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Abstract: The magnetostrictive microcantilever (MSMC) as a high-performance transducer
was introduced for the development of biosensors. The principle and characterization of
MSMC are presented. The MSMC is wireless and can be easily actuated and sensed using
magnetic field/signal. More importantly, the MSMC exhibits a high Q value and works well in
liquid. The resonance behavior of MSMC is characterized in air at different pressures and in
different liquids, respectively. It is found that the Q value of the MSMC in water reaches about
40. Although the density and viscosity of the surrounding media affect the resonance
frequency and the Q value of MSMC, the density has a stronger influence on the resonance
frequency and the viscosity has a stronger influence on the Q value, which result in that, for
MSMC in air at pressure of less than 100 Pa, the resonance frequency of MSMC is almost
independent of the pressure, while the Q value increases with decreasing pressure. MSMC
array was developed and characterized. It is experimentally demonstrated that the
characterization of an MSMC array is as simple as the characterization of a single MSMC. A
filamentous phage against Salmonella typhimurium was utilized as bio-recognition unit to
develop an MSMC based biosensor. The detection of S. typhimurium in water demonstrated
that the MSMC works well in liquid.

Keywords: magnetostrictive microcantilever; resonant frequency; biosensor; Salmonella

typhimurium.
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1. Introduction

Each biosensor has two primary components: bio-recognition element and transducer. The bio-
recognition element, such as antibody and phage, is highly specific to the target species [1-4]. The
reaction between the target species and the bio-recognition unit would result in some changes in the
physical/chemical properties of the recognition unit. These changes are measured using a transducer.
Different types of transducers have been developed and extensively investigated in recent years. One
important type of the transducer is the acoustic wave (AW) device [5-14], which is an acoustic resonator
and works as a mass sensor. That is, the reaction between the bio-recognition component and the target
species results in a change in the mass load of the transducer/resonator, which shifts the resonance
frequency. Thus, by monitoring the resonance frequency of the AW device, the reaction between the bio-
recognition unit and the target species, such as captured bacterium cells by antibody/phage, can be
determined. An AW device as a transducer used in biosensors is characterized using two critical
parameters: mass sensitivity (Sy,) and quality merit factor (or Q value) [9, 12, 14-16]. The mass sensitivity
is defined as the shift in resonance frequency due to the attachment of a unit mass, while the Q value
reflects the mechanical loss of the devices and characterizes the sharpness of the resonance peak in the
amplitude/phase versus frequency plot. A higher S,, means a more sensitive device, while a higher Q
value represents a capability to determine a smaller change in resonance frequency (i.e. a higher resolution
in determining resonance frequency). Therefore, it is highly desirable for an AW device to have a higher
Sm and a larger Q value. Among all AW devices, micro/nano-cantilever exhibits extremely high sensitivity
primarily due to its small mass [17-20]. For example, the detection of a mass as small as 10™® g using
cantilever has been demonstrated. Therefore, a great deal of efforts has been spent on the development of
micro/nano-cantilever based biosensors. However, the current cantilever used in liquid exhibits a small Q
value, which makes the cantilevers work poorly in liquid. For example, the Q value of these cantilevers in
liquid is barely more than 10 [12, 14]. This is really a challenge for cantilever-based biosensors since most
of the samples to be tested are liquid.

Different types of cantilevers made of different materials have been developed as transducers used in
biosensors [12, 14, 17, 19-21]. In terms of actuating and sensing technologies, all the cantilevers can be
classified into two types: passive and active. The passive cantilevers, such as silicon-based cantilevers,
require a separated system to actuate the device and usually use a separated optic system to
measure/monitor the vibration of the device. On the other hand, the active cantilevers, such as
piezoelectric-based cantilevers, can be easily actuated by simply applying a driving field, such as an
electric field in the piezoelectric case, and the vibration behavior of the active cantilever can be easily
sensed/monitored, such as by measuring impedance in the piezoelectric case. Due to the easiness and
availability of the micro/nano-fabrication technology, silicon-based cantilevers are much more widely
investigated than others. Additionally, silicon-based cantilevers exhibit a higher Q value than
piezoelectric-based cantilevers.

Recently, we introduced a novel type of active cantilever — magnetostrictive microcantilever (MSMC)
as a high-performance transducer for biosensor development [9]. The MSMC is wireless, works well in
liquid, and exhibits a much higher Q value than other cantilevers [9]. In this article, the principle of the
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MSMC and technology used to characterize the MSMC are discussed and the recent development of the
MSMC array is reported. The performance of the MSMC in different media is also reported. Additionally,
the detection of Salmonella typhimurim in water was conducted to demonstrate the advantages of an
MSMC as a transducer for biosensors.

2. Experimental Details
2.1 Cantilever fabrication

The MSMCs used in the experiments are unimorph type cantilevers. A cantilever beam consists of two
layers: one active layer and one inactive layer. The active layer is an amorphous magnetostrictive alloy,
the Metglas™ 2826 MB ribbon (Honeywell, Morristown, NJ) in thickness of 20 pm. The inactive layer is
copper sputtered on the Metglas using magnetron DC sputtering. Prior to the deposition of copper layer
(10~15 pm in thickness) onto the polished Metglas, a chromium thin film of 100 nm in thickness was
deposited on the Metglas to enhance the bonding between Metglas layer and copper layer. The
copper/Metglas bilayer was then cut into rectangles (strips) in different sizes. To fabricate the cantilevers,
the bilayer strip was clamped at one end using a PMMA plastic holder to form the cantilever or MSMC.
The cantilever was then coated with a gold layer (~ 130 nm in thickness) by magnetron sputtering. The
gold layer is employed to prevent the corrosion of the cantilever and to promote the immobilization of the
bio-recognition element. Prior to the gold deposition, a thin layer of chromium with a thickness about 100
nm was sputtered on the cantilever as the adhesion layer.

2.2 Operation principle

It is known that the n™-mode bending resonance frequency of an undamped cantilever with one end
rigidly clamped can be expressed as [23]:

At E
= n_ =0,1,2,.... 1
f a2 *’p(l—vz) (n ) (D

where the 22 (ho=1.875) is the dimensionless n™-mode eigenvalue, ¢ and L are the thickness and length

of the cantilever, while E, p, and v are the effective Young’s modulus, density, and the Poisson’s ratio of
the beam material.
If a mass load (4m), which is much smaller than the mass (m) of the cantilever, is uniformly distributed

on the surface of the cantilever, the change in the fundamental resonance frequency (fy) is Af =—f, i—m
m

[15].
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Therefore, the corresponding S,, of the cantilever is

AN _fo_ A1 E
Sm uni =5 = 3 3 2 (2)
’ Am  2m  2z122WL N p°(1-v7)

where W is the width of the cantilever beam. If the Am is at the tip of the cantilever, the S,, would be [15]

Af fo A 1 E
Sm tip = ——= = 3 3 2 (3)
’ Am  0.472m  27~12 0.472WL \ p"(1-v7)

That is, the S,, of a cantilever depends on three factors: 1) the geometry of the cantilever (L and W), 2)
the beam material (s) — % , and 3) the location of the mass load.
pd=v)
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Figure 1. Schematic illustration of the principle of MSMC as a transducer for biosensors.

The length of the active layer in an MSMC would be changed with a magnetic field due to the
magnetostrictive effect. Therefore, an applied magnetic field on an MSMC would lead to a length
difference between the active and inactive layers, which would bend the MSMC since the active and
inactive layers are bonded together. Therefore, a time-varying magnetic field would make an MSMC
bending vibration as shown in Figure 1(b). Due to the magnetic nature of the magnetostrictive alloy, the
bending vibration of an MSMC would emit a magnetic signal, which can be measured using a pick-up coil
(see Figure 1(c)).

If the time-varying magnetic field is a sine wave, the bending vibration of an MSMC would also be a
sine function of time. The amplitude of the bending vibration of an MSMC changes with the amplitude
and frequency of the magnetic field. Additionally, there would be a phase difference between the driving
magnetic field and the bending vibration. If an ac magnetic field is swept over a frequency range with a
constant amplitude, as shown in Figure 1(a), the amplitude of the bending vibration of the MSMC would
change with the frequency as shown in Figure 1(d). The phase difference between the magnetic field and
the MSMC'’s bending vibration also changes with resonant frequency as shown in Figure 2 and discussed
below.
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2.3 Set-up for measurement

The set-up used in experiments to characterize the resonance behavior of the MSMC consists of a
custom-designed Helmholtz coil and a pair of homemade pick-up coils. The Helmholtz coil consists of
two pairs of coils: one pair can generate an ac magnetic field at frequency up to 500 kHz and the other pair
can create a strong dc magnetic field. The MSMC was put into a chamber that was sited in the middle of
the Helmholtz coil. Two pick-up coils were wound in opposite directions and connected in a series so that
the output signal is zero if there was no bending vibration of the MSMC. Therefore, the output of the pick-
up coils only represents the magnetic signal generated by the bending vibration of the MSMC.

In the experiments, the amplitude of the ac magnetic field was 3.2 Oe, while the dc field was 20 Oe.
The homemade pick-up coil pair, which consists of two coils, was wound outside the sample chamber to
measure the magnetic signal generated by the bending vibration of the MSMC. The pick-up coil pair was
connected to a lock-in amplifier (SRS830, Standford Research Systems, Sunnyvale, CA) to measure the
electric potential generated in the coils, which has two outputs — the amplitude and phase of the electric
potential. The amplitude of the output signal from the lock-in amplifier is proportional to the amplitude of
the MSMC’s bending vibration, while the phase signal represents the phase difference between the
MSMC’s bending vibration and the driving magnetic field. A set of typical results is given in Figure 2,
where an MSMC in size of 2.8 mm (L) x 1.0 mm (W) x 35 um (t) was operated in air. In this case, the
resonance frequency (f;) and anti-resonance frequency (f,;) of the device are 2585 Hz and 2602 Hz,
respectively.

In this study, the phase signal is used to determine the resonance behavior, the resonance frequency and
the Q value, similar to the methodology used in the characterization of the other active cantilevers [15].
That is, the resonance frequency (fy) is defined as the frequency at which the phase angle reaches its
minimum, while the Q value of the MSMC is defined as fy/Af, where Af is the width of the phase peak at
its half height. For the device shown in Figure 2, the f; determined by the phase is 2594 Hz. Clearly, the f,
determined is higher than the real resonance frequency and smaller than the anti-resonance frequency of

the device.

-—f=2585Hz

Amplitude (a.u.)
Phase (Degree)

N

24 Frequency (kHz) 27

Figure 2. The frequency dependence of the phase and amplitude signals from the lock-in
amplifier for an MSMC in size of 2.8 mm (L) x 1.0 mm (W) x 35 pum (t) in air.
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2.4 MSMC operated in different media

The resonant behavior of MSMCs in air at different pressures was investigated at room temperature. In
the experiments, the pressure of the test chamber was obtained by a Varian SD-300 mechanical pump and
monitored using a Varian multi-Gauge. A three-way control valve, which connected the mechanical
pump, thermal couple sensor, and the test chamber containing the MSMC, was employed to maintain a
given pressure. After the pressure reached the designated pressure and was maintained for about 10
minutes, the resonance behavior of the MSMC was measured and recorded.

To determine the influence of the liquid media, the resonance behavior of an MSMC in water and
ethanol, respectively, was measured. In the experiments, the MSMC was completely immersed in liquid.

2.5 Phage and its immobilization

In the experiments, filamentous phage against Salmonella typhimurium was employed as the bio-
recognition element to capture the target S. typhimurium cells. The phage E2 displaying foreign peptide
VTPPTQHQ used here is a specific and selective probe for detecting S. typhimurium [24-26]. The phage
was immobilized onto the surface of an MSMC by direct physical absorption. That is, an MSMC with a
freshly sputtered gold layer was immersed in 1.0 ml of phage E2 culture with the concentration of 1.06 x
10" virions/ml for 80 minutes with rotating. Then, the MSMC was rinsed three times using sterile distilled
water. The MSMC thus made is a biosensor and is ready for detection of S. typhimurium.

2.6 Real time detection of S. typhimurium cells in water

The performance of the biosensors, MSMCs coated with phage against S. typhimurium, was evaluated
by completely immersing the biosensors in 2 ml of the suspension of S. yyphimurium (ATCC 13311) in
water, which was obtained from the American Type Culture Collection (Manassas, VA) and confirmed for
identity. The bacterium suspension was prepared and maintained at 4 °C. The concentration of the
bacterium suspension was 5 x 10® cells/ml. After the MSMC-biosensor was immersed into the bacterium
suspension, the resonance frequency of the sensor was monitored and recorded continuously for two
hours. After that, the MSMC-sensor was rinsed three times using DI water and then dried. In order to
observe the bacterium cells captured on the sensor surface using scanning electron microscopy (SEM), the
dried sensor was exposed to OsOy for one hour. Then, the sensor surface was coated with a very thin gold
layer (about 50nm) using PELCO SC-6 Sputter Coater. The SEM observation of S. typhimurium cells on
the sensor surface was performed using a JEOL-7000F SEM operated at 20 keV.

3. Results and Discussion
3.1 Resonance behavior of MSMCs operated in different media

It is well known that the resonance behavior of all AW devices changes with different media due to the
damping effect. The damping effect results in a lower resonance frequency and a smaller Q value. That is,
the influence of the damping effect on the resonance behavior has some similarity with the mass influence
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on the resonance behavior. The damping effect of a medium on an AW device depends on the medium
(density and viscosity) and the AW device (structure, dimension, and vibration mode).

For cantilevers in air, it is known that the Q value changes with the geometry of the cantilever and the
viscosity of the media as [27, 28]

wt*
Ly

Q “4)

where L, W, t, and u are the length, width, thickness of the cantilever beam, and the viscosity of the
media, respectively. Equation (4) shows that the Q value is linearly dependent on the reciprocal of the
viscosity. It is also indicated that the Q value is strongly dependent on the geometry of the cantilever. That
is, the Q value increases with decreasing length, while it increases with increasing thickness and width.
Therefore, if an MSMC with smaller length is used, the Q value would be higher than what is reported
here. For a damped cantilever, the oscillation reaches a maximum at a frequency (f,), apparent resonance
frequency, lower than the real resonance frequency (f,) as [29]

= fA1-00?) <7, (5)

To determine the damping effect of air and liquid on the MSMC experimentally, the resonance
behavior of MSMCs was characterized in air at different pressures and in different liquid media.

A set of experimental results about the pressure dependence of the resonance behavior is shown in
Figure 3(a), in which an MSMC in the size of 3.0 mm (L) x 1.0 mm (W) x 35 um (t) was used. The
corresponding resonance frequency and Q value of the MSMC at each pressure are plotted in Figure 3(b),
in which the normalized resonance frequency and the normalized Q value are used. The normalized
resonance frequency is the resonance frequency of the MSMC at a given pressure divided by the
resonance frequency (fy) of the MSMC at one atmosphere pressure, while the normalized Q value is the Q
value of the MSMC at the pressure divided by the Q value of the MSMC at one atmosphere pressure.

As shown in Figure 3(a), the resonance frequency increases as the pressure decreases. The resonance
frequency of the MSMC is 2478 Hz at one atmosphere pressure (1.0 x 10° Pa) and 2491 Hz at 1 Pa. As
expected from Equations (4) and (5), both the resonance frequency and the Q value of the MSMC change
with pressure. For the pressure above 10° Pa, the resonance frequency and the Q value are strongly
dependent on the pressure. When the pressure is lower than 100 Pa, the resonance frequency is almost
independent on the pressure, but the Q value continuously increases with lowering pressure. This is easy
to understand based on equations (4) and (5). Based on equation (4), the Q value is directly related to the
viscosity, which is related to the pressure. However, when the pressure is very small at which the MSMC
exhibits a high Q value, equation (5) indicates that the frequency is very weakly dependent on the Q value.
For MSMCs at low pressures, the Q value is mainly determined by the anchor effect due to the fact that
the PMMA used as a holder has a much smaller Young’s modulus than the cantilever beam [9].
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Figure 3. (a) The resonance behaviors of an MSMC in size of 3.0mm x 1.0mm x 35pum at room
temperature in air at different pressures: 1). 1.0 x 10° Pa; 2). 8.0 x 10* Pa; 3). 4.0 x 10* Pa;
4). 1.0 x 10°Pa; 5). 1.0 x 10°Pa; 6). 1.0 x 10" Pa; 7). 1.0 x 10° Pa.
(b) The normalized Q value (Q/Qo) (Solid Circle) and normalized resonant frequency (f/fy) (Solid
Triangle) as a function of air pressure. The Qo and f, represent the Q value and resonance
frequency of the MSMC at one atmosphere pressure.

The results shown in Figure 4 were obtained from an MSMC in size of 3.3 mm (L) x 1.0 mm (w) x 30
pum (t) when it was immersed in water and ethanol, respectively. The resonance behaviors of the
fundamental mode (n=0) and the first mode (n=1) are presented. Clearly, the device in liquid exhibits a
lower resonance frequency and a smaller Q value than the device in air due to the damping effect of the

liquid. However, the reductions in the resonance frequency and the Q value in two liquids are different, as

summarized in Table 1.
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Figure 4. Phase versus frequency for an MSMC in air, water, and ethanol,
respectively. (a) The fundamental bending mode (n=0) resonance spectra.
(b) The first bending mode (n=1) resonance spectra.
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Table 1. Resonance characteristics of an MSMC in liquid.

Fundamental Mode (n=0) First Mode (n=1)
Air Water Ethanol Air Water Ethanol
Resonance
1885 871 907 11912 6915 6182
frequency (Hz)
Q value 191 19 9 265 38 27

It is found that the first mode exhibits a higher Q value than the fundamental mode. As discussed in
Ref. 9, this is a result of anchor loss (support loss) due to the fact that PMMA was used to clamp the
cantilever and has a much smaller Young’s modulus than Metglas and copper. That is, the anchor loss has
a stronger influence on a lower harmonic mode than a higher mode. For the MSMC in water, the Q value
reaches about 40. Considering that other cantilevers in aqueous solutions rarely have a Q value above 10
[12, 14], the MSMC in water exhibits a significantly higher Q value. Therefore, the MSMC would have a
better performance in liquid, which is critical for the development of high-performance biosensors since
most of the samples to be tested are liquid or water suspensions.

It is known that at 20°C the viscosity of water and ethanol is 1.0 x 10~ kg/mes and 1.2 x 10~ kg/mes,
respectively, and the density of water and ethanol is 1.0 x 10° kg/m’ and 0.789 x 10° kg/m’, respectively
[30]. This is similar to the results obtained in other cantilevers [30, 31], although both the density and
viscosity of the liquid have a strong influence on the resonance behavior — resonance frequency and the Q
value — their influence on the resonance frequency and the Q value is different. Comparing the results
shown in Table 1 with the density and viscosity data of the liquid media, we can conclude that the
resonance frequency of an MSMC in liquid is mainly determined by the density of the liquid, while the Q
value of an MSMC in liquid is mainly determined by the viscosity of the liquid.

3.2 MSMC Array

As indicated by Eq. (1), the resonance frequency of a cantilever is directly dependent on the properties
(Young’s modulus and density) of the cantilever materials and the geometry (length and thickness) of the
cantilever, all of which are dependent on the temperature. Therefore, the resonance frequency of a
cantilever would change with the environmental temperature. Additionally, as shown above, the resonance
frequency of a cantilever changes with the surrounding medium, such as the density and viscosity of the
medium. For a practical detection, it is highly desirable to monitor the influence of environment on the
resonance behavior of cantilevers. One way to do it is by using cantilever array, in which some of the
cantilevers would not react with the target so that they can be used as references to monitor the change in
the environment. More importantly, a cantilever array would provide the capability for a biosensor to
detect/monitor different targets at the same time. It is easy to fabricate the cantilever array for current
cantilevers. However, the characterization of a cantilever array requires special efforts. Due to the wireless
nature, an MSMC array would be easily actuated using one magnetic field, and the bending vibrations of
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MSMC:s in the array can be easily sensed using one pair of pick-up coil. Therefore, the characterization of
an MSMC array would be as simple as that of a single MSMC.
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Figure 5. Spectrum of an MSMC array consisting of three MSMCs.

To demonstrate the advantage of the MSMC in the development of a cantilever array, an MSMC array
of three MSMCs was employed. The three MSMCs were: MSMC1 (3.5 mm(L) x 1.3 mm(W) x 30 um(t)),
MSMC2 (3.3 mm(L) x 1.3 mm(W) x 30 pm(t)), and MSMC3 (2.5 mm(L) x 1.2 mm(W) x 30 pm(t)).
Here, the MSMC3 had a different width than other two in order to keep the ratio of width to length
smaller than half. In this experiment, the MSMC array was characterized by using the same measurement
set-up and procedure as for a single MSMC. The experimental results obtained from the MSMC array are
shown in Figure 5. Clearly, three resonance peaks are observed in one measurement. These three
resonance peaks correspond to the fundamental resonance peaks of the three MSMCs. The results show
the easiness in characterizing an MSMC array. It should be mentioned that the signal intensity of each
MSMC is related to the size and the oscillation amplitude of the MSMC. As the size reduces, the intensity

of the signal reduces.

3.3 Detection of S. typhimurium in water

Figure 6(a) shows the real-time shift in the resonance frequency of an MSMC in size of 2.8 mm (L) x
1.0 mm (W) x 35 um (t) after it was immersed in a S. typhimurium suspension with a concentration of 5 x
10® cells/ml. The resonance frequency shifts with time as the target bacterium cells bind on the sensor
surface. After about two hours, the resonance frequency shift apparently reaches its saturated value of
about 35 Hz. The results demonstrate that the MSMC sensor works well in the liquid sample.

In order to determine whether the observed shift in resonance frequency is due to the binding of target
bacterium cells, the SEM observation was employed. Figure 6(b) shows a typical SEM picture of S.
typhimurium cells binding on the surface of the MSMC-sensor. The results confirm that the shift in
resonance frequency of the MSMC-sensor is due to the binding of target cells. It is also interesting to note
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that the density of binding cells in the area close to the tip is higher than that in other areas. As indicated
by Eq. (2) and (3), a mass load at the tip would result in a larger shift in resonance frequency than if the
mass load was uniformly distributed.
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Figure 6. (a). The resonance frequency shifts with time for an MSMC in S. typhimurium
suspension with a concentration of 5 x 10 cells/ml. (b). SEM images of the MSMC
surface after the sensor was exposed to S. typhimurium suspension
(5x10® cells/ml) for about two hours.

It should be indicated that the phage is strongly attached on the surface of the MSMC as indicated in
other experiments and that the connection between the phage and bacterial cell is also very strong [25,
26]. Therefore, the phage-based biosensor is not designed for reuse.

Conclusions

MSMC as a new type of active cantilever was introduced as a high-performance transducer to be used
in biosensors. The fundamental features and resonance behavior of the MSMC in air at different pressures
and in different liquid media were studied in this work. For the MSMC in different media, it is
experimentally demonstrated that both the density and viscosity of the media affect the resonance
frequency and the Q value due to the damping effect, but the density has a stronger influence on the
resonance frequency and the viscosity has a stronger influence than the density on the Q value. It is
experimentally found that the MSMC works well in liquid with a high Q value. For example, the Q value
of the MSMC in water reaches about 40. It is also experimentally demonstrated that the MSMC array can
be easily actuated and sensed as a single MSMC. Finally, to demonstrate the advantage of the MSMC
sensor for detecting pathogenic cells in water, the real-time detection of S. typhimurium in water was
performed. The SEM observation confirmed that the shift in resonance frequency of MSMC in S.
typhimurium suspension is due to the binding of target cells on the sensor surface.
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