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Abstract This article describes an electrochemical
immunosensor for rapid determination of Salmonella
pullorum and Salmonella gallinarum. The first step in the
preparation of the immunosensor involves the electrodeposi-
tion of gold nanoparticles used for capturing antibody and
enhancing signals. In order to generate a benign microenvi-
ronment for the antibody, the ionic liquid (IL) 1-butyl-3-
methylimidazolium hexafluorophosphate was used to modify
the surface of a screen-printed carbon electrode (SPCE). The
single steps of modification were monitored via cyclic volt-
ammetry and electrochemical impedance spectroscopy. Based
on these findings, a sandwich immunoassay was worked out
for the two Salmonella species by immobilizing the respective
unlabeled antibodies on the SPCE. Following exposure to the
analytes, secondary antibody (labeled with HRP) is added to
form the sandwich. After adding hydrogen peroxide and thi-
onine, the latter is oxidized and its signal measured via CV. A
linear response to the Salmonella species is obtained in the 104

to 109 cfu·mL−1 concentration range, and the detection limits
are 3.0×103 cfu·mL−1 for both species (at an SNR of 3). This
assay is sensitive, highly specific, acceptably accurate and
reproducible. Given its low detection limit, it represents a

promising tool for the detection of S. pullorum ,
S. gallinarum, and - conceivably - of other food-borne patho-
gens by exchanging the antibody.
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Introduction

Fowl typhoid (FT), caused by Salmonella gallinarum
(S. gallinarum), is an acute or chronic septicemia infectious
disease. It primarily transmits by oral or respiratory routes and
affects adult poultries or grower groups, its common symp-
toms are diarrhea, uterine hemorrhage, and spleen [1].
Pullorum disease (PD), caused by Salmonella pullorum
(S. pullorum) is an acute systemic disease more common in
young birds [2]. The disease can be transmitted vertically and
horizontally to others with contaminated poultries that usually
results in a high mortality rate. Although FT and PD in many
developed countries have been strictly controlled, they often
occur in developing countries. FT and PD remain a serious
threat for the development of intensive poultry industry. They
are also a source of foodborne transmission of disease to
humans [3–5]. Therefore, establishing an effective and fast
detection method for these two pathogens is required [6].
Multilocus enzyme electrophoresis and sequence analysis
showed that S. pullorum and S. Gallinarum have the same
antigen O1, O9 and O12, and exhibit high cross-reactivity with
each other, so they can be simultaneously detected [7–9].

In our recent work, a direct assay was utilized in a sensitive
enzyme immunosensor for pathogenic bacteria [10]. Hu et al.
used direct assay to prepare a disposable immunosensor for
Enterobacter sakazakii [11]. Zhao et al. also introduced a
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direct assay for Shigella flexneriIn with a detection limit of
3.1×103 cfu·mL−1 [12]. Zhan et al. constructed a kind of
disposable immunosensor based on multiwalled carbon nano-
tube for direct assay for Escherichia coli O157:H7 [13].
However, in direct assay, it is difficult but important that the
concentration of enzyme-labeled antibody modified on elec-
trode be controlled precisely in the preparation process. The
main problem is that if overdose of enzyme-labeled antibody
is modified on the electrode, antibody would not all be cov-
ered by antigen, resulting in false negative results. Sandwich
assay can be used to construct immunosensor with a better
sensitivity and specificity compared to direct assay [14, 15].
A more accurate and reliable (sandwich-based) immunoassay
for S. pullorum and S. gallinarum is described here.

Gold nanoparticles (AuNPs) have been applied in
immunosensors due to their high specific surface and the abil-
ity for immobilizing antibody [16]. Compared with conven-
tional modification method, the electrodeposition of nanopar-
ticles enables AuNPs more evenly and firmly to be deposited
on the working electrode. The process is simple and conve-
nient [17].

In order to keep the activity and stability of antibody, to
facilitate the immobilization of biocomponents and to pro-
mote the practical application of the assay, four materials (β-
cyclodextrin, sodium alginate, chitosan and ILs) were dropped
on the AuNPs/SPCE and compared to each other. After mod-
ified material was selected, we manufactured an
immunosensor based on sandwich assay, and the sensitivity
and accuracy of the immunosensors were measured. Then we
selected the best construction method to optimize experimen-
tal conditions.

Materials and methods

Reagents and apparatus

Bacteria were employed in this work included S. pullorum and
S. gallinarum (CMCC 50770) as the target bacteria, and
Escherichia coli (E. coli, ATCC 8739), Staphylococcus
aureus (S. aureus, ATCC 27217), Enterobacter Sakazakii
(E.sakazakii, ATCC 29544), Bacillus subtilis (B. subtilis,
ACCC 11060). Phosphate buffered saline (PBS, 0.01 M,
pH 7.4) is used as control. Bacteria were purchased from
China Center of Industrial Culture Collection (CICC, http://
www.china-cicc.org/) and conserved in the laboratory of the
authors. Anti- S. pullorum and S. gallinarum and HRP-labeled
anti- S. pullorum and S. gallinarum were obtained from the
China Institute of Veterinary Drug Control (Beijing, China).
Chloroauric acid was obtained from Hangzhou Chemical
Reagent Co., Ltd. (Hangzhou, China, http://www.hzhxsj.
com.cn/). 1-Butyl-3-methylimidazolium hexafluorophosphate
(ILs) were obtained from Lanzhou Institute of Chemical

Physics, Chinese Academy of Sciences (Lanzhou, China,
http://www.ionicliquid.org/). Thionine (Thi) was obtained
from Shanghai Zhongtai Chemical Reagent Co., Ltd.
(Shanghai, China,). All other reagents were of analytical grade
and the water used was doubly distilled.

The CHI 760C electrochemical workstation was provided
by Shanghai ChenHua Instruments, Inc. (Shanghai, China,
http://www.sangon.com). Screen-printed carbon electrode
(SPCE) was developed by Rong Bin Biotechnology Co.,
Ltd. (Nanjing, China). As shown in photograph 1, the SPCE
consisted of a working electrode, a counter electrode and a
reference electrode. The diameter of disk-shaped working
electrode was 0.2 cm, and the working electrode and counter
electrode were made of a carbon ink whereas the reference
electrode was made of silver, which were all printed on an
plastic support. The nanostructures of electrode were charac-
terized by a SU-8010 field emission scanning electron micro-
scope (FE-SEM, Hitachi, Japan, http://www.hitachi-hightech.
com/jp/). All electrochemical experiments were performed at
22±2 °C.

Preparation of four modified substances

Four substances were dropped on the IgG/AuNPs/SPCE
working electrode as follows. The 2.5 % (v/v) ILs was pre-
pared by mixing ILs with double distilled water with the help
of sonication. The 2.0 % (w/v) β-cyclodextrin solution was
prepared by dissolving β-cyclodextrin into double dis-
tilled water, stirred for a few minutes and put into a
water bath (60 °C) for 1 h. The 0.25 % (w/v) sodium
alginate solution was prepared by dissolving sodium al-
ginate into double distilled water with the help of son-
ication. 0.2 % (w/v) chitosan was prepared by dissolving
chitosan into sodium acetate solution (1 %, w/v).

Photo 1 Photograph of the screen-printed carbon electrode (SPCE).
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Preparation of electrochemical immunosensors

The AuNPs (25 nm) deposited on SPCE were prepared ac-
cording to the previous report [10]. The electrochemical re-
duction was performed in a dispersion containing 25 mg·L−1

HAuCl4 with a magnetic stirring and N2 bubbling with SPCE
by CV. The scan potential was performed between −1.5 and
0.5 V at a rate of 25 mV·s−1. Then the electrode was rinsed
with double-distilled water and dried with blowing N2 at room
temperature (25±0.5 °C).

3 μL anti-S. Pullorum and S. gallinarum (isolated from
rabbit serum, 1:100 dilution by 0.01 M PBS, pH=7.4) was
coated evenly onto the AuNPs/SPCE surface, and stored at
4 °C for 12 h in a sterile sealed wet box. Then 3 μL 2.5 % ILs
was dropped on the working electrode, after drying at room
temperature (25±0.5 °C), the immunosensor was washed
gently with PBS to remove excess antibody which was not
combined with the IgG/AuNPs/SPCE. At last the resulting
electrode was incubated in BSA solution (w/w, 0.25 %) at
4 °C for 1 h in order to block the non-specific binding sites.
After the modified electrode was washed carefully with PBS,
immunosensor was stored at 4 °C when not in use. The ob-
tained modified electrode, denoted as ILs/IgG/AuNPs.

Electrochemical measurements

The preparation of the immunosensor and mechanism of de-
tection of S. Pullorum and S. gallinarum were displayed in
Scheme 1. The S. Pullorum and S. gallinarum was detected
according to the following procedure: 3 μL of S. Pullorum and
S. gallinarum solution (the details of preparation of S.
Pullorum and S. gallinarum solution are given in the
Electronic Supporting Material) was dropped onto the previ-
ously modified electrode, incubated at 30±0.5 °C for 40 min
and rinsed carefully with PBS to remove unbound bacterial
antigen. Then 3 μL HRP-anti-S. Pullorum and S. gallinarum
were dropped, incubated in the same conditions and rinsed
with PBS. The above modified electrode was immersed in
0.1 mol·L−1 acetate buffer (pH=6.5) containing 1.0 mmol·
L−1 Thi and 0.8 mmol·L−1 H2O2. CV was acquired with a
CHI 760C at a scan rate of 0.1 V·s−1 between −0.6 and
−0.1 V. The detection of S. Pullorum and S. gallinarum was
performed by measuring the reduction peak current shift
(ΔIp) of CV before and after the immune reaction. Before
the immunoreaction, the current response was recorded as I1.
Due to the Horseradish peroxidase (HRP) accelerating the
decomposition of hydrogen peroxide, the current response of
the immunosensor increased after the immunoreactions and
was recorded as I2. Therefore, changes of immunesensor cur-
rent value (ΔIpc) was expressed as ΔIpc=I2 - I1. All experi-
mental solutions were deairated by nitrogen for at least 10 min
before measuring. All experimental solutions were deaerated
by nitrogen for at least 10 min, and a nitrogen atmosphere was

kept during the whole electrochemical measurements. Three
successive CV scans were performed for each measurement,
the last cycle was recorded.

Results and discussion

Selection of modified materials and assays

β-Cyclodextrin, sodium alginate, chitosan and ILs are fre-
quently used to improve the performance of immunosensor,
due to their excellent adhesion and not harmful for the anti-
bodies to ensure the immobilization of biocomponents and
promote the practical application of the prepared AuNPs/
SPCE [18–21]. But what kind of material combines AuNPs
is better is still not studied. Hence, four substances were
researched. Dropped 3 μL ILs, β-cyclodextrin, sodium algi-
nate and chitosan solution on four IgG/AuNPs/SPCEs, respec-
tively. These four different modified electrodes were all used
to detect S. Pullorum and S. gallinarum according to the steps
described in experimental part. The ΔIp of CV after the im-
mune reaction were all recorded. The result showed in Fig. 1,
the ΔIpc of modified electrodes with ILs increases much
higher than that of β-cyclodextrin, sodium alginate and chito-
san solution modified electrodes. β-cyclodextrin, sodium al-
ginate and chitosan are good film-forming substances, their
electron transfer ability is not as strong as ILs, the ΔIp in-
creases lightly compared with the blank experiment after
adding S. Pullorum and S. gallinarum and HRP-anti-
S. Pullorum and S. gallinarum. It means under ILs modified
conditions, the activity of antibody against S. Pullorum and
S. gallinarum is highest, the final Horseradish peroxidase
loading is best. This was because ILs provided a friendly
microenvironment for protein (e.g. antibody and enzyme),
reduced the influence of external factors (such as the
change of temperature for protein), and maintained bio-
logical activity of antibody and enzyme [22–25].
Meanwhile, it significantly increased the rate of electron
transfer toward electrode surface [26]. So ILs were chosen
as the best protective agent for the SPCE.

Electrochemical characterization of the stepwise
modified electrodes

The function of the AuNPs layer

The morphology of bare SPCE and AuNPs/SPCE were char-
acterized using FE-SEM. As shown in Fig. 2a, bare SPCE is
covered by smooth and uniform nanoparticles with diameter
of about 50 nm. Fig. 2b shows AuNPs with diameter of about
25 nm are successfully electrodeposited on the working elec-
trode. AuNPs were introduced into the fabrication of the
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immunosensor in order to adsorb antibodies, enhance the elec-
trochemical signals and ensure the sensitivity of the test re-
sults. Figure 3 clearly shows that curve b has significant re-
duction peaks indicating AuNPs deposited on the surface of
working electrode. The thin layer of AuNPs deposited on

SPCE resulted in an improved performance; its signal (curve
d) is much bigger than that of carbon (curve c). Thus, AuNPs
are a remarkable material in the fabrication of sensors, due to
its good biological compatibility, high electrical conductivity
and large specific surface.

Electrochemical characteristics

CV was used to investigate the effect of each component on
the electrode through the redox behavior of a reversible redox
couple after each assembly step, and their curves were record-
ed in 1.0 mM Thi and converted into current density. Figure 4
shows a pair of reversible redox peaks of Thi at the bare SPCE
(curve a). After SPCE electrodepositing in HAuCl4, the peak
currents of the redox peaks (curve b) significantly increase. It
means AuNPs have been successfully electrodeposited on the
working electrode, which increase the surface area of working
electrode and electron transfer speed. The redox currents
(curve c, d and e) decrease gradually when anti-S. Pullorum
and S. gallinarum, ILs and BSA dropped on the AuNPs/SPCE
in certain order, which indicated that anti-S. Pullorum and
S. gallinarum, ILs and BSA coated onto the electrode surface
by AuNPs. In this work, ILs was used to prolong the activity
of antibody. The S. Pullorum and S. gallinarum (109 CFU·

Fig. 1 Effect of different modifications on peak current of the
cyclovoltammetric current curve for immunosensor

: AuNPs; : Anti-S.pullorum and S.gallinarum (Isolated from rabbit); : BMIMPF6;

: S.pullorum and S.gallinarum; : 0.2% BSA; : HRP-Anti-S.pullorum and

S.gallinarum (Isolated from rabbit
Scheme 1 Schematic diagram of the modification process of
electrochemical immunosensor and measure mechanism: (a) Electrode-
position of AuNPs on bare SPCE; (b) Anti- S. pullorum and S. gallinarum
and ILs were dropped in order;(c) ILs/ Anti- S. pullorum and
S. gallinarum /SPCE was blocked with 0.25 % BSA solution; (d) BSA/

ILs/ Anti- S. pullorum and S. gallinarum /SPCE incubated with
S. pullorum and S. gallinarum (109 CFU·mL−1); (e) The immunosensor
incubated with HRP-anti-S. pullorum and S. gallinarum; (f) The principle
of electrochemical detection; (g) The change of signal before and after
incubation with HRP-anti-S. pullorum and S. gallinarum
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mL−1) was firmly captured to the electrode surface through the
specific binding affinity between the antigen and antibody,
and formed a electronic barriers which hindered electron

transfer toward the electrode surface, resulting in the reduction
of peak current (curve f). When HRP-anti-S. Pullorum and
S. gallinarum was dropped, the reduction peak current value
(curve g) greatly increased, implying the enzyme-labeled an-
tibody was bound onto the electrode surface through the im-
mune response, and the HRP catalyzed reduction of H2O2

with the assistance of an electron mediator, which pro-
moted electron transfer between the enzyme and the
electrode. The immunosensor response is based on the
following redox process:

HRP redð Þ þ H2O2→ HRP oxð Þ þ H2O ð1Þ
Thionine redð Þ þ HRP oxð Þ → HRP redð Þ þ Thionine oxð Þ ð2Þ
Thionine oxð Þ þ 2e−→ Thionine redð Þ ð3Þ
EIS characterization

Electrochemical impedance spectroscopy (EIS) was
employed to monitor the interface properties of the car-
bon electrode surface during stepwise modifications
[27–29]. Different stages of the modified electrode were
characterized in the test base solution containing
0.1 mM KCl and 5.0 mM [Fe(CN6)]

3- / 4-. As seen
from Fig. 5, the Ret of AuNPs/SPCE (curve b, 1.06×
104±1622Ω) significantly decreases compared with bare
electrode (curve a, 4.97×104±4675Ω), due to the gold
nanoparticles not only have a large specific surface area,
but also own a highly efficient electron transport prop-
erty and electro-catalytic activity. So the gold nanopar-
ticles greatly reduced the resistance to accelerate the
rate of electron transfer. When anti-S. pullorum and
S. gallinarum was self-assembled onto the AuNPs/

Fig. 3 Electrodeposition graph of 0.025 g ·L−1 HAuCl4 (Inset:
Comparison of AuNPs/SPCE and bare SPCE cyclic voltammetry)

Fig. 4 Current density plots of different modified electrodes. a Bare
SPCE, b AuNPs/SPCE, c Anti-S. pullorum and S. gallinarum / AuNPs
/ SPCE, d ILs/Anti-S. pullorum and S. gallinarum/ AuNPs / SPCE, (e)
BSA /ILs/Anti-S. pullorum and S. gallinarum/ AuNPs / SPCE, f
Immunoelectrode incubated with S. pullorum and S. gallinarum
(109 CFU·mL−1), and g immunoelectrode incubated with HRP-anti-
S. pullorum and S. gallinarum

Fig. 2 FE-SEM images of bare SPCE (a), AuNPs/SPCE (b)
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SPCE, a larger semicircle (curve c, 1.33×104±1909Ω)
can be observed, indicating the adsorption of antibody
is successful and the Ret greatly increases. Similar situ-
ations also occurred when the immunosensors incubated
with BSA, S. pullorum and S. gallinarum and HRP-anti-
S. pullorum and S. gallinarum (curve d, e, f and g),
respectively. With the increasing of material modifica-
tion, the Ret of electrodes further increase, because the
combination between antibody and antigen formed a
barrier, and the barrier impeded electron transfer. This
result suggested every step of the modification were
successful. A very small increase can be seen after ILs
being modified, implying ILs exhibited high conductiv-
ity and improved the performance of electrochemical
immunosensor [26, 30].

Optimization of the experimental conditions

Experimental conditions were optimized. Respective data and
figures are given in the Electronic Supplementary Material.
From Fig. S2 A it can be observed that the reduction peak
current of the immunosensor reaches the maximum value
when the pH is 6.5, but decreases when pH continue to in-
crease, resulting in lower current value. Consequently, the
optimal pH of 6.5 was chosen in later studies. The concentra-
tion of H2O2 also played a very essential role in the detection
of S. pullorum and S. gallinarum. With the increasing of H2O2

concentration from 0.1 to 0.8 mmol·L−1, the immunosensor
response displays an upward trend, but starts to decrease when
H2O2 concentration >0.8 mmol·L−1 (as shown in Fig. S2 B).
Therefore, 0.8 mmol·L−1 was the most optimum H2O2 con-
centration for measurements.

The binding of antigen-antibody can be influenced by the
incubation temperature and incubation time. As shown in
Fig. S2 C, the reduction peak current increases with increasing
incubation temperature from 22 to 30 °C, but decreases as the
temperature increases further. Fig. S2 D shows that ΔIpc
sharply increases with the increase of incubation time from
10 min to 40 min and then trends to a constant value, which
suggests that 40 min is enough for the immune reaction after
S. pullorum and S. gallinarum dropping to anti-S. pullorum
and S. gallinarum. Therefore, the optimal incubation temper-
ature and incubation timewas 30 °C and 40min. Fig. S2 E and
F display a similar situation after dropping HRP-anti-
S. pullorum and S. gallinarum, hence, an incubation temper-
ature of 30 °C and time of 40 min was selected for the
immunoassay.

Calibration curve of the immunosensor

Under these optimal conditions different concentrations
of S. pullorum and S. gallinarum (from 101 to
1010 CFU ·mL−1) were detected. As Fig. 6 shows,
ΔIpc increases with increasing concentrations of
S. pullorum and S. gallinarum. The more S. pullorum
and S. gallinarum was adsorbed on the electrode the
more HRP-labeled antibodies were adsorbed on the sur-
face of electrode. The increase amount of HRP-labeled
antibody results in more H2O2 is catalyzed, therefore
ΔIpc increases. The plot of ΔIpc versus the logarithm
of S. pullorum and S. gallinarum concentration shows a
linear relationship in the concentration range from 104

to 109 CFU·mL−1, and the linear regression equations is
ΔIpc (μA)=0.4785x - 0.884, R2=0.9926. The limit of detec-
tion (LOD), which is defined as three times the standard de-
viation of the blank sample measurements, is estimated to be
3.0×103 CFU·mL−1 (Fig. 6a inset). And the CV curves of
increasing concentrations of S. pullorum and S. gallinarum
were showed in Fig. 6b. As Table 1 shows, this sensor perfor-
mance has a potential in reducing detection limit and more
convenient as compared to other systems for bacteria
detection.

Specificity, reproducibility and stability
of the immunosensor

The specificity and interference are very important for
immunosensor to distinguish the target bacteria from other
foodborne pathogens in samples. To prove the specificity of
the constructed immunosensor, experiments were conducted
using E. sakazakii, E. Coli, S. Aureus, B. Subtilis, B. Cereus,
and S. pullorum and S.gallinarum, and all of the bacteria so-
lution concentrations were 109 CFU·mL−1, PBS was used as
blank control. The results displayed in Fig. 7a, the current
increase induced by S. pullorum and S. gallinarum (3.352±

Fig. 5 Nyquist plots of EIS: bare electrode a; AuNPs electrodeposited
electrode b; Anti-S. pullorum and S. gallinarum/AuNPs/SPCE c ILs/
Anti-S. pullorum and S. gallinarum/AuNPs/SPCE d BSA/ILs/Anti-
S. pullorum and S. gallinarum/Au NPs/SPCE e; S. pullorum and
S. gallinarum/BSA/ILs/Anti-S. pullorum and S. gallinarum/AuNPs/
SPCE f HRP-anti-S. pullorum and S. gallinarum/S. pullorum and
S. gallinarum/ BSA/ILs/Anti-S. pullorum and S. gallinarum/AuNPs/
SPCE g; all in 0.1 mM KCl containing 5.0 mM [Fe(CN6)]

3- / 4-
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0.0872) is significantly larger than the current increase in-
duced by other bacteria and PBS with 0.3966±0.1141, sug-
gesting the immunosensor has a high specificity for
S. pullorum and S. gallinarum. The specificity of
immunosensor was attributed to the highly specific antigen-
antibody immunoreaction.

In order to investigate the influence of other bacteria on the
detection of S. pullorum and S. gallinarum, the immunosensor
were dropped with mixed bacteria solution which S. pullorum
and S. gallinarum bacterial suspension containing microor-
ganism such as S. aureus, E. coli, E. sakazakii, B. subtilis,
and compared ΔIpc. The results in Fig. 7b shows that the
ΔIpc causes by S. pullorum and S. gallinarum solutions with
and without contaminating microorganisms just has incon-
spicuous change, suggesting that ΔIpc was caused by the
interaction between the antibody and specific antigen not by
non-specific adsorption of other microorganism. Therefore,
the modified sensors towards S. pullorum and S. gallinarum
owned highly specificity.

A long-term storage stabi l i ty of the prepared
immunosensor was also measured. 21 immunosensors were
stored at 4 °C when they were not in use, and intermittently
measured every 5 days with three immunosensors, they
retained 93.8 % of their initial signal after a storage period

of 30 days. Similar experiments were done to measure the
storage stability of the prepared immunosensor without ILs,
and 85.4 % of the initial signal remained after 30 days. The
reason why the response of the immunosensor with ILs de-
creased much slower might be the fact that ILs formed a
friendly microenvironment to maintain the activity and stabil-
ity of antibody. Therefore, the modified sensors towards
S. pullorum and S. gallinarum owned good stability.

The reproducibility of the immunosensor was investigated
by independently monitoring the reduction peak current
values of five modified electrodes under same experimental
conditions. And the relative standard deviation (RSD) obtain-
ed at the concentration of 109 CFU·mL−1 was 9.07 %.
Therefore, the modified sensors towards S. pullorum and
S. gallinarum owned satisfying reproducibility.

Detection of S. pullorum and S. gallinarum in real samples

In order to verify the application of the newly developed
immunosensor in real sample detection, a series of food sam-
ples: eggs, chicken meat were bought from market and
analysed. The S. pullorum and S. gallinarum in real samples
were respectively tested with the immunosensor and the stan-
dard culture method (China National Food Safety Standard

Fig. 6 a The ΔIpc of different
concentrations of the logarithm
S. pullorum and
S. gallinarum (Inset: Linear
relation between the reduction
peak current change (ΔIpc) and
of S. pullorum and S. gallinarum
concentration.) b The CVof dif-
ferent concentrations of
S. pullorum and S. gallinarum

Table 1 Figures of merit of
recently reported methods for
determination of salmonella

Material/method used Analytical ranges
(CFU·mL−1)

LODs
(CFU·mL−1)

Interferences

AuNPs/PAMAM/MWCNT/Chi/GCE (EIS) 103–106 5.0×102 [31]

Ab(QCM) 1.8×106–109 1.0×103 [32]

MSNT(EIS) 103–107 1.0×103 [33]

PEI/γ-APTES(PZ) 3×103–5×108 1.0×105 [34]

Ab(QCM) 2.1×106–2.2×1010 2.0× 106 [35]

Ab-PEI (QCM) 105–5×108 6.0× 104 [36]

AuNPs/ILs(CV) 104–109 3.0×103 This work

AuNPs gold nanoparticles, PAMAM Poly(amidoamine), MWCNT Multi wall carbon nanotubes, Chi Chitosan,
GCE glassy carbon electrodes, Ab antibody, MSNT Fe3O4 nanoparticle and silica nanotube template, PEI
polyethyleneimine, γ-APTES (γ-aminopropyl) trimethoxysilane, PZ piezoelectric immunosensor, QCM quartz
crystal microbalance
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GB/T 17999.8-2008). We found that all of the food samples
were not affected by S. pullorum and S. gallinarum. A blind
method was used and performed by two teams. The detail
steps were as follows: one team randomly added a proper dose
of S. pullorum and S. gallinarum into the negative samples
and mixed it with other samples. Another team used the newly
developed sensors and the standard culture method in the as-
says. The two teams were not allowed to interact during the
whole process. The results are shown in Table S1, where the
numbers correspond to true positive or negative results detect-
ed by the corresponding methods. Accuracy is defined as the
agreement between results obtained by the developed method
and the reference standard method for identical samples. By
comparing the results of the electrochemical immunosensor
with the standard method, the true positive rate was 100 %
and true negative rates were 87.5 and 80% in chicken and egg
samples, respectively. The sandwich sensor shows good
agreement with the standard method, indicating that there is
an acceptable accuracy and reliability of the immunosensor.
The immunosensor holds great promise as a reliable tool for
the detection of S. pullorum and S. gallinarum in real samples.

Conclusions

An electrochemical immunosensor based on the sandwich
principle has been successfully constructed for detection of
S. pullorum and S. gallinarumin in this work. Different mod-
ified materials were investigated and compared in terms of
sensitivity. ILs have good conductibility and experiments
have demonstrated ILs can remarkably improve the perfor-
mance of immunosensor. The biosensor shows wide linear
range, low detection limit and high specificity, and can be used
for detection of S. pullorum and S. gallinarumin in real

samples. Importantly, the sandwich assay strategy can remark-
ably improve the performance of immunosensor provide a
sensing platform for detection of S. pullorum and
S. gallinarumin and the whole analytical process can be fin-
ished in 24 h. Through these experiments we developed an
immunosensor with simple, rapid and economical character-
istics; this immunosensor strategy can be used to develop
other biosensors for pathogenic bacteria and would become
a useful tool for pathogenic microorganism screening in clin-
ical diagnostics, food safety and environmental monitoring.
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