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R
apid detection of pathogens and vi-
ruses with high sensitivity is essential
for timely clinical decision-making

andmanagement of epidemics of infectious
diseases.1�5 Many approaches have been
developed for pathogen detection, includ-
ing the enzyme-linked immunosorbent as-
say (ELISA),6,7 the gold lateral flow strip
(GLFS),8 polymerase chain reaction (PCR),9,10

and so forth. ELISA and GLFS are widely used
methods for pathogen detection due to
their good specificity, low cost, and straight-
forward readout. However, the sensitivity
still remains a great challenge when it
comes to early diagnosis of pathogen infec-
tion. In addition, ELISA is often time-
consuming and labor-intensive, which lim-
its its application in point-of-care testing
(POCT). For pathogen identification at the
molecular level, PCR is adopted as the gold
standard. AlthoughPCRenables pathogende-
tection with high sensitivity, it requires expen-
sive instrumentation and skilled technicians,

which limit its applications in resource-poor
settings, where acute infections often take
place. Therefore, it is urgent to develop a
rapid, highly sensitive, and low-cost ap-
proach that allows point-of-care detection
of pathogens and viruses.
Recently, magnetic relaxation switching

(MRS) assays that employ target-induced
aggregation (or disaggregation) of mag-
netic beads (MBs) are used to detect a wide
range of biomolecules.11�14 In an external
uniform magnetic field, the existence of the
target in the sample will result in the state
change of antibody-conjugatedMBs (from a
dispersed state to an aggregated state),
thus leading to a local heterogeneous mag-
netic field. The local magnetic field alters
the transverse relaxation time (T2) of the
surrounding water molecules, and the
change of the ΔT2 value (the change of T2)
is related to the degree of aggregation of
theMBs, which is dependent on the amount
of target in the sample. The ΔT2 value can
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ABSTRACT We report a sensing methodology that combines

magnetic separation (MS) and magnetic relaxation switching (MS-

MRS) for one-step detection of bacteria and viruses with high

sensitivity and reproducibility. We first employ a magnetic field of

0.01 T to separate the magnetic beads of large size (250 nm in

diameter) from those of small size (30 nm in diameter) and use the

transverse relaxation time (T2) of the water molecules around the

30 nm magnetic beads (MB30) as the signal readout of the

immunoassay. An MS-MRS sensor integrates target enrichment,

extraction, and detection into one step, and the entire immunoassay can be completed within 30 min. Compared with a traditional MRS sensor, an

MS-MRS sensor shows enhanced sensitivity, better reproducibility, and convenient operation, thus providing a promising platform for point-of-care testing.
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thus be used as magnetic signal readout in the MRS
assay. Compared to colorimetric and fluorescent
assays, the MRS-based assay is homogeneous, light-
independent,15�17 and easy to operate without labori-
ous pretreatment and purification. Because most bio-
logical and environmental samples intrinsically have a
low magnetic background,18 the MRS-based approach
requires only simple or even no pretreatment of
samples without compromising the sensitivity.19,20 In
the past three years, theworkingmechanismof anMRS
sensor has been systematically investigated,21 which is
helpful to explore this sensor in the field of biochemical
analysis. Meanwhile, the combination of anMRS sensor
with microfluidics22,23 or a “click chemistry” signal
amplification system24�26 has significantly improved
the sensitivity and portability of the assay. Neverthe-
less, conventional MRS assays based on target-induced
aggregation (or disaggregation) of MBs still suffer from
the following limitations: (1) The conventional MRS
sensor has two analytical modes, and it is not easy to
choose the suitable mode, which correlates with many
factors, such as the type of targets27 and the core size
of the MBs.21 (2) The magnetic signal of a conventional
MRS sensor depends on the state change of MBs (from
a dispersed state to an aggregated state) through
antibody�antigen recognition, but the state of the
MBs does not change in some cases, resulting in a
reduced signal-to-noise ratio and the loss of sensi-
tivity.21,28 (3) The concentration ratio between the
target and the MBs also affects the stability and the

linear range of the detection (this ratio often has to fall
within a certain range for an effective analysis); some-
times this ratio is not suitable and sacrifices sensitivity
and accuracy. This problem is called the “prozone
effect” in a conventional MRS-based assay.17 Therefore,
it is necessary and of great value to develop a sens-
ing methodology that can circumvent the above-
mentioned limitations of a conventional MRS sensor.
In this study, we present a sensitive, rapid, and

robust MRS-based sensing approach based on mag-
netic separation (MS) for bacteria and viruses detection
with a straightforward operation. The approach ex-
ploits the phenomenon that a small magnetic field
(0.01 T) can separate MBs of large size (250 nm, abbre-
viated as MB250) from those of small size (30 nm,
abbreviated as MB30). MB250 can be rapidly separated
by this small magnetic field (0.01 T) in 1 min due to its
high saturation magnetization. In comparison, MB30,
which is used as the magnetic probe of MRS in this
study, cannot be separated by the samemagnetic field
even after 60 min because of its low saturation mag-
netization. Based on the great difference in the separa-
tion speed of MB30 and MB250, we propose a novel
strategy for MRS sensing by using the transverse
relaxation time (T2) of MB30 as the readout (Scheme 1).
In this strategy, both MB30 and MB250 are conjugated
with antibodies that can specifically recognize the
different epitopes of the target. The MB250 can capture
and enrich the target (bacteria or virus) from com-
plicated samples, followed by the binding of MB30

Scheme 1. Schematic illustration of theMS-MRS sensor. MB250 andMB30 can selectively capture and enrich the target to form
the sandwich “MB250-target- MB30” conjugate. After the magnetic separation, the T2 signal of water molecules around the
unreacted MB30 can be employed as the readout.
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through antibody�antigen recognition, resulting in a
“sandwich” immunocomplex (MB250-target-MB30). We
use a constant, excess amount of MB30 and employ the
unreacted MB30 as the magnetic signal probe for
readout, provided that the MB250-target-MB30 can be
rapidly removed by the magnetic separation (0.01 T).
The T2 value depends on the amount of the unreacted
MB30, and the amount of target inversely correlates
with the amount of the unreacted MB30, which in turn
results in a different T2 for the target detection. When
no target exists, due to the lack of immunoreaction, the
excess amount of unreacted MB30 leads to a low T2
value. On the other hand, the introduction of a target
triggers the immunoreaction, resulting in a reduced
amount of unreacted MB30 and a high T2.

RESULTS AND DISCUSSION

Mechanism of the MS-MRS Sensor. In our experiment, we
exploit the difference of separation speed between
MB250 andMB30 in the samemagnetic field (Figure 1a).
MB30 is well dispersed in the magnetic field (after
60 min) due to its low saturation magnetization,
whereas MB250 of high saturation magnetization is
rapidly precipitated to the bottom of the vial under
the same magnetic field (0.01 T, after 1 min). The time
course measurement of the T2 value of the water
molecules in the presence of MB250 and MB30 also
proves the different magnetic separation speeds be-
tween the MB250 and MB30 under the same magnetic
field (Figure 1b). The T2 values from the MB30 solution
at different magnetic separation time points (from 1 to
60 min) do not differ significantly. In contrast, the T2
value of the MB250 solution at the 0 min point is much
smaller than that of other time points (from1 to 60min),
which indicates that the MB250 solution can be rapidly
aggregated to the bottom (within 2 min). Antibody-
conjugated MB250 and MB30 can selectively capture
and enrich the target to form MB250-target-MB30

via antibody�antigen reaction. MB250-target-MB30 can
be removed by means of magnetic separation. We set
the total amount of MB30 constant, so that the un-
reacted MB30 reflects the target concentration. The
amount of unreacted MB30 determines the T2 value
of the surrounding water molecules. T2 increases when
the concentration of the MB30 decreases. Because the
concentration of unreactedMB30 is inversely correlated
to the target concentration, the T2 value can be em-
ployed for the quantification of the target (Figure 2b).
Since the T2 value is very sensitive to the concentration
of MB30, this MS-MRS is expected to have a high
sensitivity. We also use magnetic resonance imaging
(MRI) to characterize the performance of MS-MRS.
The brightness of the T2 images gradually decreases
when the concentration of S. enterica decreases from
107 cfu/mL to 0 cfu/mL, because the T2 value decreases
with decreasing concentration of S. enterica (Figure S1).
The negative sample without S. enterica shows the
lowest level of brightness (Figure S1). This result further
proves the formation of the “MB250-target- MB30” con-
jugate as a result of the immunoreaction between
antibody-conjugated MB and S. enterica.

Optimization of the MS-MRS Sensor. We optimized two
factors to improve the analytical performances of the
MS-MRS sensor, including (1) the size of the MB, which
influences the sensitivity and stability, and (2) the
concentration of the MBs, which affects the magnetic
signal intensity and the linear range.

We optimized the sizes of the MB by testing MB20,
MB30, and MB50 to reach the optimal sensitivity and
stability, as previouswork has reported.21 Among three
kinds of MBs of different sizes, we chose MB30 to
balance the sensitivity and stability. Although the
saturation magnetization of MB50 is large, which gives
rise to the highestΔT2 due to its strong ability to affect
the T2 of the surrounding water, the T2 value of MB50 at
5min is smaller than the T2 value at 60min, suggesting

Figure 1. (a) Differentmagnetic separation speeds betweenMB250 andMB30 under the samemagneticfield (0.01 T). TheMB30
is well dispersed in themagnetic field (after 60min), and theMB250 is precipitated to the bottomof the vial (after 1min) in the
same magnetic field. The concentrations of MB250 and MB30 are both 500 μg/mL. (b) Relationship between the T2 values of
MB250 and MB30 and magnetic separation time. The magnetic separation time is from 0 to 60 min.
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a weak stability of MB50. By contrast, the T2 value of
MB20 becomes similar to that of MB30 after 60 min. The
reason is that part of the MB50 has been separated in
the magnetic field, and the concentration of MB50 in
the supernatant decreases, which will affect the accu-
racy of the MS-MRS sensor. The sensitivity of the
MS-MRS sensor is better using MB30 than that with
MB20, and the stability of MB30 in the magnetic field is
as good as that of MB20 (Figure 2a). On the basis of the
above results, 30 nm MB is the most suitable for
construction of the MS-MRS sensor, and we chose
MB30 for the following experiment.

Weoptimized the concentration ofMB30 thatwould
affect the intensity of the magnetic signal and the
sensitivity of the assay (Figure S2). According to the
sensingmechanism, the unreactedMB30 (or the ratio of
unreacted MB30 to total MB30) partially determines the
sensitivity of the MS-MRS sensor. We chose Salmonella

enterica (S. enterica) as the analytical mode in this
assay. S. enterica is a Gram-negative food pathogen
that affects the gastroinstinal tract of exposed individ-
uals and leads to infection, diarrhea, and pain.29,30

Infection with S. enterica causes serious foodborne
health problems worldwide, especially in developing
countries. When the concentration of MB30 is high
(10 μg/mL), the MB30 captured by the MB250-target is
much less than the unreacted MB30, resulting in a
negligible ΔT2 value. On the contrary, when the con-
centration of MB30 is low (0.1 and 0.5 μg/mL), there is
not sufficient MB30 for target capture, and the ΔT2
value is not apparent when the concentration of S.
enterica is 106 to 107 cfu/mL. On the basis of these
results, 1 μg/mL was selected for the subsequent
experiments.

Sensitivity and Selectivity of the MS-MRS Sensor. Under
the optimized conditions, we evaluated the sensitivity
and selectivity of the assay by detecting S. enterica. The
results show that theΔT2 value continuously increases
when the concentration of S. enterica increases be-
tween 102 and 108 cfu/mL, and the limit of detection

(LOD) is 102 cfu/mL (Figure 3a). A linear relationship
between ΔT2 and the concentration of S. enterica was
observed in the range between 104 and 108 cfu/mL,
and the linear equation was Y = 102.5X � 370 (X =
log[CS.enterica concentration], R

2 = 0.978) (Figure 3c). We
also compared the MS-MRS assay with a conventional
MRS assay. For the conventional MRS sensor, the ΔT2
value increases when the concentration of S. enterica is
104 to 107 cfu/mL (Figure 3b). The LOD of the conven-
tional MRS assay is 104 cfu/mL, and the linear detection
range is 105 to 107 cfu/mL. The LOD of the MS-MRS
assay decreases by 2 orders of magnitude compared
with that of a conventional MRS assay, while the linear
detection range increases by 1 order of magnitude.

We explain the better performances of the MS-MRS
sensor over the conventional MRS sensor as follows. In
this MS-MRS sensor, the concentration of unreacted
MB30 is related only to the amount of target in the
sample, and the ΔT2 value is very sensitive to the
concentration of unreactedMB30, resulting in the good
sensitivity and linear detection range. However, in the
conventional MRS sensor, the ΔT2 value depends on
the state change of reactedMB30 (from dispersedMB30
to aggregated MB30-target-MB30). The state of MB30
may not change in some cases, which would decrease
the signal-to-noise ratio and the sensitivity. In addition,
theΔT2 value is affected by not only the concentration
of S. enterica but also other factors such as the type of
targets and the size of the MB, leading to the low
performance.27,28

We also compared our methods with ELISA for the
detection of S. enterica, because ELISA is a widely used
method for pathogen detection due to its high sensi-
tivity and low cost. In this study, we also employ ELISA
for the detection of S. enterica (Figure S3). The LOD of
ELISA for detection of S. enterica is 103 cfu/mL, and the
linear detection range is 5 � 103 to 107 cfu/mL. The
result shows that the sensitivity of the MS-MRS sensor
is better than that of ELISA, and thus it can be used as
an ultrasensitive platform for pathogen detection.

Figure 2. (a) Relationship between the T2 value and three sizes of MBs (20, 30, and 50 nm) in a magnetic field of 0.01 T. Each
1.5mL tube has 1mL ofMB (100 μg/mL), which is placed on themagnetic separation rack for 5 and 60min. At the 5min point,
we collected the supernatant and diluted it by 100-fold by PBS solution for the T2measurement. (b) Relationship between the
T2 value and the concentration of MB30. The concentration of MB30 is 1, 0.5, 0.2, 0.1, 0.05, 0.025, 0.01, and 0.005 μg/mL.
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We also investigated the selectivity of the MS-MRS
sensor. During the analysis of S. enterica, four other
bacteria, E. coli, Shigella spp. (S. spp.), Staphylococcus
aureus (S. aureus), and spirillumcholera (S. cholera), are
used to evaluate the selectivity of this sensor (Figure 4).
The results showthat theΔT2 value is remarkably greater
in S. enterica than other bacteria, suggesting that the
sensor has good specificity for S. enterica detection. This
high selectivity totally depends on the conjugated anti-
body applied to theMS-MRS assay. If the target is shifted
from S. enterica to E. coil, we may still achieve the high
selectivity by adopting the conjugated antibody tar-
geted to E. coli. As to the detection range for different
targets, the affinity between antibody and antigen may
result in the different excessive amounts of unreacted
MB30, thus leading to a different detection range.

Repeatability and Operability of the MS-MRS Sensor. Be-
sides the sensitivity and selectivity, operability and
repeatability are also two key factors to evaluate a
sensor, which largely determine its practical applica-
tions. The previous report21 has indicated that the
conventional MRS sensor has two transverse relaxation
modes: motional averaging (when the core size of
Fe2O3/Fe3O4 is 8 nm) and static dephasing (when the
core size of Fe3O4 and MnFe2O4 is 16 nm, or the core
size of Fe3O4 is 22 nm), which result in two analysis
modes. Moreover, motional averaging can transfer into
static dephasing in theMRS sensor. In a typical analysis,
it is difficult to know, a priori, which mode to use. The
analysis modes of a conventional MRS sensor are
affected by many factors, such as the stoichiometric

ratio between MB and molecular targets, the type of
targets, the immunoreaction time, and so forth. There-
fore, the choice of suitable analysis mode in conven-
tional MRS is very important, and many experimental
conditions should be explored to obtain the optimized
results, which greatly affect the accuracy and the
operability of conventional MRS. In comparison, there
is only one analysis mode in the MS-MRS sensor for
detection of biomacromolecules (protein, virus, or
pathogen), so that the whole analysis in the MS-MRS
sensor is straightforward.

There are mainly two parameters influencing the
stability of MBs. One is the size of the MB, and the
other is the surface property/chemistry of the MB.
Among three kinds of MBs of different sizes ranging

Figure 3. (a and c) Sensitivity and dynamic ranges of an MS-MRS sensor for detection of S. enterica in PBS solution. (b and d)
Sensitivity anddynamic ranges of a conventionalMRS sensor for detectionof S. enterica in PBS solution. Thedashed lines in (a)
and (b) show the cutoff values of the MS-MRS sensor and the MRS sensor.

Figure 4. Selectivity of the MS-MRS sensor for detection of
S. enterica. The concentration of all bacteria is 105 cfu/mL.
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from 20 to 50 nm, we chose an optimal size of 30 nm to
balance the sensitivity and stability. As to surface chem-
istry, the amount of EDC (used in the bioconjugation
process) and the conjugated antibody on the surface of
the MB can influence the stability of MB30. In our
experiment, the MB30-antibody conjugate stored at
4 �C is stable for over six months.

In this MS-MRS sensor, the T2 value of water mol-
ecules around MB30 is very stable, which can guarantee
the repeatability of the MS-MRS sensor. However, in a
conventional MRS sensor, the aggregated MB30-target-
MB30 conjugate in immunoreactions may become dis-
persed MB30 when the concentration of S. enterica

reaches a certain point, which results in a change of T2
value. This may be because the immunoreaction is a
dynamic equilibrium reaction,17 which reduces the
accuracy of the MRS sensor. The ΔT2 value decreases
when the concentrationof S. enterica is 107 to 108 cfu/mL;
the reasonmay be that theMB30-target-MB30 conjugate
transfers to the dispersed MB30 (Figure 3b). Fortunately,
in the MS-MRS sensor, the magnetic signal (T2 value) is
related only to the amount of target in the samples, and
the stability of MB30 in theMS-MRS sensor is better than
that of the MB30-target-MB30 conjugate. The interassay
relative standard deviation (RSD) and the intra-assay
RSDwere less than8.8%and6.5% in theMS-MRS sensor.
At the same time, the interassay RSD and the intra-assay
RSDwere less than 14.5%and10.8% in the conventional
MRS sensor (Table S1). Therefore, the repeatability and
operability of the MS-MRS sensor are superior to that of
a conventional MRS sensor.

Detection of S. enterica in Milk. After demonstrating
that the MS-MRS sensor has a better performance than
ELISA and the conventional MRS assay, we applied it to
the detection of S. enterica in real samples. Milk is
essential in daily life, and it is often contaminated by
S. enterica.We detect the S. enterica in milk to demon-
strate the real-world application of this sensor. For
comparison, we simultaneously employed the MS-
MRS sensor and conventional MRS sensor for the
detection (Figure 5). We set three blank samples that
were determined to be free of S. enterica by standard
culture methods (samples 1 to 3) as the negative
samples. We used two approaches to detect S. enterica
in spiked milk samples (samples 4 to 10). The MS-MRS
sensor can detect 100 cfu/mL S. enterica in spiked
samples (sample 4), while the conventionalMRS sensor
can detect only spiked sampleswith at least 104 cfu/mL
S. enterica. The results from the same spiked samples
indicate that MS-MRS has a better sensitivity than the
conventional MRS. Finally, we detected 20 real samples
(samples 11 to 30) that were identified as positive
samples by real-time PCR (RT-PCR). Twelve samples
are identified to be positive using our approach, while
only two samples (samples 11 and 16) are identified to
be positive by the conventional MRS sensor. RT-PCR is
the gold standard for pathogen detection by virtue of

its ultrahigh sensitivity; its sensitivity can reach 1 cfu/mL
for detection of a pathogen, so that the total positive
ratio is higher than that of the MS-MRS sensor. The
disadvantages of PCR, however, include the long detec-
tion time (2�3 h) and high cost, which prevent it from
being widely applied. The MS-MRS sensor assay can be
completed in a short time (0.5 h) with convenient
operation and high sensitivity, which provides an attrac-
tive platform for the detection of pathogens. Table 1
summarizes the advantages and disadvantage of ELISA,
a conventional MRS sensor, and the MS-MRS sensor.

Detection of Virus. To demonstrate the generality of
MS-MRS, we chose the Newcastle disease virus (NDV)
as a model for virus detection. Rapid and sensitive
detection of NDV is important because NDV is highly
contagious among almost all birds and mainly causes
respiratory and neuronal symptoms, resulting in death.

Figure 5. Results of MS-MRS for detection of blank samples,
spiked samples, and real samples. (a) Results of theMS-MRS
sensor for detection of S. enterica. (b) Results of the MRS
sensor for detection of S. enterica. Samples 1 to 3 present
normalmilk from different local supermarkets; samples 4 to
10 present different concentrations of S. enterica-spiked
samples; the final concentrations of S. enterica are 10, 102,
103, 104, 105, 106, and 107cfu/mL. Samples 11 to 30 present
milk from different local supermarkets proved to be posi-
tive samples by RT-PCR.

TABLE 1. Comparison between ELISA, MRS Sensor, and

MS-MRS Sensor for Detection of S. enterica

approach sensitivity linear range operation

ELISA 103 cfu/mL 104�106 cfu/mL laborious
MRS sensor 104 cfu/mL 105�107 cfu/mL moderate
MS-MRS sensor 102 cfu/mL 104�108 cfu/mL convenient
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The results show that the LOD of a conventional MRS
sensor is 103 copy/mL, while the LOD of the MS-MRS
sensor for NDVdetection is 102 copy/mL (Figure 6). This
indicates a better sensitivity of the MS-MRS sensor for
the detection of virus. A noteworthy point is that the
reproducibility of our approach is better than that of a
conventional MRS sensor. Researchers have studied
that in conventional MRS sensing the type of targets
can affect the state of MB in solution and theΔT2 value
due to the different epitopes of the targets.27 In our
study, the ΔT2 value relates only to the concentration
of target in samples, resulting in a better performance
than the conventional MRS sensor. We note that the
detection range for NDV is from 102 to 107 copy/mL by
MS-MRS, while the detection range for S. enterica is 102

to 108 cfu/mL by the samemethod. This differencemay
be due to the difference in affinity of the antibody�
antigen interaction for different targets.

CONCLUSIONS

In conclusion, we develop an MRS sensing based on
magnetic separation (MS-MRS) that allows for one-
step, sensitive, and reproducible detection of patho-
gens employing the different separation speeds of
MB30 and MB250 in a small magnetic field (0.01 T),
and we use T2 of the water molecules around the
unreacted MB30 as the readout of the immunoassay.
This method enables the detection of S. enterica inmilk
as well as viruses. Compared with a conventional MRS
sensor, our approach shows convenient operation,
enhanced sensitivity, and better reproducibility. Com-
bined with the advantages of MRS (i.e., negligible
interference from biological background, simple pre-
treatment, and fast assay kinetics), the MS-MRS sensor
can become a powerful analytic tool for molecular
detection in fields such as clinical diagnosis, food
safety, environmental monitoring, and so forth.

METHODS

Fabrication of MB250-Ab1 Conjugate. First, 2 mg of magnetic
beads (250 nm) was suspended in 2 mL of activated buffer
(80 nM MES, pH = 5.2). Then, 80 μL of EDC (10 mg mL�1) and
40 μL of NHS (10 mg mL�1) were added to the MB250 solution.
After activation for about 30 min, the excess EDC, NHS, and
byproducts were removed via magnetic separation using a
magnetic scaffold; then 2 mL of PBS buffer (pH = 7.4, 0.01M)
was added to resuspend the activated MB250. Subsequently,
0.1 mg of capture antibody (Ab1) was added to the activated
MB250 solution. The mixture was gently stirred to react for 2 h at
room temperature and then blockedwith 1% (m/v) BSA for 0.5 h.
The MB250-Ab1 conjugate was separated from the free Ab1,
resuspended in 1000 μL of PBS, and stored at 4 �C for further use.

Preparation of MB30-Ab2 Conjugate. First, 1 mg of magnetic
beads MB30 (30 nm in diameter) was suspended in 100 μL
of activated buffer (80 nM MES, pH = 6.0). Then, 10 μL of EDC
(10mgmL�1) and 10 μL of NHS (10mgmL�1) were added to the
MB30 solution. After activation for about 30 min, 1000 μL of
coupling buffer PBS (pH = 7.4, 0.01 M) was added into activated
MB30 buffer, and then 0.1 mg of detection antibody (Ab2) was
added to resuspend the activatedMB30. Themixture was gently
stirred to react for 2 h at room temperature and then blocked
with 1% (m/v) BSA for 0.5 h. The MB30 was separated from the
free Ab2 by SuperMag separator at 4 �C for 4 h and resuspended

in 1000 μL of PBST, and then the MB30-Ab2 conjugate was
separated again. Finally, it was resuspended in PBS solution
(pH = 7.4, 0.01 M, 0.01% BSA) and stored at 4 �C for further use.

Process of the MS-MRS Sensor. First, 100 μL of MB250-Ab1 solu-
tion, 100 μL of MB30-Ab2 solution, and 800 μL of different
concentrations of S. enterica (107, 106, 105, 104, 103, 102, 50,
20, 10, and 0 cfu/mL) were transferred to their individual 1.5 mL
centrifuge tubes. Each mixture was gently shaken for 30 min.
All the tubes were then put on a magnetic separation rack for
1 min, and 200 μL of supernatant of every tube was transferred
into a 7.5 mm nuclear magnetic resonance (NMR) tube. Con-
tents were analyzed via NMR for 1 min to measure T2, and each
point was assayed three times (n = 3). T2 was acquired at a
temperature of 20�35 �C using the 1.5 T NMR analysis working
with 1H at the 59.095 MHz magnetic field and the following
parameters: Carr�Purcell�Meiboom�Gill pulse sequence,
2000 echoes, echo time of 2 ms, and repetition time of 4 s.
The statistical analysis was performed using Origin 8.0 software.
The limit of detection is defined as follows: the positive mag-
netic signal (ΔT2) is greater than twice the background.

Process of the MRS Sensor. First, 100 μL of MB30-Ab2 solution
and 900 μL of different concentrations of S. enterica (107, 106,
105, 104, 103, 102, 50, 20, 10, and 0 cfu/mL) were transferred to
their respective 1.5 mL centrifuge tubes. Each mixture solution
was gently shaken for 30 min. Then, 200 μL of mixture solution

Figure 6. Result of the MRS sensor and the MS-MRS sensor for the detection of NDV. The concentration of NDV is 1, 10,
102, 103, 104, 105, 106, and 107 copy/mL. The dashed lines in (a) and (b) show the cutoff values of the MS-MRS sensor and
the MRS sensor.
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was transferred into a 7.5 mm NMR tube for measurement of T2
value via NMR analysis, and each point was assayed three times
(n = 3). T2 was acquired at a temperature of 20�35 �C using
the 1.5 T NMR analysis working with 1H at the 59.095 MHz
magnetic field and the following parameters: Carr�Purcell�
Meiboom�Gill pulse sequence, 2000 echoes, echo time of 2ms,
and repetition time of 4 s. The statistical analysis used Origin
8.0 software.
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