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Rapid detection of foodborne pathogens is crucial to prevent the outbreaks of foodborne diseases. In
this work, we proposed a novel microfluidic biosensor based on magnetorheological elastomer (MRE)
and smartphone. First, micropump and microvalves were constructed by deforming the MRE under mag-
netic actuation and integrated into the microfluidic biosensor for fluidic control. Then, the micropump
was used to deliver immune porous gold@platinum nanocatalysts (Au@PtNCs), bacterial sample, and im-
munomagnetic nanoparticles (MNPs) into a micromixer, where they were mixed, incubated and magnet-
ically separated to obtain the Au@PtNC-bacteria-MNP complexes. After 3,3/,5,5'-tetramethylbenzidine and
hydrogen peroxide were injected and catalyzed by the Au@PtNCs, smartphone was used to measure the
color of the catalysate for quantitative analysis of target bacteria. Under optimal conditions, this biosensor
could detect Salmonella typhimurium quantitatively and automatically in 1 h with a linear detection range
of 8.0 x 10! CFU/mL to 8.0 x 10 CFU/mL and a detection limit of 62 CFU/mL. The microfluidic biosensor
was compact in size, simple to use, and efficient for detection, and might be used for in-field screening

of foodborne pathogens to prevent food poisoning.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Foodborne diseases have been a serious threat to human health
and global economy [1,2]. lllnesses from foodborne pathogens such
as Salmonella and Escherichia coli account for most cases of diar-
rhea and raise the requirement for early detection of foodborne
pathogens in foods [3,4]. For the detection of foodborne pathogens,
various methods have been explored, including culture (the gold
standard), enzyme-linked immunosorbent assay (ELISA), and poly-
merase chain reaction (PCR). The conventional culture approach is
highly sensitive, but requires one day of culture in biosafety level
2 laboratory and two days to obtain results [5]. Because of their
high sensitivity and short time, nucleic acid-based PCR techniques
have become popular, however they still need complex nucleic acid
extraction [6]. Antibody-antigen based ELISA methods are fast and
high-throughput, however they are often faced with insufficient
sensitivity [7]. Therefore, bacterial detection methods with shorter
detection time, higher sensitivity and simpler operation are ur-
gently required to ensure food safety.
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With rapid advance of nanotechnology, biosensors are being
developed as a cutting-edge diagnostic tool for rapid and sensi-
tive detection of pathogens and have been widely applied in food
safety [8]. However, many biosensors were costly because they of-
ten relied on expensive equipment and skilled personnel [9,10],
which limited their applications in bacterial detection. In recent
years, smartphone based microfluidic biosensors have emerged
as an interdisciplinary technology by combining optical biosen-
sors, microfluidic chips and smartphone Apps to provide new ap-
proaches for bacterial detection, and have shown their merits of
automatic operation, compact size and high sensitivity [11-13].
Reis et al. [14] proposed a smartphone-based microfluidic fluo-
rescence sandwich immunoassay to detect E. coli with a detec-
tion limit of 240 CFU/mL. Pan et al. [15] developed a microflu-
idic colorimetric biosensor for detection of Salmonella using thio-
lated polystyrene microspheres to aggregate gold nanoparticles and
a smartphone imaging APP to monitor colorimetric signals with a
detection limit of 60 CFU/mL.

The fluidic control in microfluidic chips mainly depends on ex-
ternal pumps or valves connected with the chips through tubing
[16], which may cause cross contaminations and greatly hinder
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Scheme 1. (a) The principle of the MRE micropump. (b) The principle of the MRE microvalve. (c) The schematic diagram of the microfluidic biosensor for rapid and sensitive

detection of Salmonella typhimurium.

their on-site applications. To address this issue, numerous on-chip
micropumps and microvalves have been developed to realize au-
tomatic fluidic control without the need of any external connec-
tion [17,18]. Microfluidic chips are generally divided into passive
and active. In passive chips, capillary force was often used for flu-
idic control based on surface tension effect generated by the ge-
ometry or surface chemical properties of microchannels [19,20]. It
is not difficult to manufacture a passive chip, however it requires
hydrophilic and hydrophobic treatment on some parts of the mi-
crochannels, and more importantly, it is a great challenge to ad-
just the flow rate and flow direction. Active chips often depend on
different external energy sources to drive the fluids, such as piezo-
electric [21], electrostatic [22], pneumatic [23], and acoustic [24].
Although their fluidic control is more flexible, it is hard to inte-
grate the bulky and complicated external sources onto the chips.
Hence, the development of on-chip micropumps and microvalves
is essential for microfluidic biosensors.

Magnetorheological elastomer (MRE) is a composite material
consisting of nonmagnetic polymeric matrix and micro-sized fer-
romagnetic particles, which can be precisely controlled by a mag-
netic field [25-27]. MRE can be applied onto a microfluidic chip
for fluidic control by altering a magnetic field as it offers unique
advantages including low cost, easy fabrication, repeated use, and
tunable mechanical properties. Li et al. [28] proposed the MRE-
based micromixer by bonding the MRE membrane with a thick-
ness of 100 pm to a cavity-structured polydimethylsiloxane (PDMS)
channel. The fluid was controlled by squeezing the MRE membrane
with an electromagnet to form an active micromixer. Zhang et al.
[29] proposed the MRE-based artificial cilium (350 pm in length
and 50 pm in diameter) to drive the fluid in the microfluidic chip.
The fluidic control method based on MRE membrane and artifi-
cial cilium performed small driving force, making it unable to over-
come the pressure drop in the microfluidic chip for large-volume
samples.

Hence, we developed a simple microfluidic biosensor based on
MRE and smartphone for automatic detection of Salmonella ty-
phimurium. As illustrated in Schemes 1a and b, a high gradient
magnetic field was rotated using a stepper motor to induce peri-
odic deformation of a semi-circle MRE membrane to form the MRE
pump, and each MRE valve was constructed using an electromag-
net to deform MRE membrane and thus block the channel. Fur-
ther, a microfluidic chip integrated with MRE microvalves and mi-
cropump was developed. As shown in Scheme 1c, the mixture of
immune porous gold@platinum nanocatalysts (Au@PtNCs), bacteria
sample and immune magnetic nanoparticles (MNPs) was preloaded

in the diamond sample chamber by pipetting, followed by mixing
in the micromixer and incubation and magnetic separation in the
separation chamber to form Au@PtNC-bacteria-MNP complexes us-
ing the MRE pump, MRE valves and magnet. After the preloaded
hydrogen peroxide and 3,3/,5,5'-tetramethylbenzidine (TMB) were
transferred from the substrate chamber to the separation chamber,
the peroxidase mimic enzyme property of the Au@PtNCs allowed
them to catalyze TMB to produce a variety of colors in the cham-
ber, which was measured using the smartphone App for quantita-
tive analysis of the target bacteria.

This microfluidic chip was the key to this biosensor and fabri-
cated using 3D printed molds, poly(dimethoxy)silane (PDMS) and
iron microparticles. As shown in Fig. S1 (Supporting information),
the PDMS mold (for these microchannels and chambers) and the
MRE molds (for MRE pump and valve) were first printed using a
3D printer (Objet 30 Pro Stratasystem), and the MRE molds were
attached to the PDMS mold with double-sided tape (thickness: 100
um) after they were washed with alcohol. Then, the mixture of
PDMS prepolymer and curing agent (ratio 10:1) was poured into
the PDMS mold and cured at 65 °C overnight. After peeling off the
MRE molds and double-sided tapes, the mixture of PDMS prepoly-
mer, curing agent and iron microparticles (diameter: 2-5 pm) at
the mass ratio of 30:1:30 was poured and cured at 65 °C overnight.
Finally, the whole PDMS channel with the MRE membranes was
peeled from the PDMS mold and bonded to a glass plate after oxy-
gen plasma treatment.

As a result, one MRE pump and four MRE valves were devel-
oped on this microfluidic chip according to this fabrication pro-
cess. The MRE pump mainly relied on the periodic deformation of
the MRE channel under the action of a rotating magnetic field to
squeeze the fluid in the microfluidic chip. To make it more suit-
able for the rotation of the magnetic field, the MRE channel was
designed as a circular arc (height: 100 pm, internal diameter: 8
mm, external diameter: 13 mm, angle: 180°). The MRE molds, the
PDMS mold and the fabricated MRE pump were illustrated in Fig.
S2 (Supporting information). To induce the periodic deformation
of the MRE micropump, a rotating magnetic field was designed
and developed by placing multiple permanent magnets (9 mm x 4
mm x 3 mm) in six holes on a 3D-printed circular holder (diam-
eter: 38 mm, thickness: 8 mm). In this paper, three magnet lay-
outs (Fig. S3a in Supporting information) were developed and their
performance to drive the MRE pump was compared. Three mag-
net layouts were termed as Single Magnet (SM), Dual Repelling
Magnets (DRM) and Dual Attractive Magnets (DAM), respectively. A
stepper motor was used to rotate the magnet holder, and its speed
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Fig. 1. Optimization of the MRE pump. Influence of (a) mass ratio between the PDMS prepolymer and the curing agent, (b) mass ratio between the iron microparticles and
the mixture of the PDMS prepolymer and the curing agent, and (c) different magnet layouts (the optimized parameter was marked in orange). Relationship between (d) the
wavelength and the OD value, (e) concentration of polystyrene microparticles and OD value at 505 nm, and (f) rotating speed and bead concentration ratio of the outlet to

inlet.

and direction were controlled by an Arduino microcontroller via
the smartphone and motor driver.

The performance of the MRE membrane has an important im-
pact on the microfluidic pump and valve, which were directly in-
fluenced by the ratio of the iron microparticles, the PDMS pre-
polymer and the curing agent. Thus, different mass ratios of the
PDMS mixture (PDMS prepolymer and curing agent) were used to
manufacture the MRE pump and driven by the rotating magnetic
field at different speeds to evaluate their performance. When the
MRE pump was turned on to continuously transfer deionized water
from the inlet, it was collected from the outlet every minute and
the volume was measured to calculate the flow rate. As shown in
Fig. 1a, the increase on mass ratio of PDMS prepolymer and cur-
ing agent from 10:1 to 30:1 resulted in a higher flow rate. How-
ever, when the mass ratio further increased to 40:1, the flow rate
dropped dramatically. It was believed that the elasticity of the MRE
membrane deteriorated at the ratio of 40:1 and the MRE mem-
brane could not return to its original state, resulting in a reduc-
tion in flow rate. Furthermore, as the speed for magnetic field ro-
tation changed from 10 rpm to 90 rpm, the flow rate increased
from 0.6 pL/s to 5 pL/s. This was because the increase on the rotat-
ing speed led to the increase on more pumping times. When the
speed further increased to 180 rpm, there was no significant in-
crease on flow rate. This was because the magnetic response time
of MRE membrane was insufficient at this speed. Thus, the optimal
ratio of the prepolymer and curing agent was set as 30:1 for this
work. Besides, different mass ratios of the iron microparticles to
the PDMS mixture (1:2, 1:1, 2:1 and 4:1) were further prepared for
manufacturing the MRE membrane to investigate the performance
of the MRE pump. As shown in Fig. 1b, the highest fluid rate of
5 pL/s was observed at the mass ratio of 1:1. The lower mass ra-
tio of the iron microparticles to the PDMS mixture (1:2) might re-
sult in weaker magnetic force on the MRE membrane by the ro-
tating magnetic field and thus worse magnetic response, while the
higher mass ratio (2:1 and higher) might lead to poorer flexibility
and thus worse magnetic response. The operation and performance

of the MRE pump could be found in Video S1 (Supporting informa-
tion).

The rotating magnetic field was also crucial to the MRE pump.
Thus, three magnet layouts (SM, DRM and DAM) were used to gen-
erate magnetic fields and rotated by the stepper motor. The flow
rate was used as the index to evaluate the performance of the MRE
pump driven by the different magnet layouts. As shown in Fig. 1c,
the best performance was observed using DAM layout, which had
the highest flow rate compared to the SM and DRM layouts and
more importantly, exhibited a good linear relationship between
the flow rate and the rotating speed. This was due to the high-
gradient magnetic field generated by these two attractive magnets
induced the sufficient periodic deformation of the MRE membrane.
To further explain the phenomena, COMSOL Multiphysics 5.3a soft-
ware was used to simulate the three layouts of magnetic fields. As
shown in Fig. S3b, the maximum magnetic field intensity of the
magnetic field generated by the DAM layout was 0.9 T, which was
higher than that of the SM layout (0.7 T). In addition, the attenu-
ation rate of the magnetic field by the DAM layout at the range of
30-40 mm was significantly larger than that of the DRM layout, in-
dicating the DAM layout had a higher gradient than the DRM one
and thus resulting in a faster MRE membrane deformation. There-
fore, the DAM layout was chosen to construct the magnetic field
for driving the MRE membrane in this work.

The MRE pump was realized through the deformation of the
MRE membrane by the rotating magnetic field for periodic extru-
sion on the MRE-PDMS channel. Due to its strong hydrophobicity,
the MRE-PDMS channel might suffer from nonspecific adsorption.
Hence, the non-specific adsorption test was carried out using the
red polystyrene microparticles having a similar size (1 pm) with
the target bacteria (1-3 pm). Prior to test, the relationship between
the concentration and OD value of the polystyrene microparticles
was first built for the subsequent experiments (Figs. 1d and e), and
1% BSA (Bovine Serum Albumin) was used to block the MRE-PDMS
channel for 30 min. The polystyrene microparticles were pumped
at different flow rates and their OD values at 502 nm were col-
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lected from the inlet and outlet. As shown in Fig. 1f, this MRE
pump had no obvious nonspecific adsorption after BSA blocking.

The MRE valve was developed by applying a magnetic field with
a high gradient and high intensity to cause the deformation of
the MRE membrane to block the microfluidic channel. The chan-
nel of the MRE valve was designed as a circular chamber (height:
100 pm, internal diameter: 4 mm). To test its performance more
accurately, a microfluidic chip, consisting of a main channel con-
nected with an inlet and two sub-channels connected with two
MRE valves, was developed. The mold of the MRE valve and the
fabricated MRE chip were illustrated in Fig. S4 (Supporting in-
formation). The driver for the MRE valve (Fig. S4e) consisted of
two parts: (1) a 3D-printed holder with one rectangular hole (10.3
mm x 4.1 mm x4 mm) for placing two permanent magnets (10
mm x 2 mm x 4 mm) in a mutual repelling layout, and (2) an elec-
tromagnet (input voltage: 12 V) with a metal rod for pulling and
pushing the magnet holder by the Arduino and smartphone. The
function of the MRE valve was mainly realized using the high gra-
dient magnetic field to induce the deformation of the MRE mem-
brane. The distribution of the iron microparticles in MRE mem-
brane could directly affect the performance of the MRE valve,
and thus was observed by scanning electron microscope (SEM). As
shown in Fig. 2a, the iron microparticles were evenly distributed
in the membrane, indicating the uniform mechanical and magnetic
properties. Furthermore, the leak proof performance was very im-
portant for the MRE valve. To ensure no leak at the close condition,
the change of the cross-section of the MRE-PDMS channel at the
presence of the high gradient magnetic field was photographed by
the camera to observe the deformation of the MRE membrane. Fig.
2b showed that there was no obvious gap between the MRE mem-
brane and the glass substrate in the presence of the high gradient
magnetic field. To further investigate the performance of this MRE
valve, 500 pL of PBS solution was injected into the chip at differ-
ent flow rates, and the electromagnet was turned on and placed
under the MRE valve at the sub-channel connected with outlet C,
followed by collecting the PBS solution at both outlets (B and C).
The ratio of the volume collected at outlet C to the volume in-
jected from inlet A was used as the index to evaluate the valving
performance of the MRE valve. When the flow rate was no more
than 6 pL/s, the MRE valve performed admirably, as illustrated in
Fig. 2c. Nonetheless, when the flow rate exceeded 6 pL/s, partial
PBS solution flowed out from outlet B due to the increase on the
pressure in the chip, indicating that the maximum flow rate of this
MRE valve was 6 pL/s.

The MRE pump and valves were integrated into the microflu-
idic chip for automatic detection of foodborne pathogens. The de-
tailed design of the microfluidic chip was shown in Fig. S5a (Sup-
porting information). Briefly, two inlets connected with the MRE
valves were designed as open chambers (diameter: 10 mm) for
adding PBST, TMB and H,0,. A rhombic sample chamber (total

volume: 100 pL) for storing the mixture of the bacterial sample,
the immune MNPs and the immune Au@PtNCs was placed be-
hind the MRE pump. The synthesis of the immune Au@PtNCs could
be found in Supporting information. Two holes on the top of the
chamber for injecting samples were sealed by a scotch tape after
the sample was loaded. The bacterial sample, the immune MNPs
and the immune Au@PtNCs were mixed and incubated by a ser-
pentine micromixer and separated by a magnet on a separation
chamber. For flexible control of the MRE pump and valves, a mag-
netic control system was developed using the Arduino, the Blue-
tooth module and the smartphone. This control system consisted
of: (1) a bracket (Fig. S5b) with three PMMA boards for placing
the microfluidic chip, rotating the magnetic field and housing the
electromagnets, (2) a control circuit (Fig. S6 in Supporting infor-
mation) for driving and controlling the rotating magnetic field and
electromagnets, and (3) a smartphone App (Fig. S7 in Supporting
information) for data analysis and result display. The working se-
quence of this MRE based microfluidic chip was shown in Fig. S9
(Supporting information).

To evaluate the bacterial detection performance of this biosen-
sor, parallel tests on Salmonella typhimurium with different con-
centrations from 8 x 10! CFU/mL to 8 x 105 CFU/mL in the ster-
ile PBS were conducted under the optimal conditions. Transmis-
sion electron microscope (TEM) imaging was performed to con-
firm the successful forming of the MNP-Salmonella-Au@PtNC com-
plexes (Fig. 3a). Fig. 3b indicated that the saturation value obtained
by the smartphone App increased from 20 to 240 when the con-
centration of the bacteria changed from 8 x 10! CFU/mL to 8 x 106
CFU/mL. A linear relationship between saturation (S) and concen-
tration (C) was obtained and calculated as S=6.2066In(C) — 6.7847
(R2=0.981). The detection limit for the biosensor was calculated
to be 62 CFU/mL based on three times of signal-to-noise ratio.

To investigate the specificity of this biosensor, Salmonella ty-
phimurium, E. coli 0157:H7, Salmonella derby, Salmonella enteritidis
and Listeria monocytogenes and their mixture at the concentration
of 8 x 10° CFU/mL were tested. As shown in Fig. 3c, the non-target
bacteria showed obviously lower saturation than the target bacte-
ria and were close to the negative control. In addition, the satura-
tion of the mixture containing all the bacteria was close to that of
the target bacteria. These results demonstrated that this biosensor
had great specificity for Salmonella typhimurium.

To further demonstrate the feasibility of the biosensor for the
detection of Salmonella typhimurium in real food samples, paral-
lel tests on spiked chicken samples were conducted. The spiked
samples were prepared according to China’s food safety national
standards. Briefly, 25 g of chicken breast was first added into 225
mL of PBS and homogenized for 2 min using a stomacher. After
standing for 5 min, the supernatant was then collected. Finally,
Salmonella typhimurium was added into the supernatant to obtain
the spiked chicken samples with the bacteria concentrations from
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0.8 x 102 CFU/mL to 0.8 x 10° CFU/mL. As shown in Table S1 (Sup-
porting information), the recoveries of the chicken sample ranged
from 98.67% to 108.37% with a standard deviation from 6.79% to
9.21%. The mean recovery was 103.12%, indicating that this biosen-
sor exhibited good feasibility for the detection of Salmonella ty-
phimurium in chicken samples.

In summary, a microfluidic biosensor integrating the MRE mi-
cropump and microvalves was proposed for rapid and automatic
detection of Salmonella. The MRE micropump and valves were able
to automatically and precisely control the fluids inside this mi-
crofluidic chip without any external connection and could effec-
tively avoid the cross-contamination caused by the external pumps
in the traditional microfluidic control. Combined with smartphone
and Arduino, the integration of sample pretreatment, bacterial
detection and signal processing in the detection of foodborne
pathogens was realized automatically. The microfluidic biosensor
was proved to detect Salmonella as low as 62 CFU/mL within
1 h. Compared with the recently reported works for foodborne
pathogen detection (Table S2 in Supporting information), this mi-
crofluidic biosensor behaved better in the convenience and sensi-
tivity with a shorter or comparable detection time, and showed
great potential for on-site detection of pathogens in food supply
chains due to its integration, automation, and simplicity.
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