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Magnetic relaxation switching (MRS) biosensors are attractive in the field of food safety owing to their simplicity
and high signal-to-noise ratio. But they are less in sensitivity and stability caused by the insufficient crosslinking
or non-specific binding of magnetic nanoparticles (MNPs) with targets. To address this problem, the CRISPR-
Casl2a system was introduced into an MRS biosensor for the first time, to precisely control the binding of
two types of MNPs with sizes of 130 nm (MNP;39) and 30 nm (MNP3y), for the sensitive detection of Salmonella.
Delicately, the biosensor was designed based on the different magnetic properties of the two sizes of MNPs. The
target Salmonella activated the collateral cleavage activity of the CRISPR-Casl2a system, which inhibited the
binding of the two sizes of MNPs, resulting in an increase of unbound MNPs3g. After separating MNP;30-MNP3,
complexes and MNP;30 from MNP3, the free MNP3 left in solution acted as transverse relaxation time (T52)
signal reporters for Salmonella detection. Under optimized conditions, the CRISPR-MRS biosensor presented a
limit of detection of 1.3 x 102 CFU mL ™! for Salmonella, which is lower than most MRS biosensor analogues. It
also showed satisfactory specificity and performed well in spiked chicken meat samples. This biosensing strategy
not only extends the reach of the CRISPR-Cas12a system in biosensors but also offers an alternative for pathogen

detection with satisfactory sensitivity.

1. Introduction

Foodborne illnesses caused by pathogenic bacteria have become a
big threat to human health and social economy (Kant et al., 2018; Xue
et al., 2021). Among various pathogens, Salmonella receives one of the
most concerns (Wang et al., 2019). It has been implicated in a consid-
erable number of outbreaks of foodborne diseases and affects millions of
people annually (Li et al., 2021; Srisa-Art et al., 2018). In the United
States, Salmonella is estimated to cause approximately 1.35 million in-
fections with 26,500 hospitalizations and 420 deaths every year (Cen-
ters for Disease Control and Prevention, 2022). Salmonella
contaminations may find at each stage of the whole food supply chain
and cause infection in human through the consumption of contaminated
foods (Shen et al., 2021). The rapid and sensitive detection of Salmonella
is the key to control the spread of Salmonella among foods and thus help
prevent the outbreaks of Salmonella-related foodborne diseases.
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Routine approaches for Salmonella detection mainly include culture
plating, enzyme-linked immunosorbent assay (ELISA) and nucleic acid-
based methods (Wang et al., 2020). However, some of them are sensitive
and accurate but require several days for the verified results, and some
are rapid and simple but may produce false positive or false negative
results (Xu et al., 2022). Therefore, new methods are still needed for the
sensitive, reliable and specific detection of Salmonella to ensure food
safety.

In recent years, biosensors with different signal-transducing strate-
gies have attracted increasing attention due to their advantages of high
sensitivity, accuracy and specificity, low cost and simple operation (Fu
et al., 2021; Hussain et al., 2022). Besides the commonly reported op-
tical (Khansili et al., 2018), electrochemical (Gupta et al., 2021) and
piezoelectric (Jandas et al., 2021) biosensors, magnetic relaxation
switching (MRS) biosensors, which were based on the magnetic relax-
ation characteristics of magnetic nanoparticles (MNPs), have shown
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great potential in the field of food safety due to their advantages of low
background signal and high simplicity (Dong et al., 2021; Wang and Lin,
2020). The MRS nanobiosensor was first reported by Weissleder and
co-workers (Josephson et al., 2001). Thereafter, many MRS biosensors
were investigated for the detection of various target analytes (Dong
et al., 2022; Huang et al., 2021; Kaittanis et al., 2007; Tsourkas et al.,
2004). When the aggregation (or disaggregation) state of MNPs changes,
the transverse relaxation time (T2) of the surrounding water protons
changes accordingly (Chen et al., 2015; Hong et al., 2021). Therefore, T
can work as a signal output for target analytes detection. However, the
non-specific aggregation of MNPs owing to their high surface energy
may influence the overall stability and accuracy (Wang and Lin, 2020;
Xianyu et al., 2021). To address this problem, MRS biosensors based on
the concentration change of MNPs have been developed (Chen et al.,
2015; Jia et al., 2021; Qi et al., 2021). In such assays, however, the
sensitivity may be compromised as a result of the insufficient cross-
linking or non-specific binding of MNPs with targets. Therefore, new
strategies to precisely control the binding of MNPs are necessary.

Clustered regularly interspaced short palindromic repeats (CRISPR),
derived from gene-editing technology, is emerged as a useful tool in the
field of biosensing (Bruch et al., 2019; Phan et al., 2022; Sheng et al.,
2021; Yue et al., 2021). Notably, the CRISPR-Cas12a system, with a
collateral cleavage behavior, receives particular attention due to its
outstanding features in easy using, low-cost and high stability. Cas12a is
a kind of RNA-guided endonuclease that not only serves as a
target-specific cleavage effector but also presents trans-cleavage activity
on random single-stranded DNAs (ssDNAs) (Dai et al., 2020; Kachwala
et al., 2021). Upon recognition and cleavage of the target DNA with the
assistance of a designed CRISPR RNA (crRNA), the collateral cleavage
activity of Casl2a is activated, which can trigger the indiscriminate
digestion of surrounding ssDNAs (Gong et al., 2021; Kachwala et al.,
2021). This property makes CRISPR-Cas12a a new sensing tool through
the cleavage of custom ssDNAs. By using ssDNA labeled with both flu-
orophore and quencher as the reporter probe, fluorescent approaches, as
represented by the DETECTR platform, have been well developed (Chen
et al., 2018). Thereafter, many other types of CRISPR-Casl2a-based
biosensors with colorimetric (Cao et al., 2021), electronic (Nouri
et al., 2021), surface-enhanced Raman scattering (Choi et al., 2021) and
other forms of signal output also have been proposed, further showing
the versatility of the CRISPR-Cas12a system. However, research on MRS
biosensors with the assistance of the CRISPR-Cas12a system is still in its
infancy.

Inspired by the merits of both MRS sensing and the CRISPR-Cas12a
system, we herein report a CRISPR-MRS biosensor. Different from con-
ventional MRS biosensors, we use two types of MNPs with different sizes
for magnetic separation and signal output, respectively, and introduce
the CRISPR-Cas12a system to precisely control the coupling of the two
sizes of MNPs. The detection specificity can be improved markedly
owing to the high recognition accuracy of the CRISPR-Cas12a system.
And the inherent signal amplification of the CRISPR-Casl2a system
(Wang et al., 2021) also contributes to an enhanced detection sensi-
tivity. Two different cleavage strategies were systematically studied,
offering the guidance for the development of CRISPR-Casl2a-based
biosensors. Moreover, aided by the CRISPR-Cas12a system to precisely
control the binding of the two sizes of MNPs, it avoided the non-specific
binding or insufficient cross-linking of MNPs with targets in conven-
tional MRS methods and therefore improve the stability and reliability
of the biosensor. The proposed CRISPR-MRS biosensor is not only suc-
cessfully applied to the sensitive and specific detection of Salmonella, but
also has the potential to be extended to detect other pathogens,
providing a reliable tool to enhance the safety of the food supply chain.
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2. Experimental section
2.1. Bacterial culture, plating and DNA extraction

The stock culture of Salmonella Typhimurium from a —80 °C freezer
was grown in brain heart infusion (BHI) broth at 37 °C for 18-20 h.
Then, the culture containing S. Typhimurium was centrifugated at 6000
rpm for 5 min and washed with sterile phosphate buffered saline (PBS).
The washed culture was serially diluted in PBS and incubated onto a
xylose-lysine-tergitol 4 (XLT4) agar for 24 h to determine colony
numbers. Finally, genomic DNA of S. Typhimurium was extracted via a
boiling method and the DNA extracts were stored at —20 °C for further
use. For safety considerations, all the above tests were conducted in a
biosafety level 2 laboratory.

2.2. Polymerase chain reaction

Amplicons of S. Typhimurium genomic DNA were obtained via po-
lymerase chain reaction (PCR). The reactions were carried out in a total
volume of 30 pL containing 15 pL of PCR Master Mix, 11 pL of ddH0, 1
uL of forward primers (10 pM), 1 pL of reverse primers (10 pM) and 2 pL
of template DNA. The sequence information of the primers is shown in
Table S1. After an initial denaturation at 98 °C for 3 min, 32 cycles of
amplification were performed (denaturation at 98 °C for 10 s, annealing
at 57 °C for 5 s and extension at 68 °C for 5 s).

2.3. CRISPR-MRS sensing of Salmonella

MNPs with diameters of around 130 nm (MNP;3;) and 30 nm
(MNP3() were modified with streptavidin (SA) and ssDNA (biotin-S,) to
prepare MNP;39-SA and MNP3(-Sy probes, respectively. 20 pL of PCR
amplicons were mixed with 200 nM Cas12a protein, 250 nM crRNA, 10
U RNase inhibitor, 1 x NEBuffer 2.1 and 200 nM biotin-S;. Then the
CRISPR-Cas12a-mediated cleavage assay was carried out at 37 °C for 20
min. Afterwards, 30 puL of MNP;30-SA probes together with 120 pL of 10
mM PBS with 0.01% Tween-20 (PBST) were added, and the mixture was
incubated on a rotator for 10 min for the capture of biotin-S; fragments.
After magnetic separation, the pellet was re-suspended in 190 pL of
PBST, followed by the addition of 10 pL of MNP3(-So. After reaction for
45 min at ambient temperature, magnetic separation was performed by
using a magnetic scaffold. Finally, 190 pL of the supernatant was
collected, diluted with 810 pL of deionized water and placed in a low-
field nuclear magnetic resonance (LF-NMR) instrument for T, mea-
surement. The sequence information of biotin-S;, biotin-S; and crRNA,
the preparation of MNP;30-SA, MNP3(-Ss and chicken meat samples, and
data analysis are shown in supporting material.

3. Results and discussion
3.1. Detection principle of the CRISPR-MRS biosensor

The key principle of the CRISPR-MRS biosensor relies on the CRISPR-
Cas12a system to precisely control the binding of MNP; 3, for magnetic
separation and MNP3 for signal output (Scheme 1). First, SA and biotin-
S, are modified on the surface of MNP, 39 and MNP3 to prepare MNP, 3¢-
SA and MNP3-S; probes, respectively. The two probes can be linked by
a complementary biotin modified ssDNA (biotin-S;) as linkers. In the
presence of Salmonella, the collateral cleavage activity of the CRISPR-
Casl2a system is activated, resulting in the degradation of biotin-S;.
Therefore, the binding of MNP;30-SA and MNP3-S; is inhibited, leaving
abundant free MNP3(-Sy probes in the solution. Due to their different
saturation magnetizations, MNP;39-MNP3, complexes and MNP;30-SA
can be separated very quickly in an applied magnetic field, while
MNP3(-S; probes cannot be separated and show well-dispersed in the
solution. After magnetic separation, the unbound MNP3(-S; left in the
solution can serve as Ty signal reporters. Under the condition that a
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Scheme 1. Illustration of the CRISPR-MRS biosensor for Salmonella detection.

constant amount of MNP3(-Sy probes is introduced, the amount of free
MNP3(-S; after reaction is dependent upon the collateral cleavage ac-
tivity of the CRISPR-Cas12a system and thus correlates to the concen-
tration of target Salmonella. When there are no targets existing, only a
small number of free MNP3(-So probes are left because most of them
bind to the surface of MNP30-SA and are easily magnetically separated,
resulting in a high T, value. On the other hand, the presence of targets
activates the CRISPR-Cas12a system, which can hinder the binding of
the MNP, 30-SA and MNP3,-S; probes, leading to an increased amount of
unbound MNP3(-S; and a low T, value.

3.2. Feasibility of the CRISPR-MRS biosensor for Salmonella detection

In this CRISPR-MRS biosensor, the different magnetic behaviors of
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MNP 30 and MNP3 in the same magnetic field were exploited. First, the
separation efficiency of the two sizes of MNPs was evaluated. As shown
in Fig. 1A, MNP;39 and MNP3, were placed in the same magnetic field.
We saw that MNP; 39 was rapidly accumulated to the bottom of the vial
due to its high saturation magnetization, whereas MNP3y with a low
saturation magnetization was still well-dispersed in solution after 10
min, showing the significant difference on the magnetic separation
speed between the two types of MNPs. The same results can be found in
the time course T, measurement test as well. Both MNP;39 and MNP3q
were placed in a same magnetic scaffold and the Ty values of the su-
pernatant at different magnetic separation time points were measured.
For MNPj3, there was merely an imperceptible change in the T, value at
different time points. For MNP;3p, however, the Ty value increased
sharply from 94 to 1455 ms during the first 10 min of separation and

Fig. 1. (A) The magnetic separation efficiency of MNP, 3, and MNP3. (B) The T, values of samples with (1) Casl2a, (2) Casl2a and crRNA, (3) Casl2a and target
DNA and (4) Casl2a, crRNA and target DNA. TEM images of (C) MNP;34-SA, (D) MNP3,-S, and MNP;30-SA (E) in the absence and (F) in the presence of target DNA.
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then leveled out as a result of the migration of MNP, 3¢ in the magnetic
field. These results indicated that MNP 3 could be effectively separated
from MNP3, when a magnetic field applied.

Then, the recognition and collateral cleavage abilities of the CRISPR-
Casl2a system were investigated. The invA gene, which is conserved
among nearly all Salmonella spp.(Chun et al., 2018), was chosen as the
target and the amplicons of the invA gene fragment were obtained via
PCR amplification. Agarose gel electrophoresis confirms the successful
amplification of the invA gene fragment (Fig. S1). Also, a crRNA tar-
geting a 23-bp region of the invA gene was designed for specific recog-
nition of Salmonella. When it recognized the target gene, the
CRISPR-Cas12a system was activated and showed trans-cleavage activ-
ity to surrounding biotin-S;, which in turn affected the binding of
MNP 30-SA and MNP3(-S; probes and caused a decrease in the T, value.
As shown in Fig. 1B, for samples that coexisted with target amplicons,
Casl2a and crRNA, the T, value dropped dramatically with a decrease
rate reaching over 60%. For reference, however, a barely notable change
in T, value (<1.5%) was observed without crRNA or target DNA. These
results indicated that the Casl2a/crRNA complexes could accurately
recognize the invA gene of Salmonella and initiate its trans-cleavage ac-
tivity to precisely control the binding of MNP;3y and MNP3.

Moreover, transmission electron microscope (TEM) was also used to
characterize the morphologies of the two kinds of MNPs. As shown in
Fig. 1C and D, the average particle sizes for MNP;30-SA and MNP3(-Sy
were approximately 130 nm and 30 nm, respectively. In the absence of
target DNA, abundant MNP3, was clearly observed on the surface of
MNP 30 due to the binding of the two probes (Fig. 1E). In the presence of
target DNA, however, the activated CRISPR-Cas12a system inhibited the
linking of the two probes, resulting in a limited number of MNPgq
binding on the MNP 3 surface (Fig. 1F). Taken together, these results
demonstrated the feasibility of the CRISPR-MRS biosensor for Salmonella
detection.

3.3. Comparation of the two cleavage strategies

It is reported that the CRISPR-Cas12a system shows the trans-cleav-
age activity not only to ssDNAs in the solution but also to those on the
nanoparticle surface (Fu et al., 2021). Therefore, both free biotin-S; and
biotin-S; modified on the surface of MNP;39 (MNP;30-S1) can be used as
the cleavage substrates (Fig. 2A). The analytical performances of the
CRISPR-MRS biosensors based on the cleavage of MNP;3,-S; and free
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biotin-S; were systematically studied. As shown in Fig. 2B, when
MNP;30-S; was used for cleavage, an input amount of 10° CFU mL™! of
Salmonella only resulted in an approximately 25% decline in the T,
value. Though the detection sensitivity was not satisfactory, however, an
obvious difference in the dispersion state of MNP;3, was observed. As
shown in the inset of Fig. 2B, in the absence of the target, impressively, a
large amount of MNP, 3 precipitated to the bottom of the tube due to the
increased gravitational potential energy when binding with MNPs3g,
whereas the particles were still well dispersed in the presence of the
Salmonella because the binding of the two types of MNPs was inhibited
by the activated CRISPR-Cas12a system. When using free biotin-S; as the
cleavage substrates, the detection sensitivity can be significantly
improved. The T, value declined by approximately 60% in the presence
of Salmonella (Fig. 2C). But MNP;30 both in the negative and positive
samples were almost equally well-dispersed when the reaction was
finished (Fig. 2C inset). The aforementioned results are interesting and
may be explained by the stability of the MNP;3y. When MNP;30-S; was
added into the CRISPR-Casl2a reaction buffer for cleavage, their
colloidal stability may be severely reduced due to the complex buffer
conditions, which makes them more susceptible to gravity effects. Thus,
in the absence of the target, the unstable MNP; 3, reacted with MNP3q
and then rapidly sedimented. However, the binding sites on MNP;3q
surface were also blocked along with the settling of the nanoparticles,
making it much easier to be saturated. Therefore, as evidenced by the
low T, value in the absence of the target in Fig. 2B, a considerable
amount of MNP3,-S, probes were left in the solution. As a result, when
MNP;30-S; was used for cleavage, the detection sensitivity was also
decreased because of the reduced binding sites on the surface of the
MNP; 30, although a significant difference in the dispersion state of
MNP 3y was observed. For cleavage of free biotin-S;, MNP, 3¢ kept stable
and could provide abundant binding sites for MNP3,. Therefore, though
no distinguishable difference in the dispersion state of MNP;3, was
observed, the detection sensitivity was significantly improved. There-
fore, for qualitative or semi-quantitative discrimination, where sensi-
tivity is not a primary concern, using MNP;3¢-S; for cleavage is proved
to be a suitable choice; whereas for more sensitive detection of Salmo-
nella, cleaving free biotin-S; would be more appropriate. In this study,
free biotin-S; was chosen as the substrates in view of the detection
sensitivity.
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Fig. 2. (A) Illustration of the trans-cleavage of MNP;3¢-S; and free biotin-S;. Comparation of the T, values with the cleavage of (B) MNP, 3¢-S; and (C) free biotin-S;,
and (insets) the dispersion states of MNP 3, in the absence (left) and in the presence (right) of the target.
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3.4. Optimization of assay parameters

To improve the analytical performance of the CRISPR-MRS
biosensor, several important assay parameters were optimized,
including the concentration of biotin-S;, the volume of MNP;3(-SA, and
the reaction time for Casl2a cleavage, MNP;30-SA capture of biotin-S;
and MNPj3,-S; binding to the surface of MNP;30-SA (Fig. 3A).

First, the effects of biotin-S; and MNP;3¢-SA concentrations on the
MRS signal response were investigated. As trans-cleavage substrates, the
concentration of biotin-S; is one of the most important parameters that
may affect the sensitivity of the CRISPR-MRS biosensor. As shown in
Fig. 3B, the T, value increased continuously with the increase of biotin-
S1 concentration because more MNP3y-S; could bind to the surface of
MNP 30-SA with the assistance of the biotin-S;. However, the detection
sensitivity may be compromised with an excess amount of biotin-S; due

to the possible insufficient trans-cleavage. AT2%
(B“Ckg"’;gfk;g(:‘u“,f;fi:;gjf signal . 100%) reached a maximum when the biotin-

S; concentration was 200 nM, indicating a satisfactory sensitivity could
be obtained at that concentration. Hence, an optimized biotin-S; con-
centration of 200 nM was selected for Casl2a cleavage. Apart from
biotin-S;, the concentration of MNP;30-SA is also essential for the
detection sensitivity. MNP;39-SA plays an important role in the capture
of biotin-S; and further providing binding sites for MNP3(,-Ss. To explore
its effect on Salmonella detection, MNP;30-SA with different volumes of
10-50 pL were added to see the difference. Fig. 3C shows that the AT>2%
increased with the increasing amount of MNP;3p-SA from 10 to 30 pL
and reached a platform thereafter. Thus, 30 pL of MNP;30-SA was the
optimized concentration and can be used in the following tests.

The reaction time for Cas12a cleavage, MNP;3,-SA capture of biotin-

A Before After

AT,

_ e
Optimized conditions

Biotin-S, MNP ,5p-SA Time
C 1200 1.0
m NC
1000 1 S. Typhimurium B 08
800
7y 06
E 600
= 04
400
200 0.2
0 0.0
10 20 30 40 50
Volume of MNP, -SA (uL)
E 1000
A .
800 +/ \\%/ —3—
& 600
E
= 400
200

0 10 20 30 40 50 60
MNP, ,,-SA capture time (min)

O

AT%

F 900

Biosensors and Bioelectronics 213 (2022) 114437

S; and MNP3¢-S, binding to the surface of MNP;3(-SA was also evalu-
ated. It is reported that the cis-cleavage of target DNAs by the CRISPR-
Casl2a system is generally completed within 30 min, whereas the
trans-cleavage of non-targeted ssDNAs can last for more than 3 h (Dai
et al., 2019). In this study, the T, value dropped dramatically during the
first 20 min and then continued to decrease but much slowed down
(Fig. 3D), indicating that most of the biotin-S; can be non-specifically
cleaved within 20 min. After a thorough consideration of the detection
time and the sensitivity, the cleavage time was optimized to 20 min.
Subsequently, the incubation time of MNP;3¢-SA for the capture of bi-
otin-S; and the binding time between MNP;30-SA and MNP3(-Sy were
also investigated. The capture of biotin-S; could be finished within 10
min due to the fast binding kinetics between biotin and SA (Fig. 3E)
(Srisa-Art et al., 2008). For MNP30-S, binding, Fig. 3F indicates that the
optimum time was 45 min and the change of the T, value was fairly
small after 45 min binding time.

3.5. Analytical performance of the CRISPR-MRS biosensor for
Salmonella detection

Under the optimized conditions, the analytical performance of the
CRISPR-MRS biosensor for Salmonella detection was further evaluated.
Genomic DNAs were extracted from S. Typhimurium cells and amplified
by PCR. Then, the amplicons were used directly for detection (Fig. 4A).
As shown in Fig. 4B, the T, value decreased accordingly with the in-
crease of S. Typhimurium concentration and the measured data points
was fitted to a four-parameter logistic curve. The linear detection range
was from 10 to 10° CFU mL ™! (F ig. S2). Based on the 3o standard rule,
the CRISPR-MRS biosensor was capable of detecting S. Typhimurium at
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Fig. 3. (A) Illustration of optimized assay parameters. Optimization of (B) biotin-S; concentration, (C) the added volume of MNP;30-SA and reaction time for (D)
Casl2a cleavage, (E) MNP;30-SA capture of biotin-S; and (F) MNP3(-S, binding to the surface of MNP;3o-SA.
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Fig. 4. (A) Illustration of the workflow of the CRISPR-MRS biosensor for Salmonella detection. Dynamic ranges for detection of S. Typhimurium in (B) pure culture
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MRS biosensor.

levels as low as 1.3 x 10? CFU mL™!, which was better than most of
other MRS biosensors (Table S2). It should be noted that the Ty value
dropped dramatically when the concentration of S. Typhimurium
reached 10° CFU mL ™! and then kept decreasing but with a much slower
speed. This was caused by the high turnover rate of the Casl2a/crRNA
complex (Bao et al., 2020). With high S. Typhimurium concentrations,
the Cas12a/crRNA complex get fully activated. Therefore, it degrades
most of the surrounding biotin-S; and leaves almost the same amount of
MNPj3)-S; probes in the supernatant.

After confirming the feasibility of the CRISPR-MRS biosensor for
detection of Salmonella in pure culture, its analytical performance in
food samples was also investigated. Chicken breast is an essential food in
our daily life but always contaminated by Salmonella. Therefore, S.
Typhimurium spiked in chicken breast extracts were detected. The
unspiked sample which was demonstrated free of Salmonella by a stan-
dard culture method was used as the negative control. As shown in
Fig. 4C, the limit of detection (LOD) for S. Typhimurium in spiked
chicken meat extract was approximately 1.8 x 10 CFU mL™!, demon-
strating the high potential of the developed CRISPR-MRS biosensor for
real food sample detection. The LOD in chicken meat extracts is one
order of magnitude higher than that in buffer, which may be caused by
the food matrix. The insoluble solids, proteins, carbohydrates and other
known/unknown components in chicken meat may have adverse effects
on DNA extraction and the following detection, which lead to a higher
LOD.

Finally, the selectivity of the proposed CRISPR-MRS biosensor for
Salmonella was also evaluated. Here, four other common foodborne
pathogenic bacteria, i.e., Staphylococcus aureus, Escherichia coli 0157:
H7, Vibrio parahaemolyticus and Listeria monocytogenes were chosen as
the non-targets. As displayed in Fig. 4D, the non-targeted bacteria
triggered a negligible change on the T, signal. Compared with the
negative control, the changes of the T, value for S. aureus, E. coli 0157:

H7, V. parahaemolyticus and L. monocytogenes were within 5%, whereas
S. Typhimurium showed a significant change of the T, value which
reached more than 60%. The high selectivity of the biosensor was
attributed to the double recognition by PCR primers and crRNA. First,
only those Salmonella germs containing invA genes can be recognized by
the PCR primers and successfully amplified. Second, the CRISPR-Cas12a
system was activated only when the target amplicons existed and were
recognized by the Cas12a/crRNA complexes, which further improve the
specificity of the CRISPR-MRS biosensor.

4. Conclusion

In this work, the CRISPR-Cas12a system was exploited for the first
time to precisely control the binding of the two sizes of MNPs to develop
a novel biosensing platform termed CRISPR-MRS for Salmonella detec-
tion. It avoided the insufficient crosslinking or non-specific binding of
MNPs with targets in conventional MRS biosensors, offering improved
sensitivity and stability. The CRISPR-MRS biosensor not only enabled
sensitive detection of Salmonella through MRS measurement, but also
provided the ability to intuitively assess the presence of the target via
visual observation of the dispersion state of MNPs. Under the optimized
conditions, the CRISPR-MRS biosensor showed a LOD of 1.3 x 10 CFU
mL~! for Salmonella, which was better than most of MRS biosensor an-
alogues. Benefitting from the extremely high specificity of the CRISPR-
Casl2a system, it also showed satisfactory selectivity towards Salmo-
nella over four non-targeted foodborne pathogenic bacteria. More
importantly, the CRISPR-MRS biosensor has the potential to detect other
microorganisms by simply designing suitable crRNAs. This CRISPR-MRS
biosensor could also be applicable for other Cas proteins with collateral
cleavage activity, such as Cas13 and Cas14, for the detection of target
RNA/DNA sequences, further expanding its detection potential.

Although presenting improved performance, this CRISPR-MRS also
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has its limitations. PCR amplification is still needed in this method for
better detection sensitivity, which may complicate the detection pro-
cess. In future work, we will take several routes to simplify the opera-
tion. First, we will adopt the isothermal amplification, such as
recombinase polymerase amplification (RPA) to the CRISPR-MRS
biosensor to realize “one-pot” reaction to simplify the detection pro-
cedure. Second, we also plan to integrate novel signal enhancement
strategies (e.g., droplet microfluidics) into this method to develop an
amplification-free CRISPR-MRS biosensors that overcome the inherent
weakness of amplification-based approaches. Considering its sensitivity,
specificity and flexibility, we anticipate the developed CRISPR-MRS
biosensor can be widely adopted for the detection of various microbial
contaminations in the food supply chain.
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