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Rapid screening of pathogenic bacteria contaminated foods is crucial to prevent food poisoning. However,
available methods for bacterial detection are still not ready for in-field screening because culture is time-
consuming; PCR requires complex DNA extraction and ELISA lacks sensitivity. In this study, a microfluidic
biosensor was developed for rapid, sensitive and automatic detection of Salmonella using metal-organic frame-
work (MOF) NHy-MIL-101(Fe) with mimic peroxidase activity to amplify biological signal and Raspberry Pi with
self-developed App to analyze color image. First, the target bacteria were separated and concentrated with the
immune magnetic nanobeads (MNBs), and labeled with the immune MOFs to form MNB-Salmonella-MOF com-
plexes. Then, the complexes were used to catalyze colorless o-phenylenediamine and H202 to produce yellow
2,3-diaminophenazine (DAP). Finally, the image of the catalysate was collected under the narrow-band blue light
and analyzed using the Raspberry Pi App to determine the bacterial concentration. The experimental results
showed that this biosensor was able to detect Salmonella Typhimurium from 1.5 x 10! to 1.5 x 107 CFU/mL in 1
h with the lower detection limit of 14 CFU/mL. The mean recovery for Salmonella in spiked chicken meats was
~112%. This biosensor integrating mixing, separation, labelling and detection onto a single microfluidic chip has
demonstrated the merits of automatic operation, fast reaction, less reagent and small size, and is promising for in-

field detection of foodborne bacteria.

1. Introduction

Salmonella is one of the main foodborne pathogenic bacteria glob-
ally. It has been found in a wide range of foods and resulted in diarrhea,
gastroenteritis, typhoid and other symptoms. Rapid and sensitive
detection of Salmonella is a key measure to prevent and control food-
borne diseases (Silva et al., 2018). At present, the common bacterial
detection methods mainly include culture, enzyme-linked immunosor-
bent assay (ELISA) and polymerase chain reaction (PCR) (Kong et al.,
2002). However, these methods either are time consuming, or lack
sufficient sensitivity, or require complex sample pretreatment. There-
fore, it is an urgent demand to develop simple, rapid and sensitive
methods to detect Salmonella.

In recent years, microfluidics has played an increasing role in the
detection of foodborne pathogens, especially for on-site screening
(Sayad et al., 2018; Tian et al., 2016), due to its significant strengths,
such as less reagent, fast reaction, automatic operation, small size, etc.
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(Kant et al., 2018). Many efforts have been made on the development of
various microfluidic devices for detection of Salmonella. So far, various
microfabrication techniques, such as photolithography (Yin et al., 2018;
Kavand et al., 2019), 3D printing (Aggas et al., 2020; Kramer et al.,
2020) and wax printing (Morbioli et al., 2019; Mohammadifar et al.,
2018), have been applied to develop microfluidic chips, which could be
further combined with immunological assays (Shen et al., 2018; Liu
et al., 2018) and molecular biological assays (Srinivasan et al., 2018;
Santiago et al., 2018) for Salmonella detection. Besides, smartphone is
often used with microfluidic chips and fluorescent materials, such as
upconversion nanoparticles (Jin et al., 2018), quantum dots (Wang
etal., 2020; Tran et al., 2019) and fluorescent microspheres (Wang et al.,
2019; Yelleswarapu et al., 2019), to develop portable devices for in-field
detection of Salmonella. However, these studies are still faced with low
sensitivity due to the small sample volume.

Metal-organic frameworks (MOFs), which are formed using organic
ligands and metal ions (or clusters) through self-assembly, are a kind of


mailto:jianhan@cau.edu.cn
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2021.113020
https://doi.org/10.1016/j.bios.2021.113020
https://doi.org/10.1016/j.bios.2021.113020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2021.113020&domain=pdf

W. Qi et al.

Biosensors and Bioelectronics 178 (2021) 113020

A B

Microfluidic Wiosensor

Vibrating Motor

Stepper Motor

= «— Blue LED

\OPD DAP
1+H,0, N
el R — MOFs
. = ’
B : MNBs / S. yphimurium
__________________ H
:\ ST T T T s e e eT A
S <4 |
N 1
Magnet\\I < Filter :
1 <«— Diffuser 1
Turntable! :
1
I
1

C 75mm

P

A

—— m—
.

S0mm

Multifunctional Chamber

OPD and H,0,
Inlet s Sl

/ Outlet

MNBs Inlet

Sample Inlet ~

Ay A P

MOFs Inlet

Incubation Channel

Mixing Chamber

Fig. 1. (A) The prototype of this microfluidic biosensor; (B) The principle and the structure of this microfluidic biosensor; (C) The diagram of the microfluidic chip.

porous crystal materials with high specific surface area and have been
frequently reported to enhance the sensitivity of biosensors (Furukawa
et al., 2013; Li et al., 2012; Jiao et al., 2019). Some MOFs with unsat-
urated metallic nodes, such as UIO-66 and MIL-101, were verified with
the catalytic properties of biomimetic enzymes and used for amplify
biological signals in bacterial detection (Kang et al., 2019; Zhang et al.,
2019a; Zhu et al., 2017; Vermoortele et al., 2013; Henschel et al., 2008;
Wang et al., 2017). As a peroxidase-like nanozyme, the NH2-MIL-101
MOFs have been demonstrated to catalyze hydrogen peroxide (H202)
and o-phenylenediamine (OPD) to produce yellow catalysate, 2,3-diami-
nophenazine (DAP), with an absorption peak at 450 nm (Li et al., 2019).
The absorption is often measured by an expensive spectrophotometer,
however the sensitivity is generally not high. Thus, it is of great
importance to develop simple and sensitive methods for determination
of the catalysate when the NH,-MIL-101 MOFs are employed for
amplifying the biological signals to improve the sensitivity of
biosensors.

In this study, a microfluidic biosensor was developed for rapid and
automatic detection of Salmonella. As shown in Fig. 1, the target Sal-
monella cells were simultaneously conjugated with the anti-Salmonella
monoclonal antibodies modified magnetic nanobeads (MNBs) and the
anti-Salmonella polyclonal antibodies modified MOFs using an active
vibrating mixer and a serpentine incubating channel in a microfluidic
chip, resulting in the forming of MNB-Salmonella-MOF sandwich com-
plexes. After the complexes were magnetically separated and concen-
trated in a multifunctional chamber by applying an external magnetic
field, the mixture of OPD and HyO was then injected into the chamber
and catalyzed by the MOFs on the complexes to produce DAP. Finally, an
image of the catalysate (DAP) was collected under a narrow-band blue
light and analyzed using a Raspberry Pi based device with a self-
developed App to determine the concentration of the Salmonella cells.

2. Materials and methods
2.1. Materials

Salmonella typhimurium (ATCC 14082) was used as target bacteria,
Salmonella enteritidis, Listeria monocytogenes (ATCC 13932) and E. coli
0157:H7 (ATCC 43888) were used as non-target bacteria. The bio-
tinylated anti-Salmonella monoclonal antibodies (mAbs, 2.5 mg/mL)
from Meridian (Memphis, TN, USA) and the anti-Salmonella polyclonal
antibodies (pAbs, 1 mg/mL) from Abcam (Cambridge, MA, USA) were
used to specifically react with target Salmonella typhimurium. The
streptavidin labeling kit from Elabscience (Wuhan, China) was used to
modify streptavidin onto the carboxylate magnetic nanobeads (~180
nm, 10 mg/mL) from So-Fe Biomedicine (Shanghai, China). TCO-PEG4-
NHS ester (TCO) and tetrazine-sulfo-NHS ester (Tz) from Click Chem-
istry Tools Bioconjugate (Scottsdale, AZ, USA) were used to conjugate
the MOFs with the polyclonal antibodies. Ferric chloride hexahydrate
(FeCl3-6H20) and N, N-dimethylformamide (DMF) from Aladdin
(Shanghai, China) and 2-Amino-benzenedicarboxylic acid (NH2-BDC)
from TCI (Shanghai, China) were used to synthesize the NHp-MIL-101
MOFs. OPD and H505 from Aladdin were used as the substrate. Phos-
phate buffered saline from Sigma Aldrich (10 times concentrated, St.
Louis, MO, USA) was diluted with deionized water to prepare the PBS
solution (pH 7.4, 10 mM). Bovine serum albumin (BSA, 1% and 10%, w/
v) from Sigma Aldrich was used for blocking. Tween 20 from Amresco
(Solon, OH, USA) was used for washing. The deionized water was pro-
duced by Millipore Advantage 10 (18.2 MQ cm, Billerica, MA, USA) and
used for preparing all the solutions.

2.2. Fabrication of the microfluidic chip

This microfluidic biosensor mainly included two parts: a microfluidic
chip and a portable device. The microfluidic chip was the key to this
biosensor, which integrated mixing, incubation, separation and
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detection. As shown in Fig. 1C, this chip mainly consists of three parts:
(1) an active vibrating mixer for efficient mixing of the MNBs, the
sample and the MOFs, (2) a serpentine incubating channel for sufficient
forming of the MNB-Salmonella-MOF sandwich complexes, and (3) a
multifunctional chamber for magnetic separation of the complexes,
MOF catalysis of OPD and H30», and optical detection of the catalysate.
This active mixer was developed using a vibrating motor (TEJIATE-
0827, size: 8mm x 3 mm, TEJIATE, Shenzhen, China) on a turntable to
vibrate the circular mixing chamber (size: 8mm x 3 mm) through a
rubber mat, which was filled with the MNBs, the sample and the MOFs.
This incubating channel had a width of 600 pm, a height of 600 pm and a
total length about of 400 mm, allowing ~5 min’s incubation at the
flowrate of 30 pL/min. This multifunctional chamber (size: 8mm x 3
mm) was used with a permanent magnet (size: 8mm x 3.5 mm, ma-
terial: NdFeB, grade: N52) on the turntable to magnetically separate the
complexes and thoroughly remove the background, and also used for
MOF catalysis and optical detection.

This microfluidic chip was fabricated using 3D printing and surface
plasma bonding. First, the Object 30 3D printer (material: Vero-
WhitePlusRGD835, Stratasys, Eden Prairie, MN, USA) was used to print
the Resin mold of the microfluidic channel. Then, the mixture of the poly
(dimethoxy)silane (PDMS) prepolymer and the curing agent at the ratio
of 10:1 from Dow Corning (Sylgard 184, Auburn, MI, USA) was poured
into the mold and cured at 60 °C for 8 h. Finally, the cured PDMS
channel was removed from the mold and bonded with a thin PDMS
membrane with the thickness of 200 pm from Bald Advanced Materials
(7101, Hangzhou, China) to obtain the microfluidic chip (size: 50 mm x
75 mm x 5 mm), after their surfaces were treated by plasma.

2.3. Development of the portable device

The portable device (Fig. 1A and Fig. S1) was developed based on
Raspberry Pi to control the solutions, rotate the turntable, and analyze
the image. As shown in Fig. S2, the solutions were automatically
controlled using the self-developed App on the Raspberry Pi (4 B,
Raspberry Pi Foundation, Pencoed, UK) through the precise peristaltic
pumps (YWO01, YW’ fluid, Changzhou, China) to achieve the injection,
mixing, incubation, washing and reaction. The vibrating motor, the
permanent magnet and a blue LED (wavelength: 450 nm) were mounted
on the turntable with an interval of 120°, which was also controlled
using the App on the Raspberry Pi through a stepper motor (28BYG-48,
Risym, Shenzhen, China) and set up under the microfluidic chip. The
blue LED, the permanent magnet and the vibrating motor were rotated
to the bottom of the mixing chamber and multifunctional chamber by
the stepper motor according to the designated protocol, respectively. An
enclosure (size: 80 mm x 90 mm x 60 mm) was 3D printed and painted
with black matte paint to form an optical darkroom to house the device.
The image of the catalysate was collected using the Raspberry Pi camera
in the darkroom and analyzed using the self-developed App. The image
and result were displayed on the LCD display and transmitted to a self-
developed cloud platform through WIFI for data storage and further risk
assessment. Besides, an optical diffuser (PMMA, Pengfeng Plastic,
Foshan, China) was used with the blue LED to emit the parallel beams
with the diameter of 7.5 mm, and a narrow-band filter (wavelength
range: 440-460 nm, HS-450ZDLGP, Huashang Laser, Shenzhen, China)
was placed between the diffuser and the multifunctional chamber to
filter the interference beams. This App was developed in Python envi-
ronment based on the OpenCV function library using PyCharm IDE with
three functions: (1) automatically control the stepper motor to rotate the
blue LED, the magnet and the vibrating motor to their designated po-
sitions at their designated time, (2) automatically operate the fluids to
achieve the mixing, incubation, separation, washing and catalysis, and
(3) automatically collect the catalysate image under the blue LED and
analyze the image to determine the bacterial concentration. All the
procedures for separation, labeling, catalysis and detection were auto-
matically carried out after the “Start” button on the App was activated.

Biosensors and Bioelectronics 178 (2021) 113020
2.4. Preparation of the immune MOFs

The NH,-MIL-101 MOFs were synthesized according to a previous
report (Li et al., 2019). The detailed protocol could be found in the
supplemental material. The immune MOFs were synthesized based on
the click reaction of Tz and TCO, which were dissolved in 10 mM DMF.
First, 4 mg of the MOFs and 200 pg of the pAbs were mixed with TCO
and Tz at the molar ratio of 1:40 and incubated for 45 min, respectively.
Then, the TCO-MOFs were obtained by centrifuging at 4000xg for 10
min, and the Tz-pAbs were obtained by filtering at 10 kDa and centri-
fuging at 15,000 xg for 10 min at 4 °C. After the TCO-MOFs and Tz-pAbs
were washed with deionized water three times to remove excess labeling
reagents and mixed at 15 rpm for 45 min, 1% BSA was used to block the
redundant binding sites. Finally, the immune MOFs were obtained after
washing with deionized water three times and stored at 4 °C for further
use.

2.5. Detection of the target bacteria in pure culture

To detect unknown concentrations of target bacteria, the calibration
curve between the absorbance and logarithm of the bacterial concen-
tration was established. Different concentrations of Salmonella typhi-
murium ranging from 1.5 x 10 to 1.5 x 107 CFU/mL were detected
using this biosensor. Prior to the test, the immune MNBs were prepared
using the biotinylated mAbs and the MNBs, which were modified with
streptavidin through EDC/NHS method according to our previous report
(Zhang et al., 2019b). The experimental procedure for bacterial detec-
tion can be seen in Video S1. As shown in Figs. S3 and 500 pL of the
bacterial sample at each concentration (1.5 x 10'-1.5 x 107 CFU/mL),
20 pg of the immune MNBs (in 500 pL of deionized water) and 80 pg of
the immune MOFs (in 500 pL of deionized water) were simultaneously
injected into the microfluidic chip at a flow rate of 30 pL/min, respec-
tively, followed by mixing in the vibrating mixer and incubating in the
serpentine channel, resulting in the forming of the MNB-Salmonella-MOF
complexes. After the complexes were captured in the multifunctional
chamber by rotating the permanent magnet under the chamber and
washed with deionized water to remove the unbound MOFs, 100 pL of
OPD (0.1 M) and 100 pL of Hy05 (0.3 mM) were mixed as the substrate
and injected into the chamber. Then, as shown in Video S2, the vibrating
motor was rotated under the chamber to enhance the catalytic reaction
for 15 min to produce the catalysate (DAP). Finally, the blue LED was
rotated under the chamber to irradiate the catalysate, and the Raspberry
Pi camera on the top of the multifunctional chamber was used to collect
the image, which was further analyzed to determinate the bacterial
concentration.

2.6. Detection of the target bacteria in spiked chicken meats

To evaluate the practicability of this biosensor, the chicken meats
purchased from a local supermarket were spiked with target bacteria
and detected using this biosensor. First, 25 g of chicken meats were
placed in a sterile plastic bag containing 225 mL of PBS and homoge-
nized by a stomacher (BagMixer CC, InterScience, Paris, France) for 2
min, followed by standing for 5 min to obtain the supernatant. Then,
different concentrations of Salmonella typhimurium were added into the
supernatant to prepare the spiked chicken samples with the bacterial
concentration of 1.6 x 10'-1.6 x 10° CFU/mL. Finally, the spiked
chicken samples were detected using this microfluidic biosensor ac-
cording to the protocol in Section 2.5.

3. Results and discussion
3.1. Characterization of the NHy-MIL-101 MOFs

The NH,-MIL-101 MOFs are the important material for this micro-
fluidic biosensor. Thus, the transmission electron microscopy (TEM), X-
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Fig. 2. (A) The TEM image of the MOFs; (B) The XRD profile of the MOFs; (C) The FT-IR spectrum of the MOFs; (D) The absorption spectra for (a) MOFs + OPD, (b)
MOFs + H,0,, (c¢) H;0,+OPD, (d) MOFs + H;0,+OPD and (e) MOFs; (E) The linear relationship between the absorbance and logarithm of the bacterial concen-

tration (N = 3); (F) The stability of the MOFs within 30 days (N = 3).

ray diffraction (XRD) and Fourier transform infrared (FTIR) were used to of ~400 nm. The XRD pattern in Fig. 2B displays that the typical
characterize the MOFs. The TEM images in Fig. 2A show that the NHa- diffraction peaks of the MOFs at 20 of 9.2, 10.2 and 18.7 (Li et al., 2019),
MIL-101 MOFs have an octahedral structure with a uniform crystal size indicating that the MOFs have a complete crystal structure. The FTIR
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spectrum in Fig. 2C demonstrates that the MOFs have four obvious
characteristic absorption peaks at 1650, 1580, 1380 and 769 em™ L,
revealing the vibration of the carboxylate groups. The peaks at 3460 and
3360 cm ! are attributed to asymmetrical and symmetrical amine
stretching (Li et al., 2016).

Besides, the peroxidase-like characteristic of the NHy-MIL-101 MOFs
was verified. First, 10 pg of the MOFs were added into 500 pL of acetate
buffer (pH 4.0). Then, 50 pL of Hy02 (3 mM) and/or 50 pL of OPD (0.1
M) were added and incubated at 37 °C for 20 min. Finally, the absorp-
tion spectra of different mixtures between 350 nm and 600 nm were
recorded. As shown in Fig. 2D, when H305 or OPD are added into the
NH5-MIL-101 MOFs, no color change is observed in 20 min. However,
when H20;, and OPD are added, the color turns yellow rapidly. These
results show that the NH,-MIL-101 MOFs have a good peroxidase-like
enzymatic activity. Furthermore, different concentrations (0.78-50
pg/mL) of MOFs were used to react with the substrate and their absor-
bance was measured using this device. As shown in Fig. 2E, a good linear
relationship between the absorbance (A) and logarithm of the concen-
tration (C) is found and can be described as A = 0.233 In(C)+0.06 (R =
0.99). To verify their stability, the MOFs were stored at room temper-
ature and used to catalyze the substrate every six days, and the absor-
bance was detected using the microplate reader. As shown in Fig. 2F, the
absorbance for different time almost remain at the same level with a
standard deviation of ~2%, indicating that the catalytic activity of the
MOFs is stable at room temperature within 30 days.

3.2. Mixing efficiency of the vibrating mixer

The vibrating mixer is a key part of the microfluidic chip, and its
mixing efficiency has great impact on the sensitivity of this microfluidic
biosensor. To achieve non-contact and efficient mixing, a rubber mat
was used as medium to transfer the vibration of the motor into the
mixing chamber (Fig. 3A). The mixing effect was evaluated using dye
mixing and magnetic separation. The deionized water (top), the red dye
(medium) and the deionized water (bottom) were simultaneously
injected to the mixer for observation of the mixing effect. As shown in
Fig. 3B, when the vibrating mixer is turned off, the central red dye is
clearly separated from two sides’ water. However, when the mixer is
turned on, the red dye and the water are well mixed, which can be
observed from Video S3. As shown in Fig. 3C, the red dye (top), the blue
dye (bottom) and the deionized water (medium) were simultaneously

injected into the mixer and the images at the inlet and outlet of the
mixing chamber were taken by an optical microscope (Motic 102 m,
Motic, Xiamen, China). To clearly understand the mixing effect, the gray
values of the cross section (yellow lines in Fig. 3C) were obtained and
shown in Fig. 3D. There are two clear boundary lines at the inlet
(Fig. 3C) and the gray values from top to bottom have three obvious
levels (Fig. 3D), indicating these three solutions are separate. However,
the color looks uniform at the outlet when the vibrating mixer was
turned on and the gray values from top to bottom are basically consis-
tent, indicating these solutions are well mixed. When the vibrating
mixer is turned off, the medium deionized water disappears because it is
mixed with the red and blue dyes from top and bottom sides mainly due
to the diffusion, respectively. There still is an obvious boundary line
between the red dye and the blue dye and the gray values from top to
bottom have two different levels, indicating these solutions are not well
mixed.

To further evaluate the mixing efficiency, 1 mL of the bacterial
sample at 1.7 x 10 CFU/mL was injected with 20 pg of the immune
MNB:s into the microfluidic chip at different flow rates from 20 pL/min
to 60 pL/min. After incubation in the serpentine channel, the MNP-
Salmonella complexes were collected and magnetically separated for
culture plating. The separation efficiency was calculated as the ratio of
the separated bacterial concentration to the original one and used to
evaluate the mixing effect. As shown in Fig. 3E, when the flow rate
decreases from 60 pL/min to 30 pL/min, the separation efficiency in-
creases from 58.7% to 93.8%. This is because the target Salmonella cells
have longer time to mix and incubate with the MNBs at lower flow rates,
resulting in the forming of more MNB-Salmonella complexes. The further
decrease on the flow rate to 20 pL/min only results in 1.8% increase on
the efficiency, indicating that the flow rate is low enough to allow suf-
ficient reaction between the bacterial cells and the MNBs. Therefore, the
flow rate of 30 pL/min was used in this study.

3.3. Processing of the collected images

Since the processing of the catalysate’s image is subject to the in-
terferences from the MNBs and the environment, the darkroom and
optical filter were employed to minimize the influence. In general, to
determine the concentration of the catalysate, its color change is
measured using a spectrophotometer to obtain the absorbance, or its
color image under the ambient light is collected using a camera and
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processed to obtain the gray, RGB or HSV values (Coleman et al., 2019;
Gee et al., 2017; Chen et al., 2019; Nie et al., 2015). However, in this
study, it is technically inevitable to suffer the interferences from the
MNBs. To understand the influence from the MNBs, 200 pL of the MOFs
at different concentrations (0.78-50 pg/mL) were used to catalyze the
same volume of the substrate (the mixture of 20 pL of 0.3 mM H,0, and
20 pL of 0.1 M OPD) at the presence and absence of 10 pg MNBs in the
96-well plates, respectively. The images were collected in the darkroom
under the visible-band white LED light and the narrow-band blue LED
light using this portable device, respectively, and the central area with
the size of 20 x 20 pixels was selected from the image for data analysis.
For the conventional image processing under the visible-band white
light, the selected image was directly grayed to calculate the average
gray value. For this improved image processing under the narrow-band
blue light, the selected image was first grayed to obtain their average
gray value, and then the absorbance (A) was calculated, which is defined
as.

A = 1g(Lo/L)Where, Ly and L represent the average gray values for
the selected images of deionized water and the catalysate (sample),
respectively.

As shown in Fig. 4A, when the conventional image processing is
employed, the gray values with the MNBs are lower than those without
the MNBs, especially at low concentrations (0.1-1 pg/mL) of the MOFs,
because the MNBs absorb partial lights and thus weaken the signal.
However, when this improved image processing is employed, the gray
value for each image with the MNBs is close to that without the MNBs
(Fig. 4B), indicating that the influence from the MNBs has almost been
eliminated. To further compare their sensitivity, the images with the
MNBs were processed using these two methods. As shown in Fig. 4C, the
slope for this improved image processing (0.244) is obviously larger
than that for the conventional one (0.057), indicating this improved
image processing enhances the sensitivity of this biosensor. This is
mainly because only the narrow-band blue light is used to collect the
image, resulting in more specific responses to the catalysate (DAP) than
the visible-band white light, which can also be verified from Fig. 4D. The
MNBs absorb the lights at a wide wavelength range, however the cata-
lysate has a characteristic absorption peak (~1.55) at 450 nm, which is
much larger than the MNBs (~0.25). Therefore, when the mixture of the
MNBs and the catalysate was irradiated under the 450 nm blue light, the

catalysate exhibited a stronger absorption signal, thus reducing the
interference of the MNBs.

3.4. Optimization of this microfluidic biosensor

The immune MOFs for labeling the target bacteria and amplifying
the detection signal play an important role in the development of this
biosensor. Thus, different amounts (20, 40, 60, 80 and 100 pg) of the
immune MOFs were used to react with 1 mL of the Salmonella cells (1.4
x 10° CFU/mL), respectively. As shown in Fig. S4A, the absorbance
increases from 0.09 to 0.49, when the amount of the immune MOFs
changes from 20 pg to 80 pg. However, the further increase to 100 pg
does not result in an obvious increase, because sufficient MOFs have
been used to react with the target bacteria. Thus, the optimal amount of
80 pg for the immune MOFs was used in this study.

The catalytic reaction time also has great impact on the sensitivity of
this biosensor. Therefore, different catalytic reaction time from 0 to 20
min was used to detect the target bacteria at the concentration of 1.5 x
10° CFU/mL. The images were collected every 5 min and the absorbance
of each image was calculated. As shown in Fig. S4B, the absorbance
increases rapidly from 0.126 to 0.502 because more DAP is produced,
when the catalytic reaction time changes from 0 to 15 min. However, the
further increase to 20 min does not result in an obvious increase on the
absorbance. Therefore, the optimal time of 15 min was used in this
study.

3.5. Performance evaluation of this microfluidic biosensor

Under the optimal conditions, different concentrations of Salmonella
Typhimurium ranging from 1.5 x 10! to 1.5 x 107 CFU/mL were
detected to obtain the calibration curve using this biosensor. As shown
in Fig. 5A, the absorbance increases with the bacterial concentration
from 1.5 x 10! to 1.5 x 10”7 CFU/mL, and a good linear relationship
between the absorbance (A) and logarithm of the bacterial concentra-
tion (C) was found and could be expressed as: A = 0.1076 log1o(C)-
0.0336 (R?> = 0.99). The low detection limit of this biosensor was
determined to be 14 CFU/mL based on 3 times of signal-to-noise ratio.
Compared to some recently reported methods for Salmonella detection in
Table S1, this biosensor has shown a higher or comparable sensitivity, a
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Table 1

Detection of Salmonella Typhimurium in spiked chicken samples (N = 3).
Added (CFU/mL) Detected (CFU/mL) Recovery (%) CV (%)
16 19 118.75 17.05
160 179 111.88 6.91
1600 1719 107.44 5.4
16000 17531 109.57 6.22
160000 181870 113.67 4.62

higher automatic level, and a shorter detection time. The high sensitivity
may be attributed to the following aspects: (1) the high stability
(repeatability) of this biosensor due to the fully automatic operations;
(2) the efficient reaction of the MNBs and MOFs with the target bacteria
due to the active vibrating mixer; (3) the accurate measurement of the
image due to the improved image processing under the narrow-band
blue light. Besides, TEM was conducted to verify the forming of the
MNB-Salmonella-MOF sandwich complexes (Fig. 5B).

The specificity of this microfluidic biosensor was evaluated by
detecting the target bacteria (Salmonella Typhimurium), the non-target
bacteria (Listeria monocytogenes, E. coli 0157: H7 and Salmonella Enter-
itidis), and their mixture at the concentration of 10° CFU/mL. As shown
in Fig. 5C, the absorbance of the non-target bacteria (0.104 for Listeria
monocytogenes, 0.126 for E. coli 0157: H7, 0.103 for Salmonella Enter-
itidis) are much lower than those of Salmonella Typhimurium (0.502)
and their mixture (0.539), indicating that the microfluidic biosensor has
a good specificity.

To further demonstrate the practicability of this microfluidic
biosensor for detection of Salmonella typhimurium in real food samples,
three parallel tests on spiked chicken meats (1.6 x 10" to 1.6 x 10°> CFU/
mL for supernatant or 1.6 x 10° to 1.6 x 10* CFU/g for meat) were
conducted using this microfluidic biosensor. The recovery was defined
as the ratio of the detected concentration to the added one. As shown in
Table 1, the recoveries for different concentrations of spiked samples
range from 107.44% to 118.75% with the standard deviations from
4.62% to 17.05%, and the average recovery was 112.26%, indicating
this microfluidic biosensor has a good applicability for detection of
Salmonella Typhimurium in chicken meats. The detected concentrations
are a little higher than the added ones mainly due to non-specific
adsorption of the MOFs by fats and proteins in chicken samples.

4. Conclusions

In this study, a microfluidic biosensor was successfully developed for
rapid, sensitive and automatic detection of Salmonella typhimurium. The
vibrating mixer was demonstrated to be effective to rapidly mix the
solutions and the improved image processing was verified with higher
sensitivity. The microfluidic biosensor had successfully integrated mix-
ing, incubation, separation, catalysis and detection, and was able to
detect Salmonella typhimurium as low as 14 CFU/mL in 1 h. It is worth
mentioning that the total cost for this microfluidic biosensor does not
exceed US $200, and all the components listed in Table S2 are
commercially available. It has the potential to be extended for in-field
screening of other foodborne bacteria to ensure food safety.
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