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Abstract Anovel strip test system combining immunomagnetic
separation with lateral flow immunoassay (LFIA) was
established for the accurate detection of Listeria monocytogenes.
In this system, a pair of matched monoclonal antibodies
was used to construct a sandwich immunoassay, in which
superparamagnetic particles were coupled with one of the
antibodies as a labeled antibody to capture the target bacteria,
while the other antibody was immobilized on the detection
zone. After a 20-min reaction, the strips were analyzed by a
novel instrument which could detect the magnetic signal
of the immunocomplex in a magnetic field. Sensitivity
evaluation showed that the limit of detection (LOD) of
the superparamagnetic LFIA system for L. monocytogenes
was 104 CFU/mL, which was at least one log lower than
conventional LFIA. No cross-reaction was observed when
Salmonella, Escherichia coli O157:H7, or three types of
harmless Listeria strains were tested. Further evaluation with
actual food samples indicated that the superparamagnetic
LFIA system showed 100 % concordance with real-time
PCR. Therefore, this novel superparamagnetic LFIA system
could be used as a rapid, sensitive, and specific method for the
detection of L. monocytogenes.

Keywords Listeria monocytogenes . Lateral flow
immunoassay . Superparamagnetic . Sandwich immunoassay

Introduction

Listeria monocytogenes (L. monocytogenes, LM) is a Gram-
positive microbe and the only species in the genus of Listeria
which is pathogenic to human beings. Pathogenic infection by
L. monocytogenes can lead to listeriosis, a deadly bacterial
infection which has high hospitalization and fatality rates for
newborns, pregnant women, the elderly, and immune-
compromised individuals [1, 2]. With high tolerance to different
growth conditions including high concentrations of salt and low
pH levels, L. monocytogenes can easily survive in raw foods and
ready-to-eat foods, which pose great potential threats to food
safety and public health [3]. LM’s ability to grow in refrigerators
at 4 °C makes it even more dangerous for human health [3–5].

For the sake of food supervision and control, rapid detec-
tion methods for L. monocytogenes have been widely reported
since they save the time which traditional colony culture used
to take [6]. Biochemical assays, molecular approaches, and
immunoassays are considered as three major categories of
methodologies for the rapid detection of target bacteria [7].
However, biochemical assays require large-scale equipment
and expensive reagents which makes them not suitable for
extensive use. Molecular approaches which rely on polymer-
ase chain reaction are widely applied, but they also need well-
equipped facilities and well-trained laboratory technicians to
reduce the false-positive results. Immunoassays, which take
full advantage of the binding effects between antigen and
antibody, are sensitive and reproducible and are more conve-
nient compared to genetic approaches since only a few simple
procedures are needed.

Lateral flow immunoassay is one of the immunoassays that
are widely applied in on-site detection. It provides a simple
strip test which uses a nanoparticle-labeled antibody
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probe to quickly detect the sample without any expen-
sive equipment and skilled analysts [8, 9]. So far, col-
loidal gold is one of the most frequently used nanopar-
ticles because of its physical stability and low cost.
However, it can only enable a semiquantitative analysis
based on visual observation without concrete data [10].
To overcome this disadvantage, a lateral flow immuno-
assay using superparamagnetic beads was developed in
this study, with magnetic beads substituting for colloidal gold
to establish a detection method integrating immunomagnetic
separation and immunoassay. Superparamagnetic particles pos-
sess stable physical properties and uniform size that will not
aggregate or react with other reagents or materials after being
labeled. With the help of magnetic assay reader, an ideal device
to measure the quantity of magnetic tracers, a fast screening kit
of L. monocytogenes in food samples can be developed. The
sensitivity and specificity of the systemwere investigated in the
current study. Practical food samples were also used to evaluate
the accuracy of the system.

Material and methods

Chemical reagents, apparatus, and other materials

Sodium phosphate dibasic (Na2HPO4, 99%), sodium phosphate
monobasic monohydrate (NaH2PO4·H2O, 98–102.0 %), Triton
X-100, and bovine serum albumin (BSA) were purchased from
Shanghai Sangon Ltd. (Shanghai, China). 2-(N-Morpholino)
ethanesulfonic acid (MES) was purchased from Sigma-
Aldrich. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hy-
drochloride (EDC) and N-hydroxysulfosuccinimide (Sulfo-
NHS) were purchased from Thermo Fisher Scientific Inc.
(Rockford,, IL, USA). Goat anti-mouse IgG antibody was pur-
chased from Arista Biologicals Inc. (PA, USA). Monoclonal
antibodies against L. monocytogenes (LZH1 and LZF7) were
purchased from Abcam (Cambridge, UK). Superparamagnetic
particles (140 nm) were obtained from Key Laboratory for
Special Functional Materials, Henan University (Henan,
China). Nitrocellulose membrane, the conjugate pad, and the
absorbent pad were purchased from Whatman Corporation
(Clifton, NJ, USA). XYZ Dispensing System and CM4000
Guillotine Cutter were purchased from BioDot Inc. (Irvine,
CA, USA). The MAR Assay Development System (magnetic
assay reader, MAR) was donated by Magna Biosciences
LLC (CA, USA). Listeria enrichment broth (LEB) was
bought from OXOID Company (Basingstoke, UK). 7500
Real-time PCR equipment was purchased from ABI
Company (Foster City, CA, USA). Several types of bacteria
including L. monocytogenes (CMCC54002), Escherichia coli
O157:H7 (ATCC11775), Salmonella (ATCC35640), Listeria
ivanovii (ATCC19119), Listeria innocua (isolated by

Guangdong Institute of Microbiology, Guangzhou), Listeria
welshimeri, Listeria seeligeri (ATCC35967), and Listeria
grayi (isolated by Guangdong Institute of Microbiology,
Guangzhou) were obtained from Shenzhen Entry-Exit
Inspection and Quarantine Bureau.

Conjugation of superparamagnetic particles with the antibody
against L. monocytogenes

The carboxyl-functionalized superparamagnetic particles
were conjugated with the LM antibody (LZH1) based on the
method and protocol of Bangs Laboratories, Inc. [11]. To form
an amine-reactive sulfo-NHS ester, 2.5 mg of the particles
were mixed with 2.1 mM NHS and 4.2 mM EDC in MES-
buffered saline at pH 5.0. After washing and magnetic sepa-
ration, the particles were dispersed in 50 mM borate buffer
(pH=8.5). After the addition of 0.1 mg of LM antibody,
the solution was incubated for 3 h at room temperature
until a stable amide bond formed between the antibody
and the magnetic particles. Residual active coupling
sites were blocked by 10 % BSA solution at 37 °C
for 30 min. The conjugated magnetic particles prepared via
this protocol were stable for approximately 12 months when
stored at 4 °C.

Preparation of the superparamagnetic LFIA strips

LZF7 monoclonal antibodies against L. monocytogenes were
diluted in 10 mM sodium phosphate buffer to a concentration
of 2 mg/mL and striped onto the nitrocellulose membrane as
the test line. Goat anti-mouse IgG antibodies were diluted in
10 mM sodium phosphate buffer and striped at 1 mg/mL onto
the nitrocellulose membrane as the control line. Both diluted
antibodies were simultaneously dispensed onto the membrane
using the XYZ Dispensing System. The distance between the
test line and control line is 5 mm. The striped nitrocellulose
membranes were dried at 37 °C for 4 h in a vacuum
oven. The magnetic bead-labeled antibodies were dis-
pensed at a ratio of 1 ml/strip onto the conjugate pad
by XYZ Dispensing System. The sample pad was saturated
with 20 mM sodium phosphate buffer containing BSA
(1 %, w/v) and Triton X-100 (0.5 %, w/v). Both the pads were
dried at 37 °C for 3 h in a vacuum oven. The superparamagnetic
lateral flow immunoassay (LFIA) system was assembled in its
standard configuration as shown in Fig. 1. The prepared strip
was cut into individual 5 mm using the CM4000 Guillotine
Cutter andwas incorporated into a plastic board subsequently to
form the testing kit.

Analytical procedure

The standard strain of L. monocytogenes was activated and
enriched by culture at 30±1 °C for 24 h. After washing by
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10 mM phosphate buffer solution (PBS) for three times
and centrifugation at 8500 rpm for 15 min, 0.3 %
formalin was added to the bacteria pellet for 24 h to inacti-
vate them. Fifty microliters of inactivated L. monocytogenes
was then added onto the sample port of the strip, and the
captured magnetic signals were read by MAR after a 20-min
reaction. The magnetic signal is expressed as the relative
magnetic units (RMU) and is shown to be directly proportion-
al to the amount ofmagnetic particles on the strip [12, 13]. The
ratio between magnetic signals of test line (RMUtest) and those

of the control line (RMUcontrol) was calculated according
to the formula below. Fifty negative samples were de-
tected by LFIA strip method; the average value was
calculated, and two times of this value is defined as
the cutoff value, that is 0.015. A relative signal rate of
0.015 or above was defined as positive, while a rate less than
0.015 was negative.

Relativesignal rate ¼ RMUtest=RMUcontrol

Fig. 1 Schematic representation
for the superparamagnetic LFIA
system. A Cartoon schematic
showing the structure of the LFIA
strip (a), negative result schematic
when there was no
L. monocytogenes in the sample
(b), positive result schematic
when there was L. monocytogenes
in the sample (c). B An image of
the magnetic assay reader
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Determination of sensitivity and specificity

Sensitivity of the LFIA strip was determined by serial-diluted
inactivated L. monocytogenes. Briefly, tenfold-diluted
L. monocytogenes (101, 102, 103, 104, 105, 106, 107, and
108 CFU/mL) were added onto the superparamagnetic LFIA
strips separately, and the signals were detected by MAR. The
limit of detection (LOD) was then calculated accordingly. The
specificity of the assay was examined using pathogenic bac-
teria such as E. coli O157:H7 and Salmonella as well as
nonpathogenic Listeria species including L. ivanovii,
L. innocua, L. welshimeri, L. seeligeri, and L. grayi. Each
type of live organism was diluted to 108 CFU/mL with PBS.
Fifty microliters of bacteria solution of each kind was then

added to the superparamagnetic LFIA strip, followed byMAR
detecting. The limit of detection was defined as the minimal
concentration whose corresponding relative signal rate was
the minimum value exceeding the cutoff value.

Practical food sample tests

Seventy-three food samples, including two positive con-
trol samples and one negative, were detected using the
LFIA strip. We conduct the bacterial enrichment according
to China national standard on detecting L. monocytogenes
(GB478930-2010) [14]; that is, 25 g food sample was ran-
domly selected and added to 225 mL LEB for enrichment,
incubating at 30±1. After incubation for 24 h, 0.1 mL primary

103 104 105 106 107 108

0

1

2

3

4

5

6

7

8

9

Concentration of Listeria monocytogenes (CFU/mL)

R
el

at
iv

e 
si

gn
al

 r
at

e

A

B

y = 0.3252Ln(x) - 4.8446

R2 = 0.9632

-4
-3
-2
-1
0
1
2
3
4

1000 10000 100000 1000000 10000000 100000000 1000000000

Fig. 2 Sensitivity of
superparamagnetic LFIA strip on
detecting Listeria monocytogenes.
AThe relative signal rate (T/C)
was in positive correlation with
L. monocytogenes ranging from
103 to 108 CFU/mL. B In the
detection range, linear correlation
between the logit transformation
value of relative signal rate and
the concentration of
L. monocytogenes
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enrichment solution was added to 10 mL LEB enrichment
broth at 30±1 for 24 h. Solution after twice enrichments
was applied to real-time PCR and LFIA detection. After
the enrichment step, each enriched solution was detected
by the superparamagnetic LFIA strip and the results
were recorded by MAR equipment. In this study, real-
time PCR assay was conducted in parallel to assess the
accuracy of the superparamagnetic LFIA strip. A pair of
specific primers (forward primer 5′-TGC AAG TCC TAA
GAC GCCA-3′, reverse primer 5′-CAC TGC ATC TCC
GTG GTA TAC TAA-3′) and a probe (FAM-CGC CGA
TTT CAT CCG CGT GTT TCT TTT CGG CG-Dabcyl) for
detecting L. monocytogenes were used in real-time PCR.

Results and discussion

Performance and sensitivity of superparamagnetic LFIA

After adding the suspension culture of L. monocytogenes, the
immunomagnetic beads sprayed on the prepared magnetic
LFIA strips started to migrate along the strip, leaving brown
straight lines on both the test line and the control line on the
strip. With the help of the magnetic assay reader, quantitative
data was obtained within 20 min.

As shown in Fig. 2 and Table S1 in the Electronic
Supplementary Material (ESM), L. monocytogenes with a
concentration of 1×104 CFU/mL or higher could be detected
by the superparamagnetic LFIAmethod as their relative signal
rate was higher than the threshold value (0.015), implying
that the LOD of this method was 1×104 CFU/mL.
When the concentration of L. monocytogenes decreased
to less than 1×104 CFU/mL, the signal became too
weak to be detected. Compared to the complicated
methods related to nucleic acid or biosensors, lateral
flow immunoassays are more convenient. In previous stud-
ies, the LODs of conventional lateral flow immunoassays are
approximately from 105 to 106 CFU/mL [15, 16]. According
to the current regulation (GB29921-2013) [17], the concen-
tration limit of L. monocytogenes in food is 0 CFU/mL in
China. Though the limit of detection of 104 CFU/mL is kind
of higher than the limit established by the current regulation,
our assay could obtain 10 times lower LODs compared to
conventional lateral flow immunoassays. Since only 50 μL
sample solution was needed in each strip test, it could be
determined that the minimum detectable concentration of the
target bacteria was 500 CFU/test. When the concentration
decreases to less than 500 CFU/test, a pre-enrichment proce-
dure could be carried out to enable analysis of low concentra-
tion samples as conventional lateral flow immunoassays
[18–20]. Moreover, it should be noted that it only took
20 min to complete the superparamagnetic LFIA test, which
was faster than previous reports [16, 18, 21]. Considering the

rapidness and specificity of the current assay, it still could
serve as an ideal tool during the preliminary screening of food.
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Fig. 3 Exclusivity performance of superparamagnetic LFIA strip on de-
tecting Listeria monocytogenes. Bacteria including L. monocytogenes,
Salmonella, E. coli O157:H7, and nonpathogenic Listeria spp. were per-
formed at high concentration (i.e., 1×108 CFU/mL) of each bacteria species

Table 1 Practical food sample tests using superparamagnetic LFIA or
real-time PCR

Food source Number of
samples

Superparamagnetic
LFIA result (P/N)

Real-time
PCR result
(P/N)

Chocolate 6 0/6 0/6

Cooked pig blood 4 0/4 0/4

Cray 14 0/14 0/14

Flammulina velutipes 2 2/0 2/0

Fried fish 10 0/10 0/10

Fried hairtail 2 0/2 0/2

Frozen Atlantic salmon 1 0/1 0/1

Frozen baked chicken 1 0/1 0/1

Frozen barbecue sauce 0/2 0/2

Chicken steak 2

Frozen chicken 4 0/4 0/4

Frozen chicken cutlet 21 0/21 0/21

Frozen fish cutlet 2 0/2 0/2

Frozen pollock 2 0/2 0/2

Honey baked chicken 4 0/4 0/4

Plasta 2 0/2 0/2

Salt baked chicken 5 0/5 0/5

Soy sauce chicken 3 0/3 0/3

Spiced chicken 6 0/6 0/6

Positive control 1 1 1/0 1/0

Positive control 2 1 1/0 1/0

Negative control 1 0/1 0/1
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Specificity test

In our study, different types of microorganism were subjected
to the tests to evaluate the specificity of the superparamagnetic
LFIA method. Results shown in Fig. 3 and ESM Table S2
suggested that the matched monoclonal antibodies against
L. monocytogenes could distinguish L. monocytogenes from
other pathogenic bacteria such as Salmonella and E. coli
O157:H7. As high concentration (1×108 CFU/mL) of each
bacteria species were used for the detection, although there
were some weak cross-reaction effects for the detection of
nonpathogenic Listeria spp. (L. ivanovii and L. seeligeri),
superparamagnetic LFIA still possessed high specificity.

Advantages of the assay

Besides high sensitivity and specificity, another advantage of
this method was the easy operation, making it a promising
candidate for preliminary screening kit. Only two steps,
adding bacterium solution and checking the result pre-
sented by the equipment, were required to perform the
screening, eliminating the needs of professional laboratory
technicians, and making it possible to high-throughput
screening. PCR-based methods were proved to be high-
efficiency detection methods for bacteria with excellent
specificity [22, 23]; however, they were highly dependent
on efficient DNA isolation and limited by its accuracy in
detecting live bacteria [24, 25]. For antibody-based detection
methods, multiple steps were usually required [18]. For ex-
ample, ELISA, as a golden standard, required sample process-
ing before analysis and several washing steps during the
tests, which increased the complexity of the experimen-
tal procedure and affected the detection accuracy. The
deficiencies mentioned above were avoided in the
superparamagnetic LFIA described herein.

Practical food sample evaluation

Seventy-three samples from different food sources, including
chicken, fish, flammulina velutipes, etc., were tested by
superparamagnetic LFIA to evaluate the feasibility of this
method in food safety monitoring. Real-time PCR was con-
ducted in parallel as a reference method to increase the
creditability of the results. Table 1 and ESM Table S3
showed that the results obtained via either superparamagnetic
LFIA or real-time PCR were 100 % matched, suggesting
that superparamagnetic LFIA harbored high accuracy
on LM detection. As a preliminary screening method,
superparamagnetic LFIA was able to analyze food samples
rapidly with a high accuracy, which would play an important
role on pathogenic bacteria detecting, especially for entry-exit
inspection and quarantine. It also offered a less time-
consuming protocol for foodmonitoring departments, without

purchasing expensive equipment such as fluorescence-based
real-time PCR systems. In this study, we managed to
establish the correlation curve between the concentration
of L. monocytogenes and the detected signal value in a
certain range. However, we can only quantify the after-enrich
L. monocytogenes concentration; we cannot calculate the cor-
rection factor due to the enrichment [14] at this moment.
Further investigations are needed to obtain the quantitative
results.

Conclusion

In the current study, a novel detecting method which com-
bined the advantages of immunomagnetic enrichment tech-
niques and semiquantitative lateral flow immunoassays was
established for the detection of L. monocytogenes. The assay
could concentrate the target antigen and rapidly analyze the
sample through two simple steps and give the result within
20 min. The sensitivity and specificity was shown to be quite
good. In addition, the accuracy was proved to be as high as
that of real-time PCR. We believe that the superparamagnetic
LFIA described here would play vital role in food safety
monitoring by rapid, sensitive, specific, high-throughput,
and accurate detection of L. monocytogenes.
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