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Abstract

A colorimetric immunosensor was developed for the determination of Sa/monella Typhimurium using rotating magnetic sepa-
ration, gold nanorod (GNR) indication, and click chemistry amplification. The target bacteria were first separated from large-
volume sample using a rotating magnetic field and a small amount (50 png) of immunomagnetic nanoparticles (MNPs), resulting
in the forming of magnetic bacteria. Then, the magnetic bacteria were conjugated with catalase (CAT)-labeled antibodies, which
were synthesized using trans-cyclooctene/1,2,4,5-tetrazine click chemistry reaction, resulting in the forming of enzymatic bac-
teria. Then the CATs on the enzymatic bacteria were used to decompose an excessive amount of hydrogen peroxide (H,O5), the
remaining H,O, was mixed with horseradish peroxidase to etch the GNRs, resulting in color change and absorbance peak shift of
the GNRs. Finally, the peak shift was measured and analyzed for the quantitative determination of target bacteria. This
immunosensor was able to detect Salmonella Typhimurium with a linear range of 10'~10° CFU mL ™" in 3 h with a low detection
limit of 35 CFU mL"™". The mean recovery for Salmonella Typhimurium in spiked chicken samples was 109%.
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Introduction

Foodborne diseases caused by pathogens have seriously
threatened public health and resulted in enormous economic
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losses [1]. As a kind of well-known foodborne pathogen,
Salmonella often causes food and environmental contamina-
tions. It can trigger some zoonotic diseases, such as gastroen-
teritis, typhoid, and even death [2, 3]. So far, plate colony
counting (culture) [4], enzyme-linked immunosorbent assay
(ELISA) [5], and polymerase chain reaction (PCR) [6] are
considered as the gold standard or recommended methods
for Salmonella detection. However, these methods suffer from
some inherent limitations, such as long detection time, in-
sufficient sensitivity, or complex DNA extraction procedures.
Thus, it is of great significance to develop fast, sensitive, and
in-field methods for Salmonella detection to ensure food
safety.

To achieve visual detection of biological targets, recently
reported strategies and applications using colorimetric sensors
based on etching and growth of noble metal nanoparticles
have been well summarized [7]. Gold nanoparticles are excel-
lent noble metal signal probes and have been often used for
salmonella detection [8, 9]. They also possess higher extinc-
tion coefficients and more vivid colors compared to traditional
organic dyes [10]. Among them, gold nanorods (GNRs) have
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exhibited robust color change after being etched by some ox-
idants [11]. For instance, a multicolor aptasensor was devel-
oped for visual detection of ochratoxin A using TMB** as an
oxidant to etch GNRs [12]. Besides, hydroxyl radical (*OH),
which is generally functionalized through the catalytic reac-
tion of hydrogen peroxide (H,0O,) using Fenton’s reagent, has
a strong oxidation ability to etch GNRs [13]. Additionally,
horseradish peroxidase (HRP) was demonstrated to own a
higher catalytic activity with H>O, than Fenton’s reagent at
low concentration of H,O, (<0.1 M) and room temperature
[14], and a highly sensitive colorimetric assay was proposed
for detection of physiological glucose using HRP-induced
GNR etching [15]. To further improve the sensitivity, some
signal amplification strategies were reported based on click
chemistry and enzyme catalysis with good biocompatibility,
rapidness, and flexibility [16, 17]. As classical click chemistry
molecules, trans-cyclooctene (TCO), and 1,2,4,5-tetrazine
(Tz) have received much attention due to their high reaction
rate and biocompatibility for effective signal amplification
[18, 19]. These click molecules can be coupled with some
proteins (enzymes, antibodies, etc.) based on the reaction be-
tween the N-hydroxysuccinimide-activated TCO/Tz (NHS-
TCO/Tz) and the amine group (-NH,) on the proteins [20,
21]. For example, Jiang et al. successfully synthesized HRP
assemblies by the click chemistry reaction between TCO-
HRP and Tz-HRP, which greatly amplified the signals to en-
hance the sensitivity [22]. Therefore, it might be promising to
develop sensitive sensors combining HRP-induced GNR
etching and click chemistry for visual detection of foodborne
pathogens.

Immunomagnetic separation (IMS) is an effective technol-
ogy for purification and pre-concentration of target pathogens
from complex food samples and often combined with various
biosensors to enhance the detection sensitivity and reduce the
background noises [23]. Conventional IMS can generally han-
dle only a small volume of samples in 1.5 mL centrifuge tube
manually due to the limited working range of magnetic field
[24]. Additionally, pathogenic bacteria always exist at low
concentration and with heterogeneous distribution in real food
samples for routine screening. Recently, some efforts on novel
IMS methods for a large volume of food samples were made
to improve the detection sensitivity and signal-to-noise ratio.
Lee et al. proposed an immunomagnetic flow assay for the
rapid separation of pathogenic bacteria from a large volume
of food samples using a 3D-printed cylindrical channel [25].
This assay was demonstrated to be able to separate the target
bacteria from 10 mL of sample in 1 min. However, a large
amount (200 pg) of the immune magnetic nanoparticles
(MNPs) for each test at high cost might greatly limit its prac-
tical application. Besides, some studies on continuous-flow
IMS were reported based on the forming of MNP chains or
clusters using soft magnetic materials with special structure,
such as mu-metal foils [26], sawtooth-shaped iron foils [27],
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and iron shots [28]. However, the static and heterogeneous
distribution of the MNPs in the channel might lead to low
separation efficiency. Thus, it might be effective and practical
to improve the separation efficiency using a small amount of
moving MNP chains or clusters to capture the target bacteria.

In this study, we proposed a colorimetric immunosensor for
the quantitative determination of Sal/monella using moving
immune MNPs for specific separation of bacteria from large
volume, TCO-Tz click reaction for efficient amplification of
biological signal, and GNRs for visible indication of detection
result. As shown in Fig. 1, the capture antibodies (CAbs)
modified MNPs were first injected into a spiral channel and
captured at the presence of an anti-clockwise rotating high
gradient magnetic field. Then, 10 mL of bacterial sample
was clockwise injected into the channel and captured by the
immune MNPs due to the antibody-antigen reaction to form
the magnetic bacteria in 1 mL of PBS. Subsequently, the de-
tection antibodies (DAbs) were modified with catalases
(CATs) by the TCO/Tz click chemistry and incubated with
the magnetic bacteria to form the enzymatic bacteria. After
that, an excessive amount of H,O, was added and in part
decomposed by the CATs on the enzymatic bacteria. Finally,
the remaining H,O, was used with HRP to induce the etching
of GNRs, resulting in the change on the color of GNRs from
dark blue to pink, and the absorbance peak shift was measured
to determine the concentration of Sa/monella.

Materials and methods
Materials

Gold(IMl) chloride trihydrate (HAuCly) from Sigma Aldrich
(St. Louis, MO, USA, https://www.sigmaaldrich.com),
Sodium borohydride (NaBH,), L-ascorbic acid (AA) from
Aladdin (Shanghai, China, https://www.aladdin-e.com),
Silver nitrate (AgNO;3;) from Sinopharm Chemical
(Shanghai, China, http://www.sinopharmholding.com), and
cetyltrimethylammonium bromide (CTAB) from Amresco
(Solon, OH, USA, http://www.amresco-inc.com) were used
for the synthesis of GNRs. Hydrogen peroxide (H,0O,), N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC-HCI) and N-hydroxysulfosuccinimide
sodium (NHSS) were purchased from Aladdin. Phosphate
buffered saline (PBS, 0.01 M, pH 7.2-7.4) and horseradish
peroxidase were purchased from Solarbio (Beijing, China,
http://www.solarbio.com). Tween-20 from Amresco was pre-
pared in PBS for washing. Bovine serum albumin (BSA, 1%,
w/v) from EM Science (Gibbstown, NJ, USA, http:/www.
emscience.com) was prepared in PBS for blocking. Bovine
liver catalase from Sigma Aldrich was used for catalyzing
H,0, to trigger the etching of GNRs. The magnetic
nanoparticles with the diameter of 180 nm from Allrun
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Fig. 1 Schematic of this colorimetric immunosensor for sensitive and rapid determination of Salmonella Typhimurium

Nano (Shanghai, China, http://www.allrunnano.com) were
used for magnetic separation of the target bacteria. The
polyclonal CAbs against Sa/monella Typhimurium
(S. typhimurium) from Abcam (Cambridge, MA, USA,
https://www.abcam.com) were used to specifically capture
the target bacteria. The monoclonal DAbs against
S. typhimurium from Meridian (Memphis, TN, USA, https://
meridianlifescience.com) were conjugated with the CATs and
used for labeling the target bacteria. TCO-PEG4-NHS ester
(TCO) and tetrazine-sulfo-NHS ester (Tz) from Click
Chemistry Tools Bioconjugate Technology (Scottsdale, AZ,
USA, https://clickchemistrytools.com) were used for click
chemistry reaction between the Dabs and the CATs.
Ultrapure water was obtained from Millipore Advantage 10
(18.2 MQ-cm, Billerica, MA, USA, http://www.
merckmillipore.com) and used for preparing all the solutions.

Development of the rotating immunomagnetic
separator

The rotating immunomagnetic separator played a crucial role
in this colorimetric immunosensor. It consisted of two main
parts: (1) a rotating high gradient magnetic field for anti-
clockwise moving of the magnetic nanoparticles and (2) a
spiral FEP (fluorinated ethylene propylene) tubing channel
for clockwise transfer of the bacteria samples. The high gra-
dient magnetic field was generated by setting up two repelling
arc magnets (material, NdFeB; grade, N40; inner diameter,
15 mm; outer diameter, 20 mm; height, 40 mm; arc angle,
90°; magnetization direction, through circumference) in an
aluminum cylinder holder (radium, 20 mm; height, 45 mm).
The arc magnets were tailor-made by Dachang Magnetics
(Xuzhou, Jiangsu, China). The holder was anti-clockwise

rotated using a stepping motor and a microcontroller. The
spiral channel with the turn of 20 was formed by surrounding
the cylinder holder with a FEP tubing (inner diameter,
0.5 mm; outer diameter, 1.6 mm). The inlet and outlet of the
channel were connected with a peristaltic pump (T60-
S2&WX10-14-A, flowrate, 0-24 mL minfl, Longer Pump,
Baoding, China) for pumping the solution and a centrifuge
tube for collecting the waste, respectively.

Separation of the target bacteria

The separation of the target bacteria from a large-volume
(10 mL) sample was the key to this immunosensor and con-
ducted using the rotating magnetic separator. Before magnetic
separation, the spiral channel was successively rinsed with
75% alcohol and deionized water, followed by blocking with
1% BSA for 30 min and washed with sterile PBS. For the
magnetic separation of the target bacteria, 50 pg of the im-
mune MNPs, which were prepared according to the protocol
in the supplemental material, were first suspended in 300 uL
of PBS and injected into the spiral channel, and the magnetic
field was anti-clockwise rotated at a speed of 5 rpm. Then,
10 mL of the bacterial sample at each concentration from 10"
to 10° CFU mL™" was injected into the channel with a flow
rate of 150 L min ™. The target bacteria were captured by the
immune MNPs in the channel to form the magnetic bacteria
through antigen-antibody binding. After 10 mL of the sample
completely flowed through the channel, 1 mL of sterile PBST
(PBS with 0.05% Tween-20) was injected into the channel for
washing. Finally, the magnetic field was removed and another
1 mL of sterile PBS was used to collect the magnetic bacteria
for detection.
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Detection of the target bacteria

The detection of the target bacteria was based on enzymatic
bacteria formation, CAT catalysis, and optical measurement.
First, 100 pL of DAb-TCO-Tz-CAT conjugates (DTTCs,
0.4 mg mL™"), which were synthesized according to the protocol
in the supplemental material, was incubated with 1 mL of the
magnetic bacteria for 45 min to form the enzymatic bacteria.
Then, the mixture was washed three times with PBST to remove
the unbound DTTCs, and 100 pL of H,O, (0.2 mM) was added
and catalyzed by the CAT on the enzymatic bacteria for 10 min.
After magnetic separation for 2 min to collect the supernatant,
100 pL of the chromogenic solution (containing 5 pL of
4 mg mL ! HRP, 5 puL of 0.5 mM CTAB, 5 uL of sodium
acetate-acetic acid buffer, and 85 puL of GNRs, which were pre-
pared according to the protocol in the supplemental material) was
added into the supernatant and incubated for 20 min. This result-
ed in the change on the color of the solution from dark blue to
pink. Finally, the absorbance peak shift was measured using a
microplate reader (Infinite 200 PRO, TECAN, Grodig, Austria)
to determine the concentration of the target bacteria.

Besides, the chicken samples purchased from the local super-
market were spiked with pure S. typhimurium at different con-
centrations and detected using this immunosensor. According to
China’s food safety national standards, 25 g of the chicken sam-
ple was first added into 225 mL of PBS and homogenized for
4 min using a stomacher (BagMixer CC, InterScience, Paris,
France). Then, the supernatant was collected and placed at
4 °C for about 10 min. Different concentrations (10°—
10° CFU mL™") of the spiked chicken samples (10 mL) were
prepared by adding the S. typhimurium cells into the supernatant.
Finally, the spiked chicken samples were separated by this rotat-
ing magnetic separator and detected by this immunosensor.

Expression of the absorbance peak shift

This immunosensor was based on the etching of the GNRs,
which can result in the absorbance peak shift. Thus, 2\ was
used to express the absorbance peak shift for data analysis in
this study and can be described as:

AN = A\ =)o (1)

where \; and ) are the absorbance peaks after and before
etching, respectively.

Results and discussions
Quantitative measurement of H,0,

This immunosensor was based on quantitative measurement
of H,O, using the etching of GNRs, which was triggered by
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*OH from the HRP + H,0, system. To understand the quan-
titative detection range, different concentrations of H,O, from
0 to 200 uM were used to etch the same amount of the GNRs
(100 pL) when the concentration of HRP was 100 ug mL .
As shown in Fig. 2a, the color of the GNRs changes from dark
blue to blue, then to purple, and finally to pink with the con-
centration of H,O, increases from 0 to 200 1M, because more
*OH were generated to etch the GNRs, resulting in larger
changes in the shape of the GNRs. As can be also seen from
Fig. 2b, the absorbance peak shifts toward blue and the absor-
bance decreases with the increase of H,O, concentration. A
good linear relationship between the peak shift (A)\) and the
concentration of H,O, (C) is found (Fig. 2¢) and can be
expressed as AX=0.5551C +3.9763 (R* = 0.9979), indicating
that the peak shift can be used for quantitative measurement of
H,0, at the range of 20200 uM. Besides, transmission elec-
tron microscopy (TEM) was used to observe the change on the
GNRs for different concentrations (0, 40, and 80 uM) of
H,0,. As shown in Fig. 2d-f, the length of the GNRs de-
creases with the increase of H,O, concentration because more
*OH are generated from the reaction between HRP and H,0,
to etch the GNRs, and this also verifies the successful etching
of the GNRs.

Simulation of the magnetic field

For this immunosensor, it is of great importance to rotate the
immune MNPs in the opposite fluid direction for capturing the
target bacteria. When the target bacteria were separated using
this rotating magnetic separator with the immune MNPs, the
MNPs in the spiral channel are subject to two main forces: the
fluidic drag from the fluidic sample and the magnetic force
from the magnetic field. The fluidic drag F; can be expressed
by Stoke’s law as

Fq = 6mmprv (2)

where 7 is the viscosity of the fluid, » is the radius of the
particle, and v is the velocity of the fluid.
The magnetic force F,, can be expressed as

Fun = poxVHVH (3)

where x is the difference between the volume magnetic
susceptibility of the particle and the surrounding fluid,
po=47 %1077 Wb-(Am) ' is the magnetic permeability
of vacuum, V is the volume of the particle, and H and VH
are the strength and gradient of the magnetic field, respec-
tively [29].

To rotate the immune MNPs, a high strength and gradient
magnetic field is essential to provide a strong magnetic force
since the magnetic force is proportional to the strength and
gradient of the magnetic field. Thus, the Finite Element
Method Magnetics (FEMM) software was used to simulate
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Fig. 2 a The visible color change of the GNRs for different
concentrations of H,O,. b The absorbance spectra of the GNRs for
different concentrations of H,O,. ¢ The linear relationship between the

the magnetic field generated by two arc magnets in mutual
repelling layout. As shown in Fig. 3, a high gradient and
strength magnetic field is generated in the spiral channel.
The mean strength of the magnetic field in the spiral channel
(from A to B) is about 0.77 T, and the gradient of the magnetic
field is up to 337 T m . This strong magnetic field is strong
enough to rotate the immune MNPs in the opposite fluidic
channel.
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Optimization of magnetic separation of the target
bacteria

For magnetic separation of the target bacteria, the follow-
ing parameters were optimized: (a) the flow rate of the
sample, (b) the rotating speed of the magnetic field, and
(c) the amount of the immune MNPs. More detailed in-
formation on the optimization of these parameters could

o
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Fig. 3 a Simulation of the magnetic field. b The strength of the magnetic field in the spiral channel
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Fig. 4 a The color change of the GNRs for the determination of
S. typhimurium with different concentrations. b The absorbance spectra
of the GNRs for the determination of S. typhimurium with different
concentrations. ¢ Linear calibration model of this immunosensor for the
determination of S. typhimurium ranging from 10' CFU mL ™" to

be found in the supplemental material. In short, the fol-
lowing experimental conditions were found to give the
best results: (a) optimal sample flow rate, 150 pL. min —;
(b) optimal rotating speed, 5 rpm; and (c) optimal amount

of immune MNPs, 50 ug.

control (N =3)

bacteria
1

10° CFU mL™". d The TEM image of the MNP-bacteria-DTTC sandwich
complex. e The specificity of this immunosensor for the determination of
S. typhimurium, E. coli O157:H7, L. monocytogenes, B. cereus, and
S. aureus at the same concentration of 10> CFU mL™", and the negative

Optimization of colorimetric detection of the target

For colorimetric detection of the target bacteria, the following

parameters were optimized: (a) the etching time of the GNRs,

Table 1 Comparison of this immunosensor with reported optical methods for the determination of pathogenic bacteria

Sample volume Signal indicator Target bacteria LOD (CFU mL™) References

0.01 mL Quantum dots Vibrio anguillarum 1.0x10° [30]

0.1 mL TMB Staphylococcus aureus 25%x10° [31]

0.5 mL AuNP@SWCNT* Escherichia coli 1.0x 107 [32]

1 mL Gold nanoparticles Cronobacter sakazakii 7.1 %10 [33]

1 mL Blue silica nanoparticles Salmonella 8.8 x 10! [34]

1 mL Gold nanorods Listeria monocytogenes 1.0x 10" [35]

10 mL T™MB Escherichia coli O157:H7 1.0 x 10 [36]
10 mL Gold nanorods Salmonella Typhimurium 3.5x10' This study

*AuNP@SWCNT, gold nanostructure attached single-walled carbon nanotubes
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(b) the concentration of H,O,, and (¢) the concentration of the
DTTCs. More detailed information on the optimization of
these parameters could also be found in the supplemental ma-
terial. In short, the following experimental conditions were
found to give best results: (a) optimal etching time, 20 min;
(b) optimal concentration of H,O,, 0.2 mM; and (c) optimal
concentration of the DTTCs, 0.4 mg mL .

Analytical performance of this immunosensor

Under the optimal conditions, different concentrations of
S. typhimurium (1.8 x 10" CFU mL™' to 1.8 x

10° CFU mL™") were detected using this immunosensor to
evaluate its analytical performance. Figure 4a shows that the
color of the GNRs changes from blue first to purple and then
to pink, which can be distinguished visually, when the con-
centration of §. typhimurium increases from 1.8 X

10' CFUmL " to 1.8 x 10° CFU mL"". The absorbance spec-
tra of the GNRs were further measured using the microplate
reader and shown in Fig. 4b. From Fig. 4c, the absorbance
peak shift is observed to be linear with the concentration of
S. typhimurium from 1.8 x 10" CFU mL™' to 1.8 x

10° CFU mL"". The low detection limit of this immunosensor
was calculated to be 35 CFU mL™" based on three times of
signal-to-noise ratio. Besides, transmission electron microsco-
py was used to further confirm the formation of the MNP-
bacteria-DTTC sandwich complexes (see Fig. 4d).

The specificity of this immunosensor was investigated
by detecting four common pathogenic bacteria at the con-
centration of 10° CFU mL™", including E. coli O157:H7,
Listeria monocytogenes, B. cereus, and S. aureus. Sterile
PBS was used as a negative control. As shown in Fig. 4e,
no remarkable change on the absorbance peak shift is
observed for the non-target bacteria samples and the neg-
ative control sample, compared to the target bacteria at the
same concentration of 10> CFU mL ™' This indicated that
this immunosensor had a good specificity toward
S. typhimurium.

Compared with some reported optical methods for the
detection of foodborne pathogenic bacteria (see Table 1),
this immunosensor had a lower or comparable detection
limit. The high sensitivity of this immunosensor may be
attributed to the following aspects: (1) specific separation
and efficient concentration of the target bacteria from a
large volume of bacterial sample using the rotating mag-
netic separator, (2) effective amplification of the biological
signals using click chemistry and CAT to catalyze H,O,,
and (3) sensitive measurement of the remaining H,O,
using HRP and GNRs. The biggest difference between this
immunosensor and these reported methods is this rotating
magnetic separator, which has shown its great merits over
the conventional magnetic separators, including (1) the
moving immune MNPs can better react with the fluidic

target bacteria in the opposite fluidic direction, (2) this
separator can separate the target bacteria from a large vol-
ume of sample (up to 10 mL) while the conventional sep-
arators can only handle the sample with the volume less
than 1 mL, and (3) this separator has a much stronger
magnetic field with a mean magnetic intensity of ~
0.77 T and a mean gradient of ~337 T m ™' while the con-
ventional separators often have a magnetic intensity of
0.3-0.5 T and a mean gradient of <100 T m .

To further investigate the applicability of this
immunosensor for the determination of S. typhimurium,
chicken samples spiked with different concentrations of
S. typhimurium (1.8 x 10> CFU mL™' to 1.8 x
10° CFU mL™") were tested using this immunosensor. As
shown in Table S1, the recoveries of the target bacteria at
different concentrations (1.8 x 10> CFU mL ™! to 1.8 x
10° CFU mLfl) are 103%, 101%, 114%, and 117%, respec-
tively, with the mean recovery of 109%, indicating the feasi-
bility of this immunosensor for the determination of
S. typhimurium in chicken samples.

Conclusions

In this study, a colorimetric immunosensor was successfully
developed for rapid determination of Salmonella
Typhimurium using the rotating magnetic field with
immunomagnetic nanoparticles to separate the target bacteria
from large volume, the Tz/TCO click chemistry to amplify the
biological signals, and the gold nanorods to indicate the de-
tection results. This immunosensor had exhibited a satisfacto-
ry sensitivity and specificity for Salmonella Typhimurium.
The new rotating magnetic separator was demonstrated to be
effective for continuous-flow separation of target bacteria
from large volume using a small amount of magnetic nano-
particles. However, the separation time is a little long and
might be shortened using larger-sized magnetic nanoparticles
with faster flow rate and stronger magnetic field. Besides, the
optical detection was still dependent on benchtop instrument
and might be improved using smartphone App to identify the
color change. This immunosensor has the potential for visual
detection of other foodborne bacteria using their specific bio-
logical recognition elements.
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