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A B S T R A C T   

In this study, a power-free biosensor was presented to detect Salmonella typhimurium on a microfluidic chip 
using a slide multivalve for channel selection and a disposable syringe for fluidic transfer. First, bacterial sample 
with immunomagnetic nanoparticles (IMNPs) and glucose oxidase (GOx) modified immune polystyrene nano
particles (IPNPs), washing buffer, glucose, and peroxide test strip (PTS) were preloaded in their respective 
chambers at the periphery of chip. After the slide multivalve was selected to connect sample chamber with 
common separation chamber, which was connected with a syringe, the mixture of Salmonella, IMNPs and IPNPs 
was back and forth moved through 3D Tesla-structure micromixer using the syringe, resulting in the formation of 
IMNP-Salmonella-IPNP complexes, which were captured in the separation chamber using a magnet. Then, two 
washing chambers were selectively connected respectively to remove sample background and excessive IPNPs, 
and glucose chamber was connected, allowing the GOx to catalyze glucose to produce hydrogen peroxide in the 
separation chamber. Finally, PTS chamber was connected and the catalysate was transferred from the separation 
chamber to the PTS chamber, leading to the color change of PTS, followed by using smartphone App to collect 
and analyze the image of PTS for bacterial determination. The simple biosensor enabled simple detection of 
Salmonella as few as 130 CFU/mL within 60 min and is promising for practical applications in the resource- 
limited regions due to its low cost, simple operation, and small size.   

1. Introduction 

As a major foodborne pathogen, Salmonella has increasingly attrac
ted global concern because it can contaminate foods at any link of their 
supply chains and trigger foodborne diseases such as diarrhea, typhoid 
fever, and even death. Early screening of Salmonella has been a key to 
prevent and control the outbreaks of some foodborne diseases. 
Currently, available methods for detecting Salmonella mainly include 
culture plating (Iseri et al. 2020), polymerase chain reaction (PCR) 
(Meng et al. 2017), and enzyme linked immunosorbent assay (ELISA) 
(Um et al. 2020). Culture is the gold standard method with high sensi
tivity and accuracy, however it usually takes 2–3 days. PCR and ELISA 
are the recommended rapid methods, however they require complex 
pretreatment (PCR) or lack enough sensitivity (ELISA). Hence, rapid, 
simple and sensitive methods are demanded for Salmonella detection to 
ensure food safety. 

With rapid advances of microfluidics, a variety of microfluidic bio
sensors were developed as an alternative for bacterial detection in the 
past decade due to their integration of complex procedures from sample 
loading to result analysis onto a chip (Xing et al. 2021). Prior to bacterial 
detection, immunomagnetic separation with immunomagnetic particles 
has been usually employed to specifically isolate target bacteria from the 
complex food matrix (Wang et al. 2020). Recently, many efforts have 
been made on the development of microfluidic biosensors with immu
nomagnetic separation (Hussain et al. 2022; Kim and Choi, 2020; 
Ting-Hang et al., 2019). An interesting microfluidic biosensor was re
ported for HIV-1 p24 detection by integrating multi-step reactions onto a 
chip (Liu et al. 2020). A permanent magnet was used to move magnetic 
particles from one chamber to another, which were separated by an oil 
barrier. It enabled sensitive and reliable detection of HIV-1 p24 as low as 
0.5 ng/mL within 1 h. However, the transfer of magnetic particles 
through the oil barrier might lead to their partial loss in the oil. Besides, 
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precise fluidic control is crucial for microfluidic biosensors, which is 
often achieved using peristaltic pumps or injection pumps and valves. 
However, most of them might not be applicable for in-field screening of 
foodborne bacteria since they were usually expensive, bulky and 
dependent on external electrical power. More importantly, they often 
suffered from cross contaminations and thus resulted in potential false 
positives. To overcome these issues, some finger-actuated (Park et al. 
2020; Park and Park, 2019), capillary-driven (Rocca et al. 2021; Yakoh 
et al. 2019) and magnetic-adhesive (Harper et al. 2016) pumps and 
valves were developed and demonstrated with no need of electrical 
power and controller. However, they also had some limitations, such as 
narrow flowrate range and uncontrollable fluidic operation. As an 
alternative, a slide valve based on rigid or semi-rigid walls was proposed 
and verified to reversibly open and close a channel without any external 
equipment and power (Venzac et al. 2020). In addition, micromixer is a 
key to a microfluidic chip and various micromixers have been often 
reported with excellent mixing efficiency (Bayareh et al. 2020; Cai et al. 
2017; Lee and Fu, 2018; Raza et al. 2020). Among them, the 3D 
Tesla-structure micromixer showed an outstanding mixing performance 
over a wide range of Reynolds numbers, indicating that it was applicable 
for wide flowrate range (Yang et al. 2015). Very recently, a 
reciprocating-flow immunobinding strategy was proposed using a water 
bottle to achieve adequate antibody-antigen immunobinding within 60 s 
due to continuous contact between antibodies and antigens (Liu et al. 
2021). Thus, integration of slide valve, 3D Tesla-structure micromixer 
and reciprocating-flow immunobinding strategy might pave a prospec
tive way to develop power-free microfluidic chips for immunological 
detection of bacteria. 

To achieve in-field screening of pathogenic bacteria, some simple 
and low-cost methods based on test papers and strips have been suc
cessfully developed and integrated with microfluidic chips (Ming et al. 
2020; Nishat et al. 2021; Zhang et al.). A typical study on the 

combination of a microfluidic chip with a #1 chromatography paper and 
mixed-dye-loaded loop-mediated isothermal amplification assay was 
conducted for multiplex foodborne pathogen detection with a detection 
limit of 103 CFU/mL (Pang et al. 2018). Like common pH test paper, 
peroxide test strip is often used to rapidly measure various peroxides, 
such as H2O2, and featured with facile size, low cost, and fast response. 
More importantly, the resulting color, which is related with the con
centration of peroxide, could be easily measured using a smartphone 
App (Liu et al. 2019) or the Image J software. Thus, it is very promising 
to combine microfluidic chip, peroxide test strip and smartphone image 
processing to develop power-free, easy-operation, low-cost and 
rapid-response biosensors for in-field screening of pathogenic bacteria. 

Here, a power-free microfluidic biosensor was proposed to detect 
Salmonella based on slide valve, disposable syringe, and smartphone. As 
shown in Fig. 1, this biosensor was mainly composed of a five-layer 
microfluidic chip with a slide multivalve and a disposable syringe. 
First, the bacterial sample with the immunomagnetic nanoparticles 
(IMNPs) and glucose oxidase (GOx) modified immune polystyrene 
nanoparticles (IPNPs), washing buffer, glucose, and peroxide test strip 
(PTS) were preloaded in the peripheric sample chamber, washing 
chambers, glucose chamber and PTS chamber, respectively. Then, the 
sample chamber was connected with the common separation chamber 
by rotating the slide multivalve, the mixture was moved back and forth 
to flow through the 3D Tesla-structure micromixer by using a disposable 
syringe, resulting in the formation of IMNP-Salmonella-IPNP sandwich 
complexes, which were captured in the separation chamber by applying 
a magnet. Then, the washing chambers were successively connected 
respectively to remove excessive IPNPs, and the glucose chamber was 
connected to transfer glucose to suspend the complexes in the separation 
chamber, allowing the GOx on the complexes to catalyze glucose to 
produce hydrogen peroxide (H2O2). Finally, the PTS chamber was 
connected and the catalysate in the separation chamber was transferred 

Fig. 1. Principle of the power-free microfluidic biosensor for Salmonella detection. (A) The 3D design of microfluidic chip; (B) The layer-by-layer structure of 
microfluidic chip; (C) The top view of microfluidic chip; (D) The procedures for Salmonella detection. 
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to the PTS chamber, leading to the color change of the PTS, followed by 
using the smartphone App to collect and analyze its image to determine 
the amount of Salmonella. 

2. Materials and methods 

2.1. Materials 

The information for materials and reagents, such as carboxylated 
magnetic nanoparticles (MNPs), carboxylated polystyrene nanoparticles 
(PNPs), monoclonal and polyclonal antibodies against Salmonella, 
glucose oxidase, glucose, peroxide test strips, etc., could be found in the 
supplemental material. 

2.2. Preparation of the bacterial strains 

The culture and preparation of the target and non-target bacteria for 
obtaining a serial dilution of bacterial samples could be found in the 
supplemental material. 

2.3. Preparation of the IMNPs and IPNPs 

The IMNPs were prepared by modifying the polyclonal antibodies 
onto the carboxylated MNPs and the detailed procedure could be found 
in the supplemental material. The IPNPs were prepared through EDC/ 
NHS method to modify the monoclonal antibodies and glucose oxidases 
onto the carboxylated PNPs based on previous report with some modi
fications (Chen et al. 2017). First, 0.2 mg of PNPs were centrifuged at 12, 
000 rpm for 10 min to remove the supernatant, and resuspended with 
2.5 mL of phosphate buffer (PB, pH 6.0, 10 mM). After 0.1 mg of 
monoclonal antibodies and 0.1 mg of GOx were successively added and 
incubated for 60 min under gentle stirring, 30 μg of EDC⋅HCl was 
immediately added and incubated for 60 min, followed by blocking with 
1% skim milk for 60 min and centrifugation at 12,000 rpm for 10 min. 
Finally, the IPNPs were resuspended in 0.4 mL of PBS (containing 1% 
skim milk) and stored at 4 ◦C. 

2.4. Fabrication of the microfluidic chip 

This microfluidic chip was fabricated to integrate the whole bacterial 
detection procedures, including mixing, incubation, separation, 
washing, catalysis and detection. From Fig. 1B, the microfluidic chip 
consisted of a PVDF membrane (inner diameter: 44 mm, outer diameter: 
70 mm), a double-side tape (inner diameter: 44 mm, outer diameter: 70 
mm), a top PDMS layer (diameter:70 mm, thickness: 5 mm), a slide 
multivalve (inner diameter: 35.8 mm, outer diameter: 44.2 mm, thick
ness: 3.2 mm), a bottom PDMS layer (diameter: 70 mm, thickness: 3 
mm), and a glass layer (diameter: 70 mm, thickness: 1 mm). The PVDF 
membrane was water-proof to avoid the loss of the reagents and also air- 
permeable to allow the transfer of the reagents. The double-side tape 
with five circular holes (diameter:6 mm) was used to bond the PVDF 
membrane and the PDMS layer. The slide multivalve with different in
tervals of five connecting channels (length: 4.2 mm, width: 0.8 mm, 
height: 0.7 mm) was used to clockwise connect each chamber with the 
separation chamber one by one. The top PDMS layer with one half 3D 
Tesla-structure micromixer and same interval of five channels (width: 1 
mm, height: 0.8 mm) and the bottom PDMS layer with the other half 3D 
Tesla-structure micromixer were surface plasmon bonded to form the 
fluidic channels and the complete micromixer. The different interval of 
the channels in slide multivalve and the same interval of the channels in 
PDMS channel enabled the connection of only one peripheric chamber 
with the inner separation chamber. From Fig. 1C, this chip mainly 
included five peripheric circle chambers (diameter: 6 mm, height: 5 mm, 
volume: ~140 μL) for preloading the sample with IMNPs and IPNPs, 
washing buffers, glucose and PTS, one inner diamond separation 
chamber (volume: ~100 μL) for separating the complexes, washing the 

residues and catalyzing the substrate, and one 3D Tesla-structure 
micromixer for mixing the bacterial sample with the IMNPs and 
IPNPs. Besides, three convex and concave structures were used for ac
curate alignment of these two PDMS layers, and a PTS circle disk 
(diameter: 5.0 mm) was cut using a hand-held puncher chamber and 
placed in the PTS chamber before the bonding of the PDMS layers. The 
slide valve was first designed using SolidWorks software, then fabricated 
using the Object30 Pro 3D printer, and finally inserted into the gap of the 
chip after coating with a thin layer of silicone oil. Besides, the molds of 
the PDMS layers were first fabricated using this 3D printer, then casted 
by the mixture of PDMS prepolymer and curing agent (10:1 in mass), 
and finally cured at 65 ◦C overnight after degassing in vacuum to obtain 
the PDMS layers. 

2.5. Detection of Salmonella 

Prior to test, the microfluidic chip was preloaded with 100 μL of 
washing buffer (PBST, PBS containing 0.05% Tween-20) in each 
washing chamber, 100 μL of glucose (50 mM) in glucose chamber and a 
PTS disk in PTS chamber, and the separation chamber was blocked by 
1% skim milk for 1 h and washed by sterile PBS. As shown in Figs. 1D 
and 100 μL of the bacterial sample at each concentration (1.3 × 102–1.3 
× 107 CFU/mL), 10 μL of the IMNPs (20 μg) and 10 μL of the IPNPs (10 
μg) were added into the sample chamber before the slide valve was 
connected. First, the sample chamber was connected, the mixture was 
pulled and pushed using a disposable syringe to flow through the 3D 
Tesla-structure micromixer back and forth for ten times, resulting in the 
formation of IMNP-Salmonella-IPNP sandwich complexes. Then, these 
complexes were captured in the separation chamber using an external 
magnet (material: NdFeB, grade: N52, size: 3.18 × 6.36 × 6.36 mm), and 
two washing chambers were successively connected to wash the com
plexes with washing buffer to remove excessive IPNPs. After the glucose 
chamber was connected, 100 μL of glucose was moved to the separation 
chamber, allowing the GOx on the complexes to catalyze glucose for 30 
min to produce H2O2 in the catalysate. Finally, the PTS chamber was 
connected and the catalysate in the separation chamber was transferred 
to the PTS chamber, leading to the color change of the PTS, which was 
collected and analyzed using the self-developed smartphone App 
(Fig. S1) to determine the target bacteria. 

3. Results and discussion 

3.1. Sealing of the slide multivalve 

In this microfluidic chip, a ring-shaped rigid-structure resin wall with 
different intervals of channels was used as the slide multivalve, which 
was tightly matched with the ring-shaped semi-rigid-structure PDMS 
gap to selectively connect each peripheric channel with the common 
separation channel. To ensure the sealing of the chip, silicone oil was 
used to coat the surface of the slide valve for lubrication and sealing, and 
the size of the slide valve was optimized. When each size of slide valve 
was coated with silicone oil, inserted into the PDMS gap with inner 
diameter (Di) of 36 mm, outer diameter (Do) of 44 mm and thickness of 
3 mm, and set at disconnection with the washing chamber, where the 
red dye was preloaded, the syringe was used to fully draw the red dye for 
evaluating the sealing. As shown in Fig. 2 and Videos S1–S3, the air 
bubbles obviously appeared at the same size of Di = 36.0 mm and Do =
44.0 mm with the gap and the larger size of Di = 35.9 mm and Do = 44.1 
mm than the gap, when the slide valve was connected with the sepa
ration chamber and the red dye was fully drawn using the syringe, 
indicating the sealing of this slide valve was not good. When a further 
larger size of Di = 35.8 mm and Do = 44.2 mm was used for the slide 
valve, the syringe was hard to draw the red dye and no air bubble 
occurred, indicating the sealing of the valve was good enough. Thus, Di 
= 35.8 mm and Do = 44.2 mm were used for this slide valve. To further 
verify the feasibility of this slide valve, different colors of dyes were 
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preloaded in the chambers and drawn one-by-one using the syringe. As 
shown in Video S4, the dyes were completely drawn into the separation 
chamber when their chambers were connected one-by-one, indicating 
the good feasibility of this valve. 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2022.114458. 

3.2. Performance of the 3D Tesla-structured micromixer 

The mixing of target bacteria with the IMNPs and IPNPs basically 
relied on the 3D Tesla-structure micromixer, which is crucial to the 
sensitivity of this biosensor. Thus, COMSOL software was used to 
simulate this 3D Tesla-structure micromixer and the mixing efficiency 
was used to evaluate its performance. As shown in Fig. 3A and Fig. S2A, 
this micromixer showed a good mixing efficiency of up to 96%. To 
evaluate the actual mixing performance of this micromixer, a red dye 
and water were injected into the micromixer at the same time and the 
images at the inlet and outlet were collected using the microscope (Ti-E, 
Nikon, Tokyo, Japan). As shown in Fig. 3B, the dye was obviously 
separate from the water at the inlet, and they were well mixed at the 
outlet since the color looked uniform. Besides, the images were further 
analyzed by the ImageJ software. From Fig. S2B, the gray values 
exhibited two levels at the inlet while they tended to be uniform at the 
outlet, indicating good mixing performance of this micromixer. 

To further evaluate the performance of this micromixer on immu
nobinding, the IMNPs and the bacterial sample were first added into the 
sample chamber with this micromixer, respectively. The same IMNPs 
and sample were added into the symmetric PTS chamber without this 
micromixer (straight channel) and PTS disk for comparison, and the 
same IMNPs and sample were also added into the washing chamber 
without any operation for control. Then, their mixture was moved back 
and forth for ten times using the syringe to form magnetic bacteria. After 
the magnetic bacteria were captured in the separation chamber using 
the magnet and the unbound bacteria were removed, the captured 

bacteria were finally flushed out and culture plated to determine the 
captured bacteria. The capture efficiency was defined as the ratio of the 
captured bacteria to the original one. As shown in Fig. 3C, the capture 
efficiency with the 3D Tesla-structure micromixer (91%) was much 
higher than that with the straight channel (56%) and that without any 
operation (26%), indicating its good performance on the immunobind
ing of the IMNPs and target bacteria. This might be due to the good 
mixing performance of this micromixer and the continuous contact from 
repeated reciprocating-flow, which resulted in increasing collision 
probability between the IMNPs and target bacteria. 

The time for the syringe to move the mixture back and forth is 
important for the mixing performance on immunobinding. Thus, 
different times were applied to mix the IMNPs and bacterial sample (1.3 
× 103 CFU/mL). From Fig. 3D, as the times changed from 3 to 10, the 
capture efficiency increased from 56% to 91%. However, further in
crease on the time to 15 only resulted in slight increase on the capture 
efficiency. Therefore, ten times of moving the mixture were used. To 
realize the power-free detection, the disposable syringe was used to 
replace the precise pump, and this might result in difficult control on the 
flowrate. Thus, different flowrates controlled by using a precise peri
staltic pump (Type: T60-S2 & WX10-14-A, Longer Pump, Baoding, 
China) were used to mix the mixture. From Fig. 3E, the capture effi
ciency basically remained more than 80%, when the flowrate increased 
from 0.5 to 1.25 mL/min, which was easy to control by manual opera
tion. To further evaluate the difference on manual operation, three 
graduate students were minimally trained to conduct the test. As shown 
in Fig. 3F, the capture efficiency of the three students were all above 
80%, indicating the good practicability of this chip. 

3.3. Concept proof of the detection method and optimization of the 
parameters 

The determination of target bacteria was based on the catalysis of 
glucose by the GOx on the complexes to produce H2O2 and the image 

Fig. 2. The sealing of the slide valves with different sizes before (A, B, C) and after (D, E, F) drawing the dye using the syringe. (A and D: Di = 36.0 mm and Do =
44.0 mm; B and E: Di = 35.9 mm and Do = 44.1 mm; C and F: Di = 35.8 mm and Do = 44.2 mm). 
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analysis of the PTS. To prove the concept, different concentrations of the 
IPNPs from 0 to 500 μg/mL were used to react with 100 μL of glucose 
(50 mM) for 30 min and 10 μL of the catalysate was added to the PTS. 
From Fig. 4A, the blue color of the PTSs changed from light to dark as the 
concentration increased. The images of the PTSs were further analyzed 

to obtain their saturation using the self-developed smartphone App. 
From Fig. 4B, the saturation increased with the concentration of IPNPs. 
From Fig. 4C, a linear model between saturation and IPNP concentration 
(3.91–500 μg/mL) was found, verifying the feasibility of this concept. 

To evaluate the loading capacity of IPNPs, different amounts of 

Fig. 3. (A) The COMSOL simulation result of the 3D Tesla-structure micromixer; (B) The images of the mixture of red dye and water at the inlet and outlet; (C) The 
comparison on the capture efficiency of target bacteria with the 3D Tesla-structure micromixer, with the straight channel and without any operation (N = 3); (D) The 
optimization of the time for the syringe to move the mixture back and forth (N = 3); (E) The capture efficiency for different flowrates (N = 3); (F) The capture 
efficiency for different persons (N = 3). 
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antibodies and GOx with the ratio of 1:1 from 25 to 300 μg were used to 
prepare the IPNPs for detection of Salmonella at 1.3 × 106 CFU/mL. 
From Fig. 4D, the saturation changed from 0.12 to 0.54 as the amount 
increased from 25 to 200 μg. However, further increase to 300 μg did not 
lead to obviously more increase on the saturation, indicating that 200 μg 
was sufficient to prepare the IPNPs. Besides, the amount of IPNPs for 
bacterial labeling is also vital to this biosensor. Thus, different amounts 
of IPNPs from 2.5 to 15 μg were used to detect Salmonella at 1.3 × 106 

CFU/mL. From Fig. 4E, the saturation changed from 0.25 to 0.55 as the 
amount increased from 2.5 to 10 μg. Only slight increase on the satu
ration was observed when the amount further increased to 15 μg. Thus, 
10 μg of IPNPs were used. 

3.4. Performance of the biosensor 

To establish the model of this biosensor, different concentrations of 
Salmonella from 1.3 × 102 to 1.3 × 107 CFU/mL were detected. From 
Fig. 5A, a visible color change of the PST was observed, and the satu
ration increased from 0.12 to 0.58 as the concentration of Salmonella 
changed from 1.3 × 102 to 1.3 × 107 CFU/mL. From Fig. 5B, a linear 
model between saturation (S) and bacterial concentration (C) was 

observed and expressed as S = 0.1177 log (C)- 0.1633 (R2 = 0.9743). 
The detection limit of the biosensor was determined to be 130 CFU/mL. 
Compared to some recently reported methods for bacteria detection in 
Table S1, this biosensor exhibited good performance with higher 
detection sensitivity or shorter detection time. This may be attribute to 
the following aspects: (1) the 3D Tesla-structure micromixer with 
repeated reciprocating-flow was employed to greatly improve the 
antigen-antibody immunobinding, resulting in the forming of more 
sandwich complexes; (2) the IPNPs with GOx were used to effectively 
amplify the biological signals, resulting in the detectable signal for low 
concentrations; (3) the smartphone App was developed to accurately 
measure the color change of the PTS, resulting in high signal-to-noise 
ratio. More importantly, this biosensor was able to carry out the 
whole bacterial detection procedure on this microfluidic chip within 60 
min, and it only costed ~$20.7 (See Table S2). Besides, transmission 
electron microscopy was conducted to confirm the forming of IMNP- 
Salmonella-IPNP sandwich complexes (Fig. 5C). 

To evaluate the specificity of this biosensor, the negative control 
(PBS), the target bacteria (Salmonella typhimurium) at 1.3 × 105 CFU/ 
mL, five non-target bacteria (E. coli O157:H7, Listeria monocytogenes, 
Staphylococcus aureus, Vibrio parahaemolyticus, and Bacillus cereus) at 

Fig. 4. (A) The color change of the strips for different concentrations of IPNPs from 0 to 500 μg/mL; (B) The saturation of the strips for different concentrations of 
IPNPs from 0 to 500 μg/mL (N = 3); (C)The linear model between saturation and IPNP concentration from 3.91 to 500 μg/mL (N = 3); (D) Optimization of the 
amount of antibodies and GOx (N = 3); (E) Optimization of the amount of IPNPs (N = 3). 
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105 CFU/mL and their mixture were all detected by this biosensor. As 
shown in Fig. 5D, the saturation for the target bacteria and the mixture 
was obviously higher than those for non-target bacteria and negative 
control, verifying a good specificity of the biosensor. 

The applicability of this biosensor was also estimated by detecting 
the chicken meat samples spiked with Salmonella from 1.4 × 102 CFU/ 
mL to 1.4 × 105 CFU/mL, which were determined using the gold stan
dard culture plating method. After 25 g of chicken meat was first ho
mogenized with 225 mL of sterile PBS for 5 min, followed by standing 
for 10 min to obtain the supernatant, different concentrations of Sal
monella were added into the supernatant to prepare the spiked samples, 
which were detected using this biosensor. As shown is Table 1, the re
coveries for 1.4 × 102 CFU/mL to 1.4 × 105 CFU/mL were 122.9%, 
80.3%, 105.6% and 98.6%, respectively, indicating the impurities in 
chicken meats, such as fats and proteins, had certain impact on the 
separation of target bacteria and resulted in higher or lower concen
trations from the biosensor. The higher concentration was probably 
resulted from the non-specific reaction between the IMNPs and few 
impurities, while the lower concentration was probably because the 
impurities became a hindrance to the immunobinding of the IMNPs with 

target bacteria. 

4. Conclusions 

In summary, a power-free microfluidic biosensor based on slide 
multivalve and disposable syringe was successfully developed and 
demonstrated with the capability to detect Salmonella as low as 130 
CFU/mL within 1 h. The slide multivalve was verified with good sealing 
and could be used to easily select the desired channels. The combination 
of the 3D Tesla-structure micromixer and repeated reciprocating-flow 
using the disposable syringe was proved with good mixing effect for 
antigen-antibody immunobinding. More importantly, this biosensor 
could quantitatively determine target bacteria by simply operating the 
microfluidic chip, and has shown the potential for in-field screening of 
foodborne bacteria. However, the drawbacks of natural enzyme (GOx), 
such as high cost, difficult storage and low stability, might limit its in- 
field applications and could be further replaced by some nanozymes to 
enhance the stability and sensitivity of this biosensor. 
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Fig. 5. (A) The saturation for different concentrations of Salmonella (N = 3); (B) Calibration model of the biosensor (N = 3); (C) The TEM image of IMNP-Salmonella- 
IPNP sandwich complex; (D) The specificity of the biosensor (N = 3). 

Table 1 
The recovery of Salmonella in spiked chicken samples (N = 3).  

Spiked concentration 
(CFU/mL) 

Detected concentration 
(CFU/mL) 

Recovery 
(%) 

RSD 
(%) 

140 172 122.9 15.5 
1400 1124 80.3 12.9 
14000 14788 105.6 6.1 
140000 138008 98.6 5.3  
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