prepared solution,
This journal is © The Royal Society of Chemistry 2014
followed by drying at RT for 2 h. Subsequently, 10 mL of 0.5 mg
mL�1 capture antibody solution was added and incubated on
the surfaces of SG–PEDOT–AuNPs/GCE at RT for 2 h, followed
by wash with 10 mM phosphate buffer solution (PBS) (pH 7.4).
To block extra sites and reduce non-specic adsorption, 10 mL of
5% BSA solution was deposited on the modied electrode
surface and incubated at RT for 2 h. Finally, the fabricated
electrode was rinsed with PBS and made ready for use.
2.6 Immunoassay procedure for detection of E. coli O157:H7

E. coli O157:H7 were cultured aerobically in lysogeny broth
media (LB: bacto-tryptone 12 g; bacto-yeast extract 6 g; and NaCl
7 g) at 37 �C for 24 h. The suspensions were stored at 4 �C and
brought to RT just before use. The number of E. coli O157:H7
was counted over a time course of 24 h by the plate counting
method. The immunoassay was performed using a typical
sandwiched immunoassay procedure. 10 mL of different
concentrations of E. coli O157:H7 solution were added and
incubated with the fabricated electrodes at 37 �C for 60 min
followed by washing with PBS. Then, 10 mL of 0.5 mgmL�1 HRP-
labeled antibody solution was deposited and incubated with the
electrodes at 37 �C for 60 min. Aer washing three times with
PBS, the electrodes were immersed into the working solution to
perform electrochemical measurements. All electrochemical
measurements, including DPV and CV, were performed at RT
using a three-electrode system consisting of a Ag/AgCl reference
electrode, a platinum counter electrode and the working elec-
trode. DPVmeasurement was carried out in 10 mM PBS (pH 7.4)
containing 3 mM HQ and 1.5 mM H2O2 within the potential
range from�0.15 V to 0.2 V with a pulse height of 50mV and the
step height and the frequency were kept as 4 mV and 15 Hz,
respectively. CV was performed in 10 mM PBS solution con-
taining 5.0 mMK3[Fe(CN)6] within the potential range from�0.2
to 0.6 V using a step potential 10 mV at a scan rate of 50 mV s�1.
3. Results and discussion
3.1 Design strategy of the electrochemical immunosensor

Scheme 1 illustrates the concept for the proposed electro-
chemical-based immunoassay strategy. The preparation
process of SG–PEDOT–AuNPs composites is shown in scheme
1A. SG dispersion can be carried out by the modication of
sulfonic acid groups on the surface of GR through covalent
interactions. SG–PEDOT–AuNPs composites can be readily
synthesized by a one-step reaction at RT using HAuCl4 as an
oxidant. PEDOT and PSS, two conducting polymers, which
possess the merits of excellent lm-forming property, high
electrical conductivity, desirable stability, and good biocom-
patibility, are used for surface functionalization of SG.38

Because the PEDOT backbone contains aromatic thiophene
rings, it can be coupled to the surface of SG via strong p–p

stacking interactions.39 Particularly, PSS is used to promote
PEDOT to disperse into an aqueous medium, which also acts as
the source for the charge-balancing counterions.40 The design
principles of the proposed biosensor are shown in scheme 1B.
The as-prepared SG–PEDOT–AuNPs composites are coated onto
Analyst
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Scheme 1 (A) Schematic representation of the preparation of SG–PEDOT–AuNPs composites. (B) Schematic representation of EIA for sensitive
detection of E. coli O157:H7 with signal amplification on a SG–PEDOT–AuNPs electrode interface.
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the surface of the GCE, which can not only enhance interface
electron transfer efficiency, but also offers an excellent mediator
for a facilitated multivalency effect that allows to conjugate
more active biomolecules. The immunosensor is fabricated by
immobilizing a capture antibody on SG–PEDOT–AuNPs
composites modied by GCE via electrostatic interaction.
Furthermore, BSA is further assembled on the surface of elec-
trode to block extra active sites and reduce non-specic
adsorption. When the as-prepared electrode is incubated in the
presence of E. coli O157:H7, a sandwich-type system can be
constructed via the specic identication, which results in the
HRP-labeled antibody being placed close to the electrode
surface. Aer the addition of substrate solution, a strong redox
current signal from the electro-reduction of H2O2 reaction
catalyzed by HRP is obtained, which corresponds to the
concentration of E. coli O157:H7.
Fig. 1 (A) DPVs of the biosensor obtained in 10 mM PBS (pH 7.4) containi
� 104 cfu mL�1 E. coli O157:H7. (B) CVs obtained for the bare GCE (a), SG
(c), BSA/capture antibody/SG–PEDOT–AuNPs/GCE (d). Measurements w
mM K3[Fe(CN)6].

Analyst
3.2 Electrochemical behaviors

To test the feasibility of the proposed method, DPV measure-
ments were performed in 10 mM PBS containing 1.5 mM H2O2

and 3 mM HQ. Fig. 1A depicts typical DPV responses of the
biosensor in the assay of E. coli O157:H7. When the electrode
was incubated in the presence of E. coli O157:H7, it was
observed that a strong peak current appeared in the DPV
curves, indicating that the HRP-labeled antibody combined to
the electrode surface and catalyzed the electro-reduction of
H2O2 reaction (curve a). In contrast, a very weak DPV peak
current was obtained aer incubation in the absence of E. coli
O157:H7, which was attributed to the absence of HRP-labeled
antibody on the surface of electrode (curve b). This clearly
revealed that the enhanced DPV signal was induced by specic
immunological recognition events rather than non-specic
interactions.
ng 3 mMHQ and 1.5 mM H2O2 before (b) and after (a) reaction with 7.8
–PEDOT–AuNPs/GCE (b), capture antibody/SG–PEDOT–AuNPs/GCE
ere performed in 10 mM PBS (pH 7.4) containing 0.25 mM KCl and 5.0

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) SEM image of SG deposited on GCE. (B) SEM image of SG–
PEDOT–AuNPs composites deposited on GCE.
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The modication of the sensing interface of the electrode
was of great importance to improve the analytical performance
of the biosensor. We performed CV measurements to monitor
the fabrication process of electrode, as shown in Fig. 1B. With
the bare GCE, a pair of well-dened redox peaks appeared at
0.17 mV and 0.26 mV, a typical redox peak range of K3[Fe(CN)6]
(curve a). With the electrode modied by SG–PEDOT–AuNPs
composites, there was a signicantly increased peak current in
the CV curves (curve b). This signied that the SG–PEDOT–
AuNPs composites effectively facilitated the electron transfer
between electrode and solution due to its excellent electronic
conductivity. Aer modifying with capture antibody, an
evidently decreased CV signal was observed, indicating the
electron transfer was hindered by the isolated bio-
macromolecules (curve c). To block extra active sites, BSA was
immobilized on the surface of electrode. It was observed that a
weaker current peak appeared in the CV curves, which
demonstrated that BSA was bound to the electrode surface and
further hindered the access of the redox probe to the electrode
surface (curve d). On the basis of these results, it was reasonably
concluded that the fabrication of the sensing interface for E. coli
O157:H7 was successfully achieved.
3.3 Characterization of SG–PEDOT–AuNPs composites

SEM was employed to investigate the morphology and micro-
structure of the as-prepared nanocomposites, as shown in
Fig. 3 (A) UV-vis spectroscopy obtained for SG (a) and SG–PEDOT–AuNP
AuNPs composites (b).

This journal is © The Royal Society of Chemistry 2014
Fig. 2. We observed from the image that SG displayed the
typically ake-like structure with slightly crumpled and wrin-
kled edge (Fig. 2A). With the electrode modied by SG–PEDOT–
AuNPs composites, it was found that a large number of bright
dots, AuNPs with an average diameter of �13 nm, appeared on
the entire surface of SG, particularly at the folded edges and
wrinkled sites (Fig. 2B). This showed that the SG–PEDOT–
AuNPs composites was successfully synthesized and deposited
evenly on the surfaces of GCE. The formation of homogeneous
composites solution beneted from the excellent lm-forming
ability of PEDOT and PSS, which could effectively prevent the
reduced SG from restacking. Because of the combination of the
unique properties of SG and AuNPs, the SG–PEDOT–AuNPs
composites could not only enhance electron transfer rate on
electrode interface, but offer a large specic surface area for the
conjugation of capture antibody and improve the sensing
performance of the biosensor as well.

UV-vis spectroscopy analysis was performed to conrm the
formation of SG–PEDOT–AuNPs composites and the results are
shown in Fig. 3A. We observed that a sharp adsorption peak
appeared at 260 nm, which was assigned to the p / p* tran-
sition of pyridine heterocycle (curve a). For SG–PEDOT–AuNPs
composites solution, there was a new adsorption peak centered
at 522 nm, typical for individual AuNPs of �13 nm (curve b),
which was consistent with the result of SEM characterization.
These results demonstrated the accomplishment of the SG–
PEDOT–AuNPs composites.

We further utilized FTIR spectra to inspect the molecular
structure of the as-prepared composites, as shown in Fig. 3B.
From the FTIR spectrum of pure SG (curve a), the adsorption at
1113 and 1050 cm�1 could be assigned to the S–O stretching
vibrations, whereas the adsorption peaks at 1155 and 3420
cm�1 could be corresponded to S-phenyl and –OH stretching
vibrations, respectively. These data conrmed that the surface
of GR was successfully decorated with sulphonic groups.41 The
spectrum also showed other adsorption peak at 1630 cm�1,
which could be assigned to the skeletal vibration of SG. From
the FTIR spectrum of SG–PEDOT–AuNPs composites (curve b),
it was found that two adsorption peak appeared at 1485 and
1272 cm�1, which were attributed to the C]C and C–C
s composites (b). (B) FTIR spectra obtained for SG (a) and SG–PEDOT–

Analyst

http://dx.doi.org/10.1039/c4an01463d


Fig. 4 (A) Effect of the concentrations of HQ on the DPV peak current of biosensor. (B) Effect of the concentrations of H2O2 on the DPV peak
current of biosensor. (C) Effect of the pH values of the working solution on the DPV peak current of biosensor. (D) Effect of the incubation time of
E. coli O157:H7 on the DPV peak current of biosensor. The concentration of E. coli O157:H7 is 7.8 � 104 cfu mL�1. Error bars are standard
deviations across three repetitive experiments.

Fig. 5 (A) Typical DPV responses of the biosensor to different
concentrations of E. coliO157:H7 (from curve a to h: 0, 7.8 � 10, 7.8 �
102, 7.8 � 103, 7.8 � 104, 7.8 � 105, 7.8 � 106, 7.8 � 107 cfu mL�1). The
inset is the calibration curve of DPV peak currents for different E. coli
O157:H7 concentrations. Error bars are standard deviations across
three repetitive experiments.
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stretching of thiophene ring, respectively. There were other
adsorption peaks at 815 and 920 cm�1, which corresponded to
vibration modes of C–S bond of thiophene ring. The adsorp-
tion peak at 1630 cm�1 nearly became invisible because of
reduced concentration of SG for the synthesized composites
compared to pure SG.42 A new adsorption peak at 1140 cm�1

was ascribed to the stretching mode of the ethylenedioxy
group. The spectrum also displayed two adsorption peaks
located at 1075 and 1203 cm�1, which were assigned to the
stretching vibration of the sulfone groups SO2 and SO3

�,
respectively. These data veried the formation of SG–PEDOT–
AuNPs composites.

3.4 Optimization of experimental conditions

The maximized current responses of the biosensor are signi-
cantly inuenced by the concentrations of HQ and H2O2, which
are the substrates of the HRP-catalyzed redox reaction. The
current responses to the different concentrations of HQ were
investigated, as shown in Fig. 4A. It was observed that the
current signal increased with the increase of HQ concentration
and reached equilibrium when the concentration was 3 mM.
Therefore, a HQ concentration of 3 mM was used for the
following experiments. Similar results were obtained for the
concentration of H2O2 (Fig. 4B), and a H2O2 concentration of 1.5
mM was chosen as the optimal concentration.

It is also important for the pH value of the working solution
to achieve maximum current signal. The results in Fig. 4C show
that the current signal depends on the pH of the electrolyte. It
Analyst
was observed that the current increased when the pH increased
from 6.0 to 7.4 and then decreased when the pH was further
increased to 8.5. As a result, the pH of 7.4 was selected for the
detection.
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 DPV peak currents for different bacteria (106 cfu mL�1). The
concentration of E. coli O157:H7 is 7.8 � 104 cfu mL�1. Error bars are
standard deviations across three repetitive experiments.
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The effect of the incubation time of the E. coli O157:H7 on
the modied electrode was also investigated. As shown in
Fig. 4D, the current signals increased with the increase of
incubation time and reached equilibrium when the incuba-
tion time was 60 min. Therefore, the optimal incubation time
for the electrode was chosen to be 60 min for the target
capture.

3.5 Analytical performance of the immunosensor for E. coli
O157:H7 detection

3.5.1 Calibration curve. Under the optimized conditions,
the fabricated biosensor was adopted for the determination
of a series of different concentrations of E. coli O157:H7.
Table 1 Comparison of different assay methods for E. coli O157:H7 det

Detection methods Detection time Detection ran

Colony count estimation 24 hours 1.0 � 103–1.0
ELISA 6–7 hours 1.0 � 104–1.0
PCR �3 hours 1.2 � 103–1.2
QCM 2–3 hours 1.0 � 102–1.0
SPR �2 hours 1.25 � 102–1
EIA �2.5 hours 7.8 � 10–7.8

Table 2 E. coli O157:H7 analysis in synthetic samples

Samples Spiked amount (cfu mL�1) Sensor (cfu m

Spring water 7.8 � 102 (7.57 � 0.36)
7.8 � 103 (8.03 � 0.29)
7.8 � 104 (7.12 � 0.23)

Milk 7.8 � 102 (7.37 � 0.31)
7.8 � 103 (7.62 � 0.33)
7.8 � 104 (7.17 � 0.28)

This journal is © The Royal Society of Chemistry 2014
Fig. 5 shows the typical DPV responses of the biosensor to E.
coli O157:H7 of varying concentration. We observed that the
peak current increased in response to increasing concentra-
tions of E. coli O157:H7 and was proportional to the loga-
rithmic value of the E. coli O157:H7 concentration within the
range from 7.8 � 10–7.8 � 106 cfu mL�1. A linear regression
equation (I ¼ 33.68 log[CE. coli (cfu mL�1)] + 7.19) was
obtained in the concentration range from 7.8 � 10–7.8 � 106

cfu mL�1 with a detection limit of 3.4 � 10 cfu mL�1 at 3s. In
addition, the analytical performance of the proposed
immunosensor in the quantitative assay of E. coli was
compared with that of some previously reported
methods.5,7,9,11,13 The results are shown in Table 1. It was
observed that our EIA-based strategy displayed higher
sensitivity and wider linear range compared to these
methods. Therefore, we might conclude that the proposed
biosensor is potentially useful for the quantitative assay of E.
coli O157:H7 with desirable sensitivity and reproducibility.

3.5.2 The selectivity, reproducibility and stability of the
immunosensor. The selectivity of the biosensor for E. coli
O157:H7 assay was also investigated using non-target bacteria
such as Salmonella, E. coli DH5a and E. coli O149. As shown in
Fig. 6, the results revealed these non-target bacteria had slight
interference with this biosensor. This indicated the proposed
biosensor exhibited superb specicity towards E. coli O157:H7.

To investigate the reproducibility of the biosensor, ve
electrodes made using the same fabrication procedure were
utilized to determine 7.8 � 104 cfu mL�1 E. coli O157:H7. The
current responses showed a relative standard deviation (RSD) of
3.4% for ve independent measurements. This indicated that
the preparation process yielded a biosensor showing very good
reproducibility.

Stability is one of the important parameters for practical
application of biosensor, and it was also evaluated in this work.
ermination

ge (cfu mL�1) Detection limit (cfu mL�1) Reference

� 108 1.0 � 103 5
� 107 1.0 � 104 7
� 108 1.2 � 103 9
� 105 1.0 � 102 11

.25 � 107 1.25 � 102 13
� 106 3.4 � 10 This work

L�1) Recovery (%) Plate count method (cfu mL�1)

� 102 97.1 7.98 � 102

� 103 103.0 7.41 � 103

� 104 91.3 7.53 � 104

� 102 94.5 8.09 � 102

� 103 97.7 7.97 � 103

� 104 91.9 8.21 � 104
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Five electrodes were fabricated independently under the same
conditions and stored at 4 �C for 2 weeks. Then these electrodes
were used to detect 7.8 � 104 cfu mL�1 E. coli O157:H7. The
results showed that about 92% of its initial response of the
biosensor for E. coli O157:H7 remained, indicating this
biosensor had very desirable stability.
3.6 Real sample analysis

The feasibility of the proposed biosensor for quantitative assay of
E. ColiO157:H7 in synthetic samples (spring water andmilk) was
also investigated. Different concentrations of E. coli O157:H7
were spiked into two samples (10� diluted with PBS buffer).
Table 2 shows the results in the assays for the synthetic samples.
It was found that the recovery of the biosensor was in the range of
91.3–103.0%. In addition, the synthetic samples were further
quantied by a classic plate count method. These data obtained
using our biosensor strategy were in good agreement with those
obtained via the plate count method, and the discrepancies
between the plate count method and our method were all smaller
than 13%. This clearly demonstrated the potential of our
biosensor for applications in complicated samples.
4. Conclusions

In this work, we developed a novel EIA for sensitive and specic
determination of E. coli O157:H7 based on SG–PEDOT–AuNPs
composites. The composites could not only accelerate the
electron transfer rate on the electrode interface, but offer a
multivalent recognition interface for the conjugation of E. coli
O157:H7 as well. Moreover, the use of antibody offers high
specicity intrinsic in the immuno-recognition, which also
improves binding efficiency and enhances the selectivity of the
biosensor. In addition, this biosensor was also used to analyse
E. coli O157:H7 in synthetic samples, and the results were well
consistent with the plate count method. Compared with exist-
ing techniques for E. coli detection, such as ELISA and other
previous reported methods,6–14 our EIA-based biosensing
strategy offered improved sensitivity and widened linear range.
Moreover, the proposed approach had the advantages of
simplicity, time efficiency, easy preparation, and low cost
detection with high stability. Thus, the proposed electro-
chemical-based immunoassay might create a new platform for
the quantication of E. coli O157:H7 and related food safety
analysis and clinical diagnosis.
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