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A pre-concentrated immunochromatographic assay for Salmonella enteritidis (S. enteritidis) detection was

developed based on the unique optical and magnetic properties of magnetic nanoparticles (MNPs). The

target was easily concentrated from a large volume of sample by using immune MNPs (IMNPs) with

superparamagnetism. The results could be directly distinguished using colored IMNPs on test strip. A

target elution step was not required in the proposed method. The key parameters, including coupling

pH, blocking agents, and amount of IMNPs on the test strip, were optimized. Colloidal gold-based

immunochromatographic assay (CG-ICA), MNP-based immunochromatographic assay (MNP-ICA), and

MNP-ICA for a large-volume sample (large-volume MNP-ICA) were compared. Under optimal

conditions, the sensitivity of large-volume MNP-ICA was 1.95 � 105 CFU mL�1, which was 10 times

higher than that of MNP-ICA and 1000 times higher than that of CG-ICA, owing to the pre-

concentration from a large sample volume. Moreover, the antibody consumption of large-volume MNP-

ICA was lower than that of conventional CG-ICA. The entire detection time of the proposed method was

only 30 min. In general, the proposed method may be considered as a rapid, sensitive, and simple

screening tool for on-site detection of S. enteritidis as well as other pathogens.
1 Introduction

Salmonella is the most common and primary cause of food
contamination in many countries.1,2 Approximately 93.8 million
cases of Salmonella infection and 155 000 associated deaths
occur each year.3 In Salmonella species, Salmonella enterica
subsp. enterica serovar Enteritidis (S. enteritidis) is the main
pathogen, infection of which involves typical symptoms of fever,
diarrhea, vomiting, and acute gastroenteritis.4,5 As one of the
most important causes of food-borne illness worldwide, among
Salmonella serovars, the proportion of S. enteritidis isolated
from humans was 43.5% in the North American and Oceania
(Australia and New Zealand) regions.6 Traditional separation
identication method, including pre-enrichment, selective
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enrichment, isolated culture, biochemical identication, and
serological identication, is used as the “gold standard” for
detecting S. enteritidis in food samples. However, it takes 5–7
days to identify the target bacterium, and isolation and culture
are also time-consuming and laborious. To address these
issues, several effective methods for the detection of S. enter-
itidis have been developed, including enzyme-linked immuno-
sorbent assay7 (ELISA), electrochemical method,8 and
polymerase chain reaction-based method.9 These detection
methods have the advantages of high sensitivity and high
specicity.10–12 However, these methods require trained
personnel, complex procedure, or expensive instruments. To
a certain degree, such drawbacks limit these methods from
application in on-site detection.

Immunochromatographic assay (ICA) is a widely used tech-
nology in the eld of rapid detection.13–16 Traditional colloidal
gold-based immunochromatographic assay (CG-ICA) has four
advantages: short period of time required to acquire test results,
user-friendly format, and long-term stability over a wide range
of climates, and relatively inexpensive production. However,
CG-ICA shows limited detection sensitivity.17,18

Immunomagnetic separation has been a useful technology
to concentrate and separate target pathogens from complex
RSC Adv., 2017, 7, 55141–55147 | 55141
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View Article Online
food samples.19–22 In recent years, immunomagnetic separation
was also coupled with ICA to improve the detection sensitivity
and specicity. For example, Cui et al.23 established a method
combined immunomagnetic separation with CG-ICA to isolate
and detect Escherichia coli O157:H7. Zhang et al.16 reported
a method for the detection of Enterobacter cloacae by immuno-
magnetic separation and a CG-ICA. The sensitivity of the
method was 10 times higher than that of direct detection with
ICA. Li et al.24 developed a rapid method to detect Listeria
monocytogenes using uorescence immunochromatographic
assay combined with immunomagnetic separation and 40-fold
improvement of detection limit was achieved compared with
uorescence immunochromatographic assay. In their previous
work, the optical property of MNPs was underutilized. Target
bacteria need to be eluted and then detected by an additional
ICA. The elution step complicated the detection procedure and
probably resulted in the loss of targets.

In this study, a MNP-based pre-concentrated ICA was devel-
oped for rapid and sensitive detection of S. enteritidis (large-
volume MNP-ICA). A large-volume of sample (8 mL) was used
in this proposed method and concentrated to a small volume
for S. enteritidis detection. IMNPs were used not only to capture
S. enteritidis from large-volume sample but also to act as
a colored signal label based on its optical property. Target
elution step was omitted and the loss of target was avoided. The
sensitivity of the proposedmethod was obviously improved with
simplied experimental procedure.
2 Materials and methods
2.1 Materials

Reagents. Active N-hydroxysuccinimide esteried MNPs
(mean diameter 150 nm) were obtained from Enriching
Biotechnology Co., Ltd. (LOT. Elut-P012, Shanghai, China).
Anti-S. enteritidis polyclonal antibody Q1, which was used as the
detection and capture antibody, was prepared by our laboratory.
Donkey anti-rabbit antibody was obtained from Beijing ZSGB-
Bio Co., Ltd. (Beijing, China). Bovine Serum Albumin (BSA)
was purchased from Amresco (Washington, USA). 2-Morpholi-
noethanesulfonic acid (MES) was obtained from Alfa Aesar
(Heysham, USA). Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4$3H2O), sodium citrate (C6H5Na3O7$2H2O), casein
sodium, D-glucosamine, and ethanolamine were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Nitrocellulose
membrane was obtained from Millipore (Bendford, MA, USA).
The sample pad, conjugate pad, absorbent pad, and PVC plate
were purchased from Shanghai Jinbiao Biotechnology Co., Ltd.
(Shanghai, China). Peptone and yeast extract powder were
purchased from Oxoid (Basingstoke, England). Bicinchoninic
acid kit for protein determination (BCA) was obtained from
Thermo Fisher Scientic Co., Ltd. (Massachusetts, USA). All
other chemicals and reagents were of analytical reagent grade
and were obtained from Aladdin (Shanghai, China). Low fat
milk was bought from a local grocery store.

Equipment. Optical signal strip reader was purchased from
Shanghai Huguo Science Instrument Co., Ltd. (Shanghai,
55142 | RSC Adv., 2017, 7, 55141–55147
China). BioDot XYZ platform and other strip manufacture
equipment were obtained from BioDot (Irvine, CA).

Bacterial strains. Listeria welshimeri (ATCC 35897), Candida
albicans (ATCC 10231), Bacillus subtilis (BD 168), Proteusbacillus
vulgaris (CMCC 49027), Shigella exneri (CMCC 2457), Enter-
obacter sakazakii (CMCC 45407), Pseudomonas aeruginosa
(CMCC 11997), Escherichia coli O157:H7 (ATCC 43888), Micro-
coccus luteus (CMCC 28001) and Salmonella enteritidis (ATCC
13076) were used in this work. All strains were preserved in our
laboratory.
2.2 Preparation of probes

A total of 100 mL of active N-hydroxysuccinimide esteried
MNPs (10 mg mL�1) with the diameter of 150 nm was added
into a centrifuge tube. Aer washing with MES buffer solution
twice to remove the excess chemical reagents, 1 mL of pH-
adjusted puried anti-S. enteritidis polyclonal antibody (Q1)
solution (60 mg mL�1) was added to the centrifuge tube. The
mixture was reacted at room temperature for 4 h. Aer magnetic
separation, the supernatant was used for subsequent calcula-
tion of coupling rate. Aerward, 1 mL of 3% BSA (w/v) was
added in the centrifuge tube. The antibody-conjugated MNPs
were then blocked overnight at 4 �C. The supernatant was
removed in the magnetic eld, and the precipitate was resus-
pended with 1 mL of phosphate buffered saline solution con-
taining 3% BSA and 0.1% Tween 20 (v/v) (pH 8.5) and then
stored at 4 �C.

The colloidal gold with an average diameter of 30 nm was
produced by reduction of gold chloride trihydrate with 1% tri-
sodium citrate as described previously25 and immune colloidal
gold (ICG) was prepared according to the method of Peng.26
2.3 Calculation of coupling rate and capture efficiency

Coupling rate is dened as the percentage fraction of the anti-
body bound onto the surface of the MNPs. The concentration of
anti-S. enteritidis polyclonal antibody Q1 le in the supernatant
was calculated by BCA assay.

The BCA working reagent was prepared by mixing the solu-
tions A, B, and C at 25 : 24 : 1 proportion. Serial dilutions from
the standard concentration were prepared from the BSA and
assayed alongside the unknown(s) before the concentration of
each unknown is determined based on the standard curve. In
brief, 150 mL of standard BSA solution and the supernatant
reserved from the preparation of IMNPs was added into an
ELISA well. Aerward, 150 mL of the working solution was added
into the well, and the mixture was incubated at 37 �C for 2 h in
dark. Optical density (OD) at 560 nm was measured using
a Microplate Reader, and the result was calculated according to
the standard curve drawn. Coupling rate was calculated using
the following formula:

Coupling rate (%) ¼ (1 � A/A0) � 100%

where A0 is the original amount of antibody (added in total) and
A is the amount of antibody in the supernatant.
This journal is © The Royal Society of Chemistry 2017
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The number of S. enteritidis in the supernatant aer capture
was measured using the plate counting method. Capture effi-
ciency was calculated using the following formula:

Capture efficiency (%) ¼ (1 – N/N0) � 100%

where N0 (CFU) is the original number of S. enteritidis (added in
total) and N (CFU) is the number of S. enteritidis in the
supernatant.
2.4 Preparation of test strip

Anti-S. enteritidis polyclonal antibody Q1 (1.5 mg mL�1) and
donkey anti-rabbit antibody (0.5 mg mL�1) were sprayed as test
line (T line) and control line (C line) on nitrocellulose
membrane, respectively. Aerward, the nitrocellulose
membrane was dried at 37 �C for 2 h in a vacuum drying
chamber. The sample pad was immersed in 0.1 M phosphate
buffer containing 1% BSA (w/v), 0.5% Tween 20 (v/v), and 0.05%
NaN3 (w/v), and the conjugate pad was immersed in 0.1 M
phosphate buffer containing 0.25% Tween 20 (v/v) and 2%
glucose (w/v). The sample pad and conjugate pad were dried at
37 �C overnight in a vacuum drying chamber. The prepared
nitrocellulose membrane, conjugate pad, sample pad, and
absorption pad were then assembled as the test strip.
2.5 Optimizations of key parameters

The coupling pH of 4, 5, 6, 7, 8, 9, and 10 were explored in the
conjugation of MNPs and anti-S. enteritidis polyclonal antibody
Q1. The coupling rate and capture efficiency were used to
evaluate the inuence of coupling pH on the IMNPs
conjugation.

Four commonly used blocking agents in the preparation of
IMNPs, including 2% ethanolamine (w/v), D-glucosamine
(1 mg mL�1), 3% BSA, and 3% casein sodium (w/v) were tested
and evaluated in the study. A total of 4 mL of IMNPs blocked with
four blocking agent solutions were added to the strips. A
blocking agent was considered ideal in the presence and
absence of a colored signal in the C line and the T line,
respectively.

To determine the appropriate additive amount of IMNPs on
the strip, different additive amounts of IMNPs (2, 4, 8, 16, and
24 mg, all in 100 mL) were tested. The mixture solution was
added into the strip, and the background color and color signal
of T and C lines of the strip were observed and evaluated aer
15 min.
2.6 Immunological kinetics analysis of IMNPs and ICG

Outer membrane protein antigen was extracted (0.4 mg mL�1)
from S. enteritidis and was sprayed on the C line to build a strip
for running this comparison. A total of 6 mg of IMNPs or 6 mL of
ICG was added to the strip. The optical signals on the T line
were repeatedly read every 15 s by using an optical signal strip
reader. The kinetic curves were established by plotting the
signal intensity of T line against time.
This journal is © The Royal Society of Chemistry 2017
2.7 Sensitivity test of three ICAs

Under optimized conditions, the procedure for large-volume
MNP-ICA was conducted as follows. A total of 50 mg of IMNPs
was added into 8 mL of S. enteritidis-enriched culture broth at
room temperature for 20 min. Aer magnetic separation, the
precipitate was resuspended in 625 mL of Luria-Bertani broth
(8 mg IMNPs per 100 mL) containing 0.3% BSA (w/v) and 0.01%
Tween 20 (v/v), and 100 mL of the resuspended solution was
applied to the test strip directly without elution step. Aer
10 min, the results were read with the naked eye.

For comparison, the CG-ICA and MNP-ICA were developed
and optimized according to previous work.19,27 The procedure of
CG-ICA and MNP-ICA were conducted as follows. A total of 8 mL
of ICG or 8 mg of IMNPs was added in 100 mL of a series of S.
enteritidis dilutions (1.95 � 103 to 1.95 � 108 CFU mL�1), and
100 mL of the mixture was transferred into the test strip. Aer
15 min, the results were read with the naked eye.
2.8 Specicity test

S. enteritidis at a concentration of 106 CFU mL�1 and nine non-
S. enteritidis strains at a concentration of 106 CFU mL�1 were
tested to evaluate the specicity of the proposed method.
2.9 Detection of S. enteritidis in food sample

Low fat milk (3% milk fat) samples were spiked with diluted
cultures of S. enteritidis with nal concentrations of 1.95 � 108,
1.95 � 107, 1.95 � 106, 1.95 � 105, 1.95 � 104, and 1.95 � 103

CFU mL�1. Large-volume MNP-ICA was applied in this test and
the results were obtained aer 15 min (Fig. 1)
3 Results and discussion
3.1 Effects of coupling pH on IMNPs

The coupling pH is a key parameter in the conjugation of MNPs
and antibody. At different pH conditions, the exposed domain
that reacts with MNPs and the activity of antibody are both
affected.28 As shown in Fig. 2 and Table 1, as pH decreased from
10 to 5, both coupling rate and capture efficiency seemed to be
on a slight upward trend. The amino groups on the antibody are
hypothesized as more likely to be positively charged in an acidic
environment. Therefore, the conjugation between MNPs and
antibody seemed to be easier at more acidic environments.
However, when the pH was too low (pH ¼ 4), the active esters
tended to be more stable, that is, most parts of the ester group
on the surface of MNPs become inactive, and MNPs and anti-
body became hard to conjugate. At pH 5, both the coupling rate
and capture efficiency reached their highest value. Thus, pH 5
was selected as the appropriate coupling pH for the
conjugation.
3.2 Effects of blocking agent on IMNPs

Blocking is an important step in the process of IMNPs prepa-
ration. An ideal blocking agent can encapsulate IMNPs to
prevent them from binding to other substances in the
RSC Adv., 2017, 7, 55141–55147 | 55143

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11006e


Fig. 1 Schematic of large-volume MNP-ICA.

Fig. 2 The effect of pH value on coupling rate.

Fig. 3 Comparison of different blockers. (A) 2% Ethanolamine (v/v); (B)
1 mg mL�1

D-glucosamine; (C) 3% BSA (w/v); (D) 3% casein sodium
(w/v); (E) without blocking.
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chromatographic system and can quench the active group that
was not consumed by the antibody in the coupling process.

Four different commonly used blocking agents (ethanol-
amine, D-glucosamine, BSA, and casein sodium) were
compared. In the absence of a blocking agent, the IMNPs were
easily bound to the antibodies on the T line because of many
Table 1 Capture efficiency at different coupling pH

Coupling pH 4 5 6
Capture efficiency (%) 23.8 � 4.8 99.3 � 0.2 97.6 � 0.

55144 | RSC Adv., 2017, 7, 55141–55147
unquenched active sites (Fig. 3E). Moreover, blocking IMNPs by
ethanolamine and D-glucosamine also showed undesirable T
line on the strips (Fig. 3A and B), which was hypothesized to be
due to a number of hydroxyl and other charged groups intro-
duced, which brought about nonspecic binding even though
the active ester was quenched. When IMNPs were blocked with
casein sodium solution (Fig. 3D), weak color signal on both T
line and C line appeared, which was speculated to be due to
immune reaction inhibition by casein sodium. However, when
IMNPs were blocked by BSA solution, the color signal appeared
7 8 9 10
6 95.9 � 1.0 96.3 � 1.2 96.1 � 1.2 92.2 � 0.5

This journal is © The Royal Society of Chemistry 2017
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in C line without nonspecic binding on the T line as shown in
Fig. 3C. Thus, BSA was chosen as the optimal blocking agent.
Fig. 5 Immunological kinetics of MNPs and CG.
3.3 Effects of additive amount of IMNPs

When IMNPs were added to the test in excess, portions of
IMNPs were deposited on the nitrocellulose membrane,
resulting in a brown background color on the membrane. By
contrast, when the IMNPs were added in too low amounts, the
colored signal in the C line was weak and the detection sensi-
tivity also decreased. To have an appropriate signal color and
a weak background color, the additive amounts of IMNPs
should be explored.

As shown in Fig. 4, the colored signal on the C line increased
in intensity as the additive amount of IMNPs was increased.
However, excessive IMNPs have obvious impact on background
color on the whole nitrocellulose membrane. As 16 mg and 24 mg
of IMNPs were added, a brown background on the strip was
obvious.

An additive amount of 8 mg permitted a strong colored signal
on the C line and an absence of background color on the
nitrocellulose membrane. Thus, 8 mg of IMNPs was selected as
the appropriate additive amount.
3.4 Immunological kinetics analysis of IMNPs and ICG

To further explore the reasons behind the improvement in
sensitivity, the dynamic properties between immunochroma-
tography of MNPs and CG were compared. As shown in Fig. 5,
using the same antibody-antigen system, the peak grayscale
intensity of MNPs (917.4) was about 1.5 times higher than that
of CG (607.4). Moreover, the antibody concentration used for
MNP-ICA was 0.36 mg, whereas that for the CG-ICA was 3.6 mg.
Compared with CG, 1.5 times signal intensity was produced by
MNPs, with a 1/10 antibody consumption. As label in immu-
nochromatographic assay, MNPs produce stronger signal
intensity, demonstrating higher sensitivity than the traditional
and widely used CG. Moreover, the consumption of antibody
could be greatly reduced when MNPs are used as the label,
indicating its industrial and economical value.
3.5 Results of sensitivity test of three ICAs

As shown in Fig. 6, the sensitivity of traditional CG-ICA andMNP-
ICA were 1.95� 108 and 1.95� 106, respectively. However, when
Fig. 4 Comparison of different additive amount of IMNPs.

This journal is © The Royal Society of Chemistry 2017
the concentration of S. enteritidis was at 1.95 � 105 CFU mL�1,
a visible T line was produced in the proposed large-volumeMNP-
ICA.

Using the same antibody, the sensitivity of large-volume
MNP-ICA was 10 times higher than that of MNP-ICA. In large-
volume MNP-ICA, 50 mg of IMNPs were added into 8 mL of
sample solution. Aer magnetic separation, the sample was
Fig. 6 Sensitivity of CG-ICA (A), MNP-ICA (B), and large-volumeMNP-
ICA (C) for detection of S. enteritidis.

RSC Adv., 2017, 7, 55141–55147 | 55145
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Table 2 Comparisons among CG-ICA, MNP-ICA, and large-volume MNP-ICA for the detection of S. enteritidis

Methods Additive amount of IMNPs/ICG Antibody consumption Sample volume
Concentration
ratio Sensitivity

CG-ICA 8.0 mL per test 4.8 mg per test 100.0 mL 1 : 1 1.95 � 108 CFU mL�1

MNP-ICA 8.0 mg per test 0.5 mg per test 100.0 mL 1 : 1 1.95 � 106 CFU mL�1

Large-volume MNP-ICA 50.0 mg per test 3.0 mg per test 8.0 mL 1 : 12.8 1.95 � 105 CFU mL�1
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concentrated by 12.8 times. An MNP-based pre-concentrated
immunochromatographic assay offers improved sensitivity
due to the concentration of sample, as demonstrated by the
similarity between the rate of sensitivity enhancement and the
rate of concentration increase.

Moreover, compared with traditional CG-ICA, the sensitivity
of the proposed large-volume MNP-ICA was 1000 times higher
using the same antibody. We presume that the diameter of
MNPs was larger than that of CG, thus the ow rate of IMNPs
was slower than that of ICG, leading to a more sufficient
immune reaction on T line.

Some parameters of the three ICAs are listed in Table 2.
From the comparison between CG-ICA and MNP-ICA, the anti-
body consumption per test of MNP-ICA was only 1/10 of CG-ICA,
whereas the sensitivity was 100 times higher than that of the
latter, proving that as an optical label, IMNPs not only improved
the detection sensitivity but also diminished antibody
consumption.

Based on the unique optical and magnetic properties of
MNPs, IMNPs not only improves the detection sensitivity but
also offers great economic potential.
3.6 Results of specicity test

To examine the specicity of the large-volume MNP-ICA, cross-
reactivity during assay development must be tested. Nine non-
target strains were used to evaluate the specicity of the
proposed method and no brown band appeared in the test line
when each bacterium was added at concentration of 106 CFU
mL�1 (Fig. S2†). This result indicated that the test strip has high
specicity.
3.7 Results of detection in food sample

The detection results of S. enteritidis in low fat milk was shown in
Fig. S3.† 1.95 � 105 CFU mL�1 of S. enteritidis in milk could be
detected with large-volume MNPs-ICA by naked eye. The sensi-
tivity of themethod with the low fatmilk was basically consistent
with that with Luria-Bertani broth (1.95 � 105 CFU mL�1). The
results showed that this proposed method had little matrix
effect.
4 Conclusions

A pre-concentrated immunochromatographic assay was devel-
oped for the rapid and sensitive detection of S. enteritidis in
a large of volume sample based on the magnetic and optical
properties of MNPs. The sensitivity of large-volume MNP-ICA
55146 | RSC Adv., 2017, 7, 55141–55147
was 1.95 � 105 CFU mL�1, which was 10 times higher than
that of MNP-ICA, and 1000 times higher than that of CG-ICA.

In the proposed method, the MNPs were used not only as
a magnetic capturing probe to concentrate the target from
a large-volume of sample but also as a colored signal label based
on its optical property. No additional elution operation was
required, thus target loss during elution was avoided. Further-
more, immunological kinetics comparison between MNP and
CG showed that compared with CG, MNP produced much
higher signal strength with less antibody consumption. MNP
proved to be an ideal optical label in addition to being a sample
pretreatment tool. Most importantly, the sensitivity of the
proposed method was clearly improved considering the pre-
concentration of a large volume of sample (8 mL).

Considering these advantages, the proposed method is
worthy to be applied for both on-site and in the laboratory, and
it offers an important role in the eld of food safety.
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