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1. Introduction

ABSTRACT

In this paper, a novel electrochemical immunosensor to detect staphylococcal enterotoxin B based on
bio-magnetosomes, polyaniline nano-gold composite and 1,2-dimethyl-3-butylimidazolium hexafluor-
ophosphate ionic liquid, was developed, and found to exhibit high sensitivity and stability. The specific
antibody to staphylococcal enterotoxin B conjugated with the magnetosomes showed rapid immunor-
eactions and good dispersion, which contributed to the formation of a nanostructurally smooth and
dense film on the surface of a gold electrode. Polyaniline nano-gold composite and 1,2-dimethyl-3-
butylimidazolium hexafluorophosphate ionic liquid were used to modify the electrode as mediators to
improve the electron transfer and offer an excellent biocompatible microenvironment for the antibody
to retain its activity to enhance the response of the electrochemical sensor. Under optimal conditions,
the developed immunosensor showed a good linear response in the range from 0.05 to 5 ng/mL
(R*=0.9957) with a detection limit as low as 0.017 ng/mL, compared with the one without magneto-
somes (0.05-5 ng/mL, 0.033 ng/mL), this developed immunosensor showed a wider response range and
a reduced detection limit. And a good specificity with little adsorption to staphylococcal enterotoxin A,
Cand Na*, K*, Ca2* was obtained. Moreover, the immunosensor exhibited a good long-time stability
at 4°C reaching up to 60 days, which showed a relatively long working life. Meanwhile the
immunosensor could be regenerated four times using NaOH elution. The sensor also displayed a good
repeatability with a relative standard deviation of 5.02% for staphylococcal enterotoxin B detection
(1 ng/mL, n=9). Furthermore, high recoveries in milk samples from 81% to 118% were achieved and
successfully applied to milk sample detection. The obtained results demonstrate that the developed
electrochemical immunosensor is a promising tool for the detection of staphylococcal enterotoxin B
in food.

© 2013 Elsevier B.V. All rights reserved.

Among them, SEB was found to be the most potent SEs, with a
half-lethal dose of about 20 ng/kg [6]. Aside from being the main

Staphylococcal enterotoxins (SEs) are a group of toxic proteins
with similar structure produced by Staphylococcus aureus [1,2].
SEs are naturally found in foods that are rich in proteins, such as
meat and milk [3,4]. The classical serotypes of SEs are SEA, SEB,
SEC, SED and SEE; however, new serotypes have been found
recently, including SEG, SEE, SEI, SEJ, SEK, SEL, SEM, SEN, SEO [5].

Abbreviations: SEs, staphylococcal enterotoxins; SEB, staphylococcal enterotoxin
B; SEA, staphylococcal enterotoxin A; SEC, staphylococcal enterotoxin C; (PANI)/Au,
polyaniline nano-gold composite; RSD, relative standard deviation; EDC- HCL, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride; [D(n-C4)Im][PF6], 1,2-
dimethyl-3-butylimidazolium hexafluorophosphate; BSA, bovine serum albumin;
PBS, phosphate buffer solution; CD, circular dichroism; CV, cyclic voltammetry; EIS,
electrochemical impedance spectroscopy
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toxin responsible for staphylococcal food-borne diseases, SEB has
been produced by some countries as a biological weapon owing to
its high morbidity rate, inherent stability and ease of dissemina-
tion [1,6]. Therefore, a cost-effective, rapid and sensitive analy-
tical method is required for the determination of SEB in food at
low concentration levels.

During the past few decades, a wide range of methods has
been employed to detect SEB, ranging from the previous gel diffusion
test to various rapid methods [7], resulting in an improved detection
limit and sensitivity. Enzyme-linked immunosorbent assays (ELISA),
liquid-chromatography-mass spectrometry (LC-MS) and real-time
fluorescence polymerase chain reaction (RT-PCR) were commonly
used methods for SEB detection at nanogram and pictogram level,
and the detection limits of SEB were 0.1 ng/mL [8], 3 pmol/mL [9]
and 250 colony-forming units [10], respectively. However, all of
these three methods had shortcomings, ELISA prone to false positive
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due to the influence of food matrix, the LC-MS are time-consuming
as well as large specialized equipment was required, the RT-PCR
need special operation skills and expensive [11]; all of these limit
their application in the detection of SEB in the field.

Over the last few years, several antigen/antibody based biosensor
for the detection of SEB [12-18] has been developed. Electrochemi-
cal immunosensors with the merits of rapid detection, low cost, and
high sensitivity have attracted much interest and have been widely
applied to the detection of SEB [13,19]. Such immunosensors are
mainly dependent on changes of impedance after incubation with
SEB. Furthermore, a series of improvements have been carried out
to enhance the sensitivity and reduce the detection limit of the
electrochemical immunosensors [20-24], which are crucial for
achieving low detection limits.

Recently, magnetic nanoparticles have increasingly been applied
to the electrochemical immunosensors [25-27], because of their
superior features, such as easy purification and easy concentration
from crude samples owing to their superparamagnetic properties,
thereby eliminating the influence of the food matrix [28-30].
Additionally, magnetic nanoparticles have a large surface area to
immobilize biomolecules, which provides a low detection limit
[23,31,32]. Furthermore, biosensors that rely on the use of magnetic
nanoparticles as mediators enable the immunological reaction to be
conducted quickly on the electrode surface [33,34], which has the
effect of reducing the time required for detection. However, the
aggregation of magnetic nanoparticles is widely known to limit their
utilization in sensors [35,36]. To overcome this shortcoming, novel
magnetosomes were produced by magnetotactic bacteria purchased
from the American Type Culture Collection (ATCC700264). These
magnetosomes are regarded as promising magnetic nanoparticles
and widely researched owing to their good dispersity, biocompat-
ibility and easy conjugation of biomolecules [37-41].

Herein, we firstly present a novel electrochemical immuno-
sensor based on magnetosomes to detect SEB, the fabrication
process was explained in Scheme 1. Briefly, the gold electrode
was immersed in an aqueous solution of polyaniline nano-gold
composite (PANI/Au) solution, and the solution was kept over-
night at room temperature until the gold electrode was completely
modified. PANI/Au is considered as an excellent nanoscale electri-
cally conductive polymer and used as an electronic transmission
device to amplify signals [42,43]. Then, 5mL 1,2-dimethyl-3-
butylimidazolium hexafluorophosphate ([D(n-C4)Im][PF6]) ionic
liquid was deposited onto the modified surface of the gold electrode
and left to stand for 60 min at room temperature. The [D(n-C4)Im]
[PF6] ionic liquid was used as a potential electrolyte owing to its
intrinsic conductivity and wide electrochemical window [44-46].
Then, 10 pL SEB immuno-magnetosomes (40 pig/mL) was deposited
onto the surface of the gold electrode and incubated at 37 °C
for 80 min. Finally, the gold electrode surface was blocked for
100 min. We investigated the performance of the magnetosomes-
based immunosensor, including its electrochemical behavior in
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Fe(CN)2~ /4~ solution, the limit of detection, specificity, recovery
test, reproducibility and stability, meanwhile the magnetosomes-
based immunosensor was successfully applied to detect SEB in milk
products.

2. Experimental
2.1. Apparatus and electrodes

Cyclic voltammogram (CV) and electrochemical impedance spec-
troscopy (EIS) were performed in a CHI760C electrochemical work-
station (Shanghai Chenhua Instruments, Shanghai, China) equipped
with a conventional three-electrode system, and all measurements
were carried out at room temperature in Fe(CN)2~/4~ working
solution. In this three electrodes configuration, a modified gold
electrode was used as a working electrode, a saturated calomel
electrode as a reference electrode, and a platinum wire as a counter
electrode. Before the modification of gold electrode, the gold elec-
trode was first dipped into a freshly prepared solution of 3:7 (v/v)
30% Hy0, and 98% H,SO, for 20 min, followed by rinsing with
ultrapure water. The cleaned gold electrode was subsequently
polished with 0.3 pm and 0.05 pm alumina slurries, successively,
and then washed again with ultrapure water. Then, the gold
electrode was immersed sequentially in ethanol and ultrapure water
in an ultrasonic bath for 5 min. Finally, the CV of the cleaned gold
electrode was scanned until a mirror-shine surface was obtained.
Prior to each experiment, the buffer solutions were purged with
highly purified nitrogen for at least 30 min and a nitrogen atmo-
sphere environment was maintained in the electrochemical mea-
surements. Scanning electron microscope (SEM) (JEOL JSM-6390LA,
Electronic Incorporated Company, Japan) was used to characterize
magnetosomes and the surface of the modified gold electrode, the
detail detection conditions were as follows: the accelerating voltage
was 0.5-30 kV with a 1 pA-1 pA SEM electron beam. Transmission
electron microscopy (TEM) (JEOL JEM-2100 (HR), Electronic Incorpo-
rated Company, Japan), Fourier transform infrared spectrometer (FT-
IR) (NICOLET MEXUS 470, Thermo Electron Corporation, Japan),
Circular dichroism-stopped-flow spectrophotometer (CD) (Mos-450
AF, Bio-logic Company, France) and Plate reader (Multiskan MK3,
Thermo Lab Systems Company, Shanghai) were used to characterize
the prepared materials. The TEM images were performed at a 200 kV
accelerating voltage with a magnification factor of 50-6000. FT-IR
detection conditions were as follows: resolution, 0.5-16 cm~!; test
range of wave numbers, 4000-400 cm~'; and wave number pre-
cision, <0.01 cm™ . The CD spectra were carried out in the far-UV
region from 190 nm to 250 nm under a nitrogen atmosphere at room
temperature using a cell with a 1 mm path length at a sample
concentration of 1 mg/mL, and each spectrum obtained was the
average of at least three runs with a bandwidth of 1.0 nm at an
accuracy of 0.1 nm. The microplate reader was used to measure the
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Scheme 1. Fabrication process of the immunsensor: (1) self-assembled PANI/Au; (2) self-assembled [D(n-C4)Im][PFs]; (3) SEB immuno-magnetosomes; (4) blocking with

BSA; and (5) detection of SEB.
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absorbance of the immuno-magnetosomes sample at a 450 nm
wavelength.

2.2. Reagents and materials

Hydrogen tetrachloraurate (III) trihydrate (HAuCl,, 99%) and
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(EDC-HCL) were purchased from Sigma-Aldrich (Shanghai,
China). SEB ELISA kit was purchased from Xiang-Feng Biotech
(ShangHai) company (Shanghai, China).The phosphate buffer
solution (PBS) consisted of 0.2 g KH,PO4, 2.9 g Na,HPO,4-H,0,
8 g NaCl and 0.2 g KCI (pH=7.4). Biological magnetosomes pre-
pared from Magnetotactic bacterium AMB-1 strains which were
purchased from the American Type Culture Collection
(ATCC700264) [47]. They were made in a modified magnetic
spirillum growth medium (MSGM) [48,49]. Polyclonal anti-SEB
antibodies, PANI/Au were prepared in our lab according to the
reported procedure [50-53]. [D(n-C4)Im][PFs] was prepared
according to the reported procedure [54]. Ultrapure water was
used for cleaning the electrodes after each step. Unless otherwise
specified, all chemicals were of analytical grade. Furthermore, to
accurately calculate the coupling ratio, a BCA Protein Assay Kit
(containing SK3061-1 reagents A, SK3061-2 reagents B, SK3061-3
reagents C and SK3061 bovine serum albumin (BSA) standards
solution) were purchased from the Sangon Biotech (Shanghai)
Company (Shanghai, China). The measurement was carried out as
follows: the BCA working reagent was prepared by mixing 1.5 mL
of reagent A, 1.44 mL of reagent B and 60 pL of reagent C in a 4 mL
centrifugal tube. BSA standard solution (40 pg/mL) was prepared
by mixing 40 pL of BSA standard solution and 496 mL of ultrapure
water. A standard curve was achieved by measuring at different
concentrations (0.0 ng/mL, 0.5 ng/mL, 1 ng/mL, 2 ng/mL, 5 ng/mL,
10 ng/mL, 15 ng/mL, 20 ng/mL, 40 ng/mL) of BSA standard solu-
tion at 37 °C for 2 h.

2.3. Methods

2.3.1. Synthesis of [D(n-C4)im][PF6], PANI/Au and preparation
of SEB antibody-functionalized magnetosomes

The [D(n-C4)Im][PFg] was prepared according to the reported
procedure [54] and then stored in a vacuum dryer until use.
The [D(n-C4)Im][PFg] was characterized by FT-IR with the KBr
method.

The PANI/Au was prepared as follows: 125 pL of HAuCly
solution was added to 50 mL of ultrapure water until boiling.
A sodium citrate solution (4%, 400 puL) was added to the mixture,
which was then stirred for 10 min. Then, 600 pL of NaOH solution
(0.2 mol/L), 500 puL of phenylamine solution (0.1 mol/L) and
750 pL of sodium persulfate solution (0.1 mol/L) were added
sequentially to the mixture with continuous stirring, and con-
tinually boiled for 40 min. The resultant mixture was cooled to
room temperature with distilled water up to 50 mL, and then
stored at 4°C until use. PANI/Au was characterized by FT-IR
and TEM.

The SEB antibody-functionalized magnetosomes were synthe-
sized through the method of covalent bonding. First, 1 mL of a
magnetosomes solution (1 mg/mL) was added to 2 mL of EDC-HCL
solution (1 mg/mL) by magnetic stirring at 4 °C or 12 h. Then, the
prepared SEB poly-antibody was added for another 12 h at 4 °C.
Afterwards, the SEB antibody-functionalized magnetosomes were
separated by centrifugation at 8000 rpm for 20 min. The obtained
immuno-magnetosomes were suspended using phosphate buffer
solution adjusted to pH 7.4, and then stored at 4 °C until use. The
antibody-functionalized magnetosomes were characterized by
FT-IR, CD and BCA experiment.

2.3.2. Fabrication of electrochemical sensor based on immuno-
magnetosomes

The electrochemical immunosensor was assembled layer-by-
layer via direct physical absorption, the fabrication process was
explained in Scheme 1. Briefly, the gold electrode was immersed
in an aqueous solution of PANI/Au solution, and the solution was
kept overnight at room temperature until the gold electrode was
completely modified. Then, 5mL [D(n-C4)Im][PFs](5%) was
deposited onto the modified surface of the gold electrode and
left to stand for 60 min at room temperature. Then, 10 uL SEB
immuno-magnetosomes (40 pg/mL) was deposited onto the sur-
face of the gold electrode and incubated at 37 °C for 80 min.
Finally, the gold electrode surface was blocked with 10 pL BSA-
PBS solution for 100 min. The fabricated sensor could be used for
the rapid detection of SEB almost 20 min after incubation.

2.3.3. Electrochemical measurements

10 uL of different concentrations SEB standard solution was
dropped onto the surface of above fabricated electrode. After
incubation at 37 °C for 25 min, electrochemical measurements
were carried out by using a CHI760C electrochemical workstation.
CV was performed at a range from —0.2V to 0.6V with a
scanning speed of 0.1 V/s. EIS was measured in the frequency
range of 1-100 Hz in a potential of 0.20 V, a voltage amplitude of
5mV and a standing time 2 s. All experiments were performed
in Fe(CN)2~/4~ working solution, and the impedance, Z, was
expressed in terms of a real (Z) and an imaginary (—Z2")
component.

2.3.4. Detection of SEB in milk

For the application of as-prepared immunosensor in real
samples, milk samples, free of SEs (detected using SEB ELISA kit
and found that almost no SEB exist in these milk samples), were
spiked with different concentrations (0.5 ng/mL, 2 ng/mL, 4 ng/
mL) of SEB. Then, these solutions were isolated by centrifugation
at 10,000 rpm for 10 min. The supernatant was diluted in 0.01%
w/v in PBS buffer solutions (pH 7.4) and analyzed by the protocol
of 2.3.3. The recovery was as follows: recovery=found concentra-
tion/theoretical concentration x 100%.

3. Results and discussion
3.1. Characteristics of prepared materials

Fig. S1 depicts the FT-IR spectrum of [D(n-C4)Im]|[PFg] with
several typical features. First, the weak and narrow absorption
peak centered at around 3672 cm ! is attributed to the stretching
vibration of P-F. Two moderate intense and narrow absorption
peaks at around 3161cm~!, 3120cm~! and 2971 cm~!,
2939 cm~! are attributed to the stretching vibrations of the
C-H bands about the imidazole ring and aliphatic compounds,
respectively. In the lower frequency range, several intense bands
were observed, which are consistent with the characteristic bands
of the imidazole ring at around 1573 cm~! and 1464 cm~! and
the weak peaks at around 1390 cm~! and 1460 cm™~! attributed
to the bend vibration of CH; and CH,, respectively. In addition, the
band at 1172 cm~! represents the bend vibration of C-H of the
imidazole ring, while the bands at 1140 cm~!, 1196 cm~! and
835 cm~! correspond to the stretching vibrations of S=0, C-F
and P-F, respectively.

Fig. S2 shows TEM images of PANI/Au (Fig. S2a, c) and Au (Fig.
S2b), from which the difference in the morphologies is described.
Compared with the Au nanoparticles, PANI/Au exhibited a smooth
and transparent film at the surface of the Au corresponding to the
formation of a core-shell structure. In addition, the FT-IR spectra
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of PANI/Au (Fig. S2d) provide further proof of the formation of the
core-shell structure: the sharp absorption peak at around
3420 cm~ ! indicates the stretching vibration of N-H. The mod-
erately intense and narrow absorption peak at around 1580 cm !
is characteristic of the stretching vibration of C-N associated with
the benzene ring, and the bands at 1350 cm~' and 610 cm~! are
attributed to the bend vibration of C-H bands. In conclusion, the
results confirm the successful linking of PANI to Au.

As shown in Fig. 1, SEM images of the as-prepared magneto-
somes (Fig. 1a) and antibody-functionalized magnetosomes
(Fig. 1b) showed apparently the difference of their morphologies.
Compared with the magnetosomes, the antibody-coated magne-
tosomes exhibited a larger diameter and a better dispersity. From
the FT-IR spectrum (Fig. 1c) we can see, except the typical
absorption peak of the N-H and/or O-H stretching vibration
bands centered at around 3400 cm~! and the characteristic
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absorption peak of C= 0 stretching vibration, N-H bend vibration
at around 1650 cm~! and 1520 cm~!, there are several special
and significantly enhanced absorption peaks were shown in
Fig. 1c between SEB antibody and SEB antibody-functionalized
magnetosomes. At first, a relatively intensive band at around
590 cm~! was observed, which is the typical absorption peak
of Fe-O stretching vibration, Additionally, three significantly
enhanced absorption peaks at around 1073 cm~!, 1162 cm™!
and 1400 cm~! were also observed, which are characteristic
absorption peak of C-N stretching vibration of the amine. Conse-
quently, all the above bands support the successful coupling of
the magnetosomes to SEB antibodies. On the other hand, as
shown in Fig. 1d, the blue shift of the negative circular dichroism
band of f-sheet associated with the general structure of the
antibody from 198 nm to 193 nm also indicate the interaction
of the SEB antibodies with Fes;Qy4; finally, the coupling ratio
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Fig. 1. SEM micrograph and FT-IR spectra of magnetosomes and SEB antibodies functionalized magnetosomes: SEM micrograph of magnetosomes (a); SEM micrograph of
immuno-magnetosomes (b); FT-IR spectra of anti-SEB antibodies (1), anti-SEB antibodies functionalized magnetosomes (2); CD spectra of SEB antibody (3) and SEB

antibody-functionalized magnetosomes (4).
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Fig. 2. The SEM micrograph of the surface of gold electrode after modified by antibody-functionalized magnetosomes (a) and normal antibody (b).
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Fig. 3. CV (a) and EIS (b) of each step of the modified gold electrode: (1) bare gold electrode; (2) PANI/Au/bare gold electrode; (3) [D(n-C4)Im][PFs]/ PANI/Au/bare gold
electrode; (4) SEB antibody-functionalized magnetosomes/[D(n-C4)Im][PFg]/PANI/Au/bare gold electrode; (5) BSA/SEB immuno-magnetosomes/[D(n-C4)Im][PF¢]/ (PANI/

Au)/bare gold electrode.

.-.000.-

-Z"lohm

0 T T T T T T T T 1
0 4000 8000 1200016000 20000 24000 28000 32000 36000

Z'lohm

b

ARct (ohm)

Y=6206.8X+2052.1
R’=0.9957

350004
300004
25000
20000 4
15000
10000 4

5000

0t . : ‘ . ‘

0 1 2 3 4 5 6

SEB concentration (ng/mL)

Fig. 4. The EIS (a) of the self-assembled immunsensor for detection of different concentration SEB, along the arrow the concentration was 5 ng/mL, 4 ng/mL, 3 ng/mL, 2 ng/mL,

1 ng/mL, 0.5 ng/mL and 0.05 ng/mL; Standard curve (b).

(40.76%) calculated from BCA experiment further indicated the
successful coupling of the SEB antibodies to magnetosomes.

3.2. Characteristics of the modified gold electrodes

Fig. 2 showed SEM images of the surface of the gold electrodes
after incubation with SEB antibody-functionalized magnetosomes
(a) and normal SEB antibodies (b). A large amount of information
can be concluded from the images through comparing Fig. 2a with
b. Among them, the most outstanding characteristic is that Fig. 2a
showed a smooth and dense film on the surface of the gold
electrodes. This may be caused by several reasons, such as the
better dispersity of the immuno-magnetosomes and the applica-
tion of the layer-by-layer assemblies, which can precisely control
the thickness of the films at a nanometer level. More importantly,
the formation of the film provides a possibility to reduce the
detection times.

Furthermore, both CV and EIS were investigated to check the
electrochemical behavior of the as-prepared gold electrodes after
each step of the electrochemical immunosensor construction.
Fig. 3b shows the EIS curves of each step of the modified gold
electrode. An increase in the impedance values was observed
owing to blockage of the channel of electrons caused by the large
increase in the relative thickness of the surface of the gold
electrode, which indicated that the gold electrode had been
modified successfully. And a well-defined redox peak and much
faster transfer electrons of the as-fabricated sensor could be
found in the CV curves (Fig. 3a), which is mainly attributed to
the use of magnetosomes. Meanwhile, [D(n-C4)Im][PFs] and

PANI/Au also played a crucial role in the above results. These
results demonstrate that the proposed strategy can be success-
fully used for immunoassay, which further confirmed the success
in the immunosensor design.

3.3. Performance of immuno-magnetosomes-based sensor

Under optimal conditions, the sensitivity of the electrochemi-
cal immunoassay based on magnetosomes was investigated by
varying different concentrations of SEB. When the SEB antigen is
bound with the anti-SEB antibody immobilized on the electrode,
there would be an additional layer to block the electron diffusing
from the solution to the surface of the electrode which resulted in
an increased impedimetric response of our immunosensor. As
shown in Fig. 4a, the impedimetric response of the immunosensor
increased along with the increase of the concentration of SEB
reacted with immobilized antibody on the electrode surface in
PBS solution. The linear response range and detection limit of this
immunosensor were calculated through standard curve (Fig. 4b)
achieved from the detection of different concentrations (0.05 ng/
mL, 0.5 ng/mL, 1 ng/mL, 2 ng/mL, 3 ng/mL, 4 ng/mL, and 5 ng/mL)
of SEB standard solution at 37 °C for 20 min using the as-
fabricated sensor. The values of impedance obtained from the
circuit diagrams exhibited a good linear response in the range
from 0.05 ng/mL to 5 ng/mL with a correlation coefficient (R?)
of 0.9957 and a detection limit of 0.017 ng/mL, which is lower
than the sensor fabricated without magnetosomes (0.033 ng/mL,
Fig. S3). The improved electron signal transportation not only
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Fig. 5. The reproducibility (a), specificity (b) and stability (c) of the response
signal.

attributed to the good dispersity of the antibody-functionalized
magnetosomes but also PANI/Au and [D(n-C4)Im][PFg].

The specificity of this immunosensor to the same concentra-
tion (1 x 1073 mol/L) of various SEs (SEA, SEB, and SEC), some
protein (Casion) and some metal ions (Na*, Ca®*, K*) that may
be present in dairy products were evaluated by their EIS response
change values (ARet) obtained from electrochemical detection.
Cross reactivity (%) was as follows: cross reactivity=100 x ARet of
competitor/ARet of SEB. Fig. 5b showed that the adsorption ability

Note: In samples 4 and 5, the Ret out of the linear response range of this
immunosensor indicates no SEB in milk samples.

of SEB is significantly stronger than the others, which revealed a
good specificity of this sensor.

After detection, the gold electrode was eluted with NaOH
solution (1.2 mol/L) repeatedly to study the reproducibility of
this immunosensor by EIS measurement. The results showed that
the response signals were reduced by 0.31%, 0.92%, 1.7%, and 4.1%
(Fig. 5a) compared with the original values, that is to say a good
response signal could be obtained after repeating four times. On
further elution with NaOH solution, the response signal showed a
large change, therefore this immunosensor could be regenerated
for four times.

Then the developed electrochemical immunosensor was
scanned in Ks[Fe(CN)g]/K4[Fe(CN)s] solution (2.5 mmol/L) by
performing CV measurements for 100 cycles. The result indicated
that a good repeatability of this sensor was acquired, meanwhile a
relative standard deviation of 5.02% for SEB detection was
obtained (1 ng/mL, n=9).

Furthermore, the long-time stability of the as-prepared sensor
was also investigated during a 60 day period at 4 °C. The results
(Fig. 5c¢) showed that there was no significant change in the
impedance response, where the values of impedance decreased to
0.45%, 4.5%, 7.8%, 11.0%, 13.8% and 14.3% after 10 days, 20 days,
30 days, 40 days, 50 days and 60 days, respectively, indicating
that this sensor has good stability. All these good performances of
the developed sensor may be due to the use of magnetosomes,
which can offer good biocompatibility to maintain the activity of
the SEB antibodies for prolonged time. Accordingly, it is possible
to detect SEB in the field of monitoring using this sensor.

3.4. Detection of SEB in milk samples

The recoveries were calculated according to the measurement
(Table 1), and the recoveries range from 81% to 118% (Table 1),
showing a good performance of the sensor and potential in SEB
detection in milk. Meanwhile, from the results of actual sample
measurements, we can see that SEB was detected in raw milk at
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concentrations of 0.37 ng/mL, 0.16 ng/mL and 1.69 ng/mL, and
SEB was not detected in sterilized milk (Table 2).

4. Conclusion

This present work described a simple, rapid and sensitive
approach for the fabrication of an electrochemical immunosensor
based on a gold electrode modified with a composite film of SEB
immuno-magnetosomes/[D(n-C4)Im][PFg]/(PANI/Au). First, the
magnetosomes used not only offered a larger specific surface
area to increase the immobilization amount of antibodies and
immunoreaction rate, but also provided a good dispersity to form
a smooth and dense film on the gold electrode. Second, the PANI/
Au that was applied to the gold electrode could enhance the
response signals of the immunosensor to SEB. Finally, [D(n-
C4)Im][PFg] was provided as an electrolyte to provide good
conductivity and a stable electrochemical response. Under opti-
mal conditions, the developed immunosensor showed a good
linear response in the range from 0.05 to 5 ng/ml (R*=0.9957)
with a detection limit as low as 0.017 ng/ml, compared with the
one without magnetosomes (0.05-5 ng/mL, 0.033 ng/mL), this
developed immunosensor showed a wider response range and a
reduced detection limit. And a good specificity with little adsorp-
tion to SEA, SEC and Na*, K*, Ca?* was obtained. Moreover, the
immunosensor exhibited a good long-time stability at 4 °C reach-
ing up to 60 days, which showed a relatively long working life.
Meanwhile the immunosensor could be regenerated four times
using NaOH elution. The sensor also displayed a good repeat-
ability with a relative standard deviation of 5.02% for SEB
detection (1 ng/mL, n=9). Meanwhile, high recoveries in the
range of 81%-118% were achieved and successfully applied to
raw milk and sterilized milk. All of the above fully demonstrated
that this fabrication method has a wide linear range, a low
detection limit, a good recovery and a high reproducibility, and
the most important is the possibility to use them in situ. There-
fore, the electrochemical immunosensor developed is a promising
tool for routine monitoring to detect SEB in food.
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