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A B S T R A C T   

Background: Food safety is of concern for the development and survival of all mankind, and detection is an 
important way to ensure food safety. Traditional food safety monitoring systems primarily rely on professional 
equipment and operation, which are both expensive and time-consuming. Therefore, it is of great practical 
significance to seek simple, fast, and widely applicable food safety testing methods. Microfluidics-integrated 
biosensors have the advantages of miniaturization, high throughput, rapid integration, and fewer consum-
ables. In recent years, they have steadily evolved and progressively been introduced in different fields, and a 
series of important advances have been made. 
Scope and approach: In this paper, the progress of the application of microfluidics to the detection of foodborne 
pathogenic bacteria in recent years is introduced, and the advantages and disadvantages of microfluidic devices 
with different detection signals (e.g., amperometric, impedance, voltammetric, fluorescence, colorimetric, 
Raman, and plasma sensors) and the application of the CRISPR-Cas system in the microfluidic biosensing plat-
form is introduced as a promising microfluidic detection application. Additionally, their application prospects 
and future trends in the use of lab-on-a-chip technology for foodborne pathogenic bacteria are discussed. 
Key findings and conclusion: Microfluidic devices can effectively, rapidly, and accurately determine the species 
and quantity of foodborne pathogens. The development of the next generation of microfluidic products should 
consider the convenience of data storage and transmission, detection sensitivity and accuracy. The developed 
methods and devices will be able to yield results from sample processing and detect multiple objects without 
cross-contamination, to more effectively exert the advantages of microfluidic chips in rapid field testing.   

1. Introduction 

Foodborne microorganisms, including bacteria, viruses, parasites, 
and fungal toxins, can cause more than 200 diseases (Franz et al., 2018). 
Foodborne pathogenic bacteria and their toxins are one of the primary 
causes of foodborne diseases, and mainly include Salmonella, Bacillus 
immobilis, Escherichia coli (E. coli), Listeria monocytogenes (L. mono-
cytogenes), Shigella, Pseudomonas, Campylobacter, etc. (Hameed et al., 
2018). Food can be contaminated during production, processing, 
transportation, cooking, and final consumption (Saravanan et al., 2021). 
Foodborne pathogenic bacteria are commonly found in meat, poultry, 

eggs, milk, and dairy products, as well as fish, shellfish, and their 
products (Franz et al., 2018). Globally, foodborne diseases caused by 
bacteria are the most common (WHO 2015), accounting for 66% of all 
foodborne diseases (Abebe et al., 2020), the main symptoms of which 
include gastrointestinal illnesses such as severe nausea, vomiting, and 
diarrhea. Moreover, some bacteria may cause more serious 
complications. 

The contamination of foodborne pathogenic bacteria is a severe 
issue. Reports show that bacteria and their toxins cause more than 50% 
of total foodborne illness in European Union member states (EFSA and 
ECDC, 2018); Salmonella is the most frequently detected pathogen, with 
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Salmonella enteritidis causing one out of seven cases of foodborne illness. 
In the United States, Salmonella is the second leading cause of foodborne 
death. In Australia, the trend of contamination with pathogenic bacteria 
is very similar to those in the United States and Europe (Lee & Yoon, 
2021). In recent years, the abuse of antibiotics has led to the emergence 
of drug-resistant and even multi-drug-resistant bacteria, which has 
caused serious harm to human health (EFSA and ECDC, 2021). Over the 
past 15–20 years, international organizations and national government 
administrations have been dedicated to ensuring food safety, and have 
consequently proposed strategies such as hazard analysis critical control 
point (HACCP) systems, “from farm to fork” programs, and “one--
health-initiatives”, which have significantly improved the level of food 
safety. However, foodborne diseases still exist, and the burden associ-
ated with them remains high (Kirk et al., 2015). The first and key step in 
the control of pathogenic foodborne bacteria is the rapid and effective 
determination of the number and species of bacteria in complex food 
samples. 

Many techniques are currently available for the detection of food-
borne pathogenic bacteria (Campbell et al., 2021); however, the prob-
lems of sample matrix interference and detection sensitivity have not 
been solved. The gold standard for the detection of foodborne patho-
genic bacteria remains bacterial culture, count, and biochemical iden-
tification (de Boer & Beumer, 1999). While this method can yield a 
plethora of information from a sample, including the number and 
serotype of bacteria, its time consumption is high, and there is a possi-
bility of false-negative results (Lee et al., 2014). Moreover, 
enzyme-linked immunoassay based on the principle of immunity, 
various nucleic acid amplification techniques based on molecular 
biology, and gas chromatography-mass spectrometry (GC-MS), 
matrix-assisted laser desorption ionization/time-of-flight mass spec-
trometry (MALDI-TOF MS), and other large-instrument methods are 
commonly used for the detection of foodborne pathogenic bacteria 
(Saravanan et al., 2021). Although these methods provide accurate re-
sults, they require complex pretreatment processes, specialized opera-
tors, large instruments, and laboratory-dependent. Therefore, there is a 
need to develop methods and techniques that meet the “ASSURED” 
criteria (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, 
Equipment free, Deliverable to end users) and are suitable for in situ 
detection (Puiu & Bala, 2020). Biosensing technology is a rapidly 
growing field, which combines various biological components with 
signal transmissions to directly and rapidly determine various analytes. 
A new development trend is the concentration of sample preparation 
and assay response within the same device (Kant et al., 2018). The 
integration of microfluidics and biosensors offers solutions to the 
detection of foodborne pathogenic bacteria, and has attracted the 
attention of scholars in numerous fields. Biosensors are suitable for in 
situ detection and meet the ASSURED criteria, thereby allowing 
real-time monitoring. Microfluidic equipment has the advantages of a 
small sample size requirement, high detection efficiency, low cost, and 
easy integration with other technologies. Therefore, the integration of 
lab-on-a-chip technology with biosensors and microfluidics provides an 
excellent solution for point-of-care (POC) detection schemes. Thus, 
microfluidic biosensor detection systems are a promising technology for 
food safety detection. 

In recent years, the development and application of microfluidic 
biosensors have been reviewed. Some of these reviews provide a 
detailed introduction of a particular class of microfluidic sensors (e.g., 
optical sensors (Liao et al., 2019), surface Raman enhanced scattering 
sensors (SERS) (Chen, Das, et al., 2020), and electrochemical sensors 
(2016)), while some are based on the application of a particular tech-
nology (e.g., nucleic acid amplification (Shang et al., 2020) and novel 
materials (Salim & Lim, 2018)) in microfluidic biosensors. More often 
than not, integrated microfluidic devices are included as a section in 
reviews of biosensors (Jayan et al., 2020). However, there have been few 
comprehensive and specific reviews on microfluidic biosensors for 
foodborne pathogen detection, most reviews have summarized and 

compared the target recognition substances or functions of microfluidic 
biosensors, and have rarely introduced the differences in sensing signals. 

In this review, to provide a reference for researchers to select sensor 
types, the classification and functions of microfluidic biosensors are first 
introduced, after which the recent achievements of microfluidics in the 
detection of foodborne pathogenic bacteria based on different sensor 
signals are summarized. In addition, the application of clustered regu-
larly interspaced short palindromic repeats/associated proteins 
(CRISPR-Cas) in microfluidic biosensors is also introduced; the inte-
gration of the CRISPR-Cas system and microfluidic electrochemical or 
optical technology provides great convenience for detection, which is 
worthy of attention. Finally, the future development direction of the 
microfluidic detection of foodborne pathogens is proposed, which will 
provide a necessary reference for future research. 

2. Integration of microfluidics and biosensors 

In this section, the principle, classification, and development of 
microfluidic biosensors are first introduced, and the advantages and 
development of their integration are analyzed, which lays a theoretical 
foundation for the discussion of lab-on-a-chip technology. Fig. 1 pre-
sents a detailed application scenario, detection process, and full classi-
fication of lab-on-a-chip. 

2.1. Introduction to biosensors 

Biosensors are based on devices that measure signals generated by 
biochemical reactions in the presence of specific analytes or markers. 
They perform qualitative or quantitative analysis by measuring the 
specific signals generated by the analyte and their ligands. Biosensors 
are primarily composed of three parts, namely (1) a sensor element 
called a biological reporter or ligand, which is used to identify the target 
substance (such as the whole cells of foodborne pathogenic bacteria, 
nucleic acid, antigens, etc.), (2) a transducer, which converts chemical/ 
biological signals into detectable electrochemical/optical/thermal/ 
mass signals, and (3) a reader for signal amplification and readout. The 
two main classifications of biosensors are respectively based on the 
sensor element and transducer, respectively (Sawant, 2017). 

2.1.1. Classification of sensor elements for biosensors of foodborne 
pathogens 

The ligand can accurately capture foodborne pathogenic bacteria 
from a food substrate, and the affinity between the ligand and bacteria 
determines the performance of the biosensing (Pan et al., 2018). The 
selection of an appropriate ligand is beneficial for improving the sensi-
tivity, accuracy, and analysis speed of the sensor. 

Antibodies (recombinant antibodies, nanoantibodies): The spe-
cific binding of antigens-antibodies via non-covalent bonds or weak 
electrochemical interactions (e.g., electrostatic adsorption, hydrophobic 
interaction forces) provides high specificity and stability. Based on this 
principle, immunoassay methods, such as enzyme-linked immunoassay 
(ELISA), have been developed to specifically detect foodborne patho-
genic bacteria. The antibody has a “Y-shaped” structure consisting of 
two heavy chains and two light chains. The tip protein binds to the 
analyte, and the lower end helps the antibody attach to the surface of the 
carrier. Nanoantibodies were first reported in 1993; they have a small 
molecular weight and contain only one heavy chain variable region 
(VHH) and two conventional CH2 and CH3 regions, but the specific 
binding ability of the nanoantibody is no different from that of the 
original antibody. Nanoantibodies are more easily expressed, purified, 
and bioengineered, and are often used in the construction of 
immunosensors. 

Aptamers (DNA/RNA aptamers, peptide aptamers): Aptamers are 
short-nucleotide or short-peptide polymers, and include highly specific 
DNA/RNA/short peptide aptamers. Aptamers can be regarded as ana-
logs of antibodies and recognize various targets via structural specificity. 

X. Fu et al.                                                                                                                                                                                                                                       



TrendsinFoodScience&
Technology116(2021)115–129

117

Fig. 1. Process and detailed classification of microfluidic biosensor integrated system for detection of foodborne pathogenic bacteria.  
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In the detection of pathogenic bacteria, peptide aptamers are primarily 
used for the detection of protein molecules (such as the lipopolysac-
charides of gram-negative bacteria) due to their highly specific protein- 
protein interaction, while nucleic acid aptamers detect a wide range of 
targets, including inorganic molecules, whole cells, microorganisms, 
and proteins. 

Enzymes: In the biosensor, the catalysis of enzymes is used to pro-
duce signal molecules via biochemical reaction with the analyte. The 
signal intensity is related to the concentration of the analyte, which can 
be used for quantitative detection. The types of enzymes include 
oxidoreductase, hydrolase, and lyase. The application of enzyme sensors 
is broadened by enzyme modification based on the target substance. 
Enzyme modification is realized via physical and chemical processes. 
Recombinant enzymes are expensive and difficult to modify, and the 
storage, transportation, and experimental conditions of enzymes are 
extremely demanding. However, nanoenzymes, which are characterized 
by better sensitivity and stability, have overcome these disadvantages. 

CRISPR-Cas: The CRISPR-Cas system is an adaptive immune defense 
developed by bacteria and archaea throughout their evolutions to fight 
off invading viruses and foreign DNA. The CRISPR system provides 
immunity by integrating fragments that invade foreign DNA into the 
system and using the corresponding CRISPR RNAs (crRNAs) to direct the 
degradation of homologous sequences. Sequences complementary to 
crRNA are then cleaved by the corresponding Cas effector. The CRISPR- 
Cas system was first applied in gene editing, and has since been widely 
used in molecular diagnostics and detection with the discovery of the 
trans-cleavage ability of some effectors (e.g., Cas9, Cas12, Cas13, and 
Cas14). Cas12 and Cas9 identify double-stranded DNA, Cas13 identifies 
RNA, and Cas14 identifies single-stranded DNA. Because most food-
borne pathogens are double-stranded DNA, Cas9 and Cas12 are suitable 
for the detection of foodborne pathogens. To be precise, this recognition 
element can be considered as an enzyme-nucleic acid complex. 

Proteins: There are two main classes of proteins that can be used as 
recognition molecules for foodborne pathogens, namely carbohydrate- 
binding proteins and artificial protein scaffolds. Lectin is the most 
common carbohydrate-binding protein and usually has at least one site. 
Artificial protein scaffolds have high affinity and can be used as effective 
substitutes for antibodies. 

Molecularly imprinted polymers (MIPs): An important bio-
mimetic recognition technology is the use of MIPs to simulate natural 
enzymes and antibodies. In addition to meeting the high selectivity and 
specificity requirements of recognition elements, MIPs are characterized 
by the advantages of stability, simple preparation, and screening 
simplicity. 

2.1.2. Classification of the transducer for biosensors of foodborne 
pathogens 

The transducer converts the energy change during a reaction into a 
measurable signal. The level of the transducer surface signal and the 
auxiliary enrichment technology are also important factors that affect 
the sensor sensitivity (Bhalla et al., 2016). 

Electrochemical biosensors: Electrochemical microfluidic detec-
tion offers more sensitivity and real-time monitoring methods (Simoska 
& Stevenson, 2019). Electrochemical detection provides a more conve-
nient output than does optical detection and can be easily integrated 
into microfluidic systems. Biological or chemical events lead to changes 
in the impedance (resistance and reactance) of the liquid-electrode 
interface, and electrochemical microfluidic chips can directly convert 
other signals into electrical signals, thereby providing a convenient tool 
for quantitative analysis. There are several types of electrochemical 
microfluidic sensing, such as current-based Faraday sensing (amper-
e/voltammetry), sensing the accumulation of potential or charge (the 
potential method), or sensing dependent on conductivity (the conduc-
tivity method). Impedance sensing based on electrochemical impedance 
spectroscopy (EIS) is also a widely used technique. 

Optical biosensors: Optical sensors, the most widely used detection 

technology for lab-on-chip microfluidic biosensors, are based on 
absorbance, the reflectance of ultraviolet, visible, near infrared (NIR) 
light, or fluorescence emission as the recognition results. For optical 
biosensor chips, microfluidic devices are integrated with traditional 
optical detection instruments in the laboratory, such as inverted fluo-
rescence microscopes, digital CCD cameras, simple light emitting diodes 
(LEDs), laser diodes, and photodiode devices, thereby allowing for real- 
time monitoring capabilities and label-free possibilities while achieving 
high sensitivity. Optical sensors can be classified as labeled or unlabeled 
depending on whether the probe or target is labeled (chromophore or 
fluorophore). Marker-less sensors are based on the direct interaction of 
the sample with the transducer surface, resulting in a photonic signal 
(Poschenrieder et al., 2019). In fact, for microfluidic application, 
label-free sensors have been more interesting to researchers and have 
been studied in depth. While optical microfluidic chips can be easily 
connected to remote devices such as smartphones, they are susceptible 
to external physical interference (Senekerimyan, 2012). Optical detec-
tion includes colorimetric and absorbance detection, fluorescence 
detection, chemiluminescence detection, interferometry and surface 
plasmon resonance measurements, etc. 

Mass sensors and other sensors: Mass sensors measure small mass 
changes on the surface of the biosensor, and are less sensitive than op-
tical and electrochemical biosensors (Alhadrami, 2018); however, the 
use of quality sensors in foodborne pathogens is limited. There are two 
categories of quality sensors: bulk acoustic wave (BAW) resonators (also 
known as quartz crystal microbalance (QCM) sensors) and surface 
acoustic wave (SAW) resonators (Zhang, 2013). Thermometric bio-
sensors are often used in industrial dynamic monitoring. Moreover, 
there are a variety of combination biosensor detection schemes, such as 
electrochemical and fluorescence detection coupling. These types of 
sensors are less used in foodborne pathogenic bacteria detection, and 
therefore will not be further described. 

2.2. Introduction to microfluidic chips 

Microfluidic chip technology, also known as the micro-total analysis 
system (μTAS) method, was first introduced in the 1990s by Manz et al. 
(1990). After nearly 30 years of development, it has become an inde-
pendent research field of biochemical analysis. Microfluidic chips are 
processed by micro-processing technology to etch and process 
micro-channels on the substrates of the chips and eventually encapsulate 
them into inlet, intermediate, and outlet packaging chips. 

Many substrates can be used for microfluidic fabrication, among 
which silicon materials are widely used. Glass has become a substitute 
material for silicon production due to its good light transmittance, 
biocompatibility, and electroosmotic properties. While early chips were 
complicated and expensive, emerging elastic materials such as poly-
dimethylsiloxane (PDMS) and polymer materials such as polymethyl 
methacrylate (PMMA) are presently the most widely used materials for 
microfluidic chips. In the past ten years, microfluidic paper-based 
analytical devices (μPADs) have developed rapidly due to their inex-
pensiveness and convenient operation, among other advantages. They 
can also realize the detection of multi-fluxes and multi-targets via the 
utilization of patterns and fiber modification on the paper; thus μPADs 
have become the primary choice for POC testing (POCT) (Carrell et al., 
2019). The combination of hydrogel and 3D printing has also become a 
research hotspot in the field of microfluidic chips (Belder et al., 2015). 

The three common channel shapes of microfluidic chips used in 
different application scenarios are as follows. (1) T-shaped sensors can 
achieve complete laminar flow, and the downstream area can detect 
weak signals via signal accumulation to achieve the reduction of the 
limit of detection (LOD); (2) Y-shaped sensors detect the chemotaxis and 
susceptibility of pathogens, thereby allowing for hierarchical separa-
tion; (3) serpentine structures, such as the Christmas tree structure, are 
more complex. Via these structures, multiple liquid strands carrying 
substances of different concentrations repeatedly shunt and confluence 
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in a separated laminar flow to form a gradual concentration gradient 
perpendicular to the flow direction, which is suitable for gradient 
detection. 

2.3. Integration of microfluidics and biosensors: lab-on-a-chip 

Compared with traditional detection methods, biosensors are fast, 
accurate, and sensitive. As a unique advantage, microfluidic systems are 
often employed for biosensors to achieve miniaturization. Microfluidics 
allows for the integration of sample pre-processing, signal identification, 
and signal transmission (including amplification and output) on a single 
small chip. It also allows for the integration of multiple biosensors to 
achieve high throughput detection. The integration of microfluidics and 
biosensors for lab-on-a-chip technology combines the advantages of 
both, and is therefore characterized by accuracy, sensitivity, speed, 
stability, portability, high throughput, and the enabling of POC detec-
tion (Yaseen et al., 2017). 

The development of various technologies is also constantly trans-
forming biological microfluidic chips to improve their detection per-
formance and broaden their application scenarios. Nanomaterials are 
often used for the surface immobilization and signal amplification of 
captured elements in microfluidic chips. Smartphones have powerful 
central processing units (CPUs), executive connection functions, a high 
pixel count, a high-sensitivity camera, and an integrated light source. 
Therefore, the use of smartphones for optical detection is an increasingly 
growing field of POCT applications. Optical microfluidic biosensors 
combined with a smartphone can realize efficient automatic detection. 
However, complex and highly integrated microfluidic-biosensing chips 
are costly to fabricate, whereas paper chips are inexpensive for one-time 
field detection. 3D printing can produce more complex structures and 
more precise microfluidic devices to achieve more accurate inspection. 
These techniques are described in detail in a later section. 

3. Electrochemical microfluidic biochips for the detection of 
foodborne pathogenic bacteria 

Due to its sensitivity (both quantitatively and qualitatively), porta-
bility, relatively high speed, and ease of use, electrochemical detection 
on a microchip platform has become a popular technology implemented 
in field-portable devices. Microfluidic electrochemical detection has 
been successfully employed for the detection of foodborne pathogenic 
bacteria (Wang & Duncan, 2017d, such as Streptococcus mutants, Pseu-
domonas aeruginosa (Lillehoj et al., 2014), and Salmonella (Hsieh et al., 
2015). It has also been used for the detection of DNA-encoding bacterial 
toxins, such as cholera toxin (Bunyakul et al., 2015). Numerous of 
studies on electrochemical sensors have been conducted in recent years, 
and have revealed their great potential in the rapid identification and 
detection of foodborne pathogens (Simoska & Stevenson, 2019). Some 
of the existing electrochemical-based microfluidic biosensor devices are 
summarized in Table 1. 

3.1. Electrochemical microfluidic biochips based on current detection 

Ampere detection and volt-ampere measurement are two current- 
based detection methods. Current detection techniques allow for the 
use of different potentials to monitor currents (Chen et al. 2017), and are 
characterized by fast response and high sensitivity. However, their use is 
restricted to analytes with specific enzymes that catalyze redox re-
actions. Specifically, oxidoreductase catalyzes a biochemical reaction, 
which is converted into a shift in the current on the electrode surface 
that is proportional to the concentration of the analyte, which is used for 
the analyte quantification. With the application of new nanomaterials, 
label-free monitoring is currently achievable. 

Altintas et al. (2018) designed and manufactured a fully automatic 
electrochemical device based on microfluidic technology to detect E. coli 
in water samples, in which the biosensor performs real-time ampere 

measurements on an integrated microfluidic device. In this article, the 
authors compared the differences between the standard sandwich 
method and the nanoparticle-enhanced sandwich method. Based on the 
principle of immunology, the horseradish peroxidase (HRP) was 
designed to fix the antibody of E.coli on the surfaces of PMMA or gold 
nanoparticles (AuNPs), which can be used as the respective capture el-
ements for the standard sandwich method and nanoparticle enhance-
ment method. The HRP-labeled anti-E.coli antibody acts as a signal 
amplifier and forms an immobilized Ab/bacteria/anti-E.coli antibody 
(enzyme-labeled) sandwich body in the presence of bacteria. HRP cat-
alyzes 3,3′,5,5′-tetramethylbenzidine (TMB) to produce a redox signal, 
which is finally converted into the current signal output. Compared with 
the that of standard sandwich scheme, the LOD of the nano-particle 
enhanced sandwich scheme is nearly 400 times lower, and the dy-
namic detection range and LOD are 10–3.97 × 107 CFU/mL and 50 
CFU/mL, respectively. 

Although AuNPs are a common choice for the surface immobilization 
of capture elements, other nanomaterials are promising choices as 
substrates for antibody fixation due to their conductivity, and they can 
therefore be directly used as an antibody immobilization carrier. In 
another lab-on-a-chip study, Dhull et al. (2019) proposed a novel 
label-free ampere microfluidic biochip based on antibody-antigen 
binding to detect E. coli O157:H7. The covalent binding of the anti-
body to the NiO-film accelerates charge transfer via the NiO, thereby 
improving the efficiency of target capture without markers. The results 
of electrochemical sensing showed that the linear range was 101–107 

CFU/mL and the LOD was 1 CFU/mL, thereby demonstrating high 
selectivity and specificity for other bacterial species. 

Voltammetry is also divided into cyclic voltammetry (CV), linear 
scanning voltammetry (LSV), and differential pulse voltammetry (DPV). 
DPV is a derivative of LSV and steps scanning voltammetry, which re-
duces the background current and has higher sensitivity. Jiang et al. 
(2021) designed a filamentous electrochemical microfluidic device to 
detect Vibrio parahaemolyticus in seafood. The carbon base is covered 
with nylon fibers to form a working electrode (WE), and together with 
the counted electrode (CE) and the reference electrode (RE), it is 
concentrated on a screw to form a simple, small-scale microfluidic 
electrochemical device. Molybdenum disulfide (MoS2) and DNA 
aptamer were fixed on the electrode surface, and the DNA concentration 
of Vibrio parahaemolyticus was detected by DPV with an LOD of 5.74 
CFU mL− 1 within 30 min without DNA amplification. 

The CRISPR-Cas system has also been combined with electro-
chemical sensors for ultrasensitive DNA detection. For example, Dai 
et al. (2019) fixed a methylene blue (MB) labeled DNA single strand on 
the gold surface as the signal transmission element (Fig. 2A). In the 
presence of the target DNA, it binds to the CRISPR-Cas12a complex and 
stimulates the trans-cleavage ability of the Cas effector. In this detection 
system, the lower LOD of 50 pM can be achieved. Based on this, Xu et al. 
(2020) changed labeled single-stranded DNA into a hairpin structure, 
and then completed the cutting process on the gold surface, which was 
found to further improve the detection sensitivity. Moreover, the sensor 
can detect a single-base mismatch. However, both of these systems are 
based on signal reduction, which may affect the detection range (Wang 
et al. 2019), and both are only a portion of the sensor system, not the 
entire system. 

3.2. Electrochemical microfluidic biochips based on impedance detection 

Impedance sensors are another common type of electrochemical 
sensor. They work by monitoring the changes in the resistance or 
capacitance of the sensor surface at a fixed potential and then displaying 
or recording the change in the measured value after a measurement 
circuit. This is the result of complex interactions with a limited ampli-
tude voltage signal as a negative frequency function (Randviir & Banks, 
2013). In comparison to amperometric measurement devices, imped-
ance biosensors are label-free and do not rely on any particular enzymes 
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Table 1 
Some selected studies about electrochemical microfluidic biosensors.  

Sensor type Target Food matrix Chip materials Bioreceptor Single amplification LOD/Linear range Number of 
samples tested 

Time Point of 
Care 

Ref. 

ampere E. coli milk PDMS Anti-E. coil MP enzyme labeled antibody 55 CFU mL− 1 in PBS 
100 CFU mL− 1 in milk 
/102-108 CFU mL− 1 

1 1 h ++ Laczka et al. 
(2011) 

current S. Typhimurium – PDMS LAMP label free 4 fg μL− 1 or 0.8 copies μL− 1 

/1.6 × 101–1.6 × 104,copies 
1 <1 h ++ Hsieh et al. 

(2012) 
LSV E.coli – PDMS and 

glass 
Hoechst 33258 
redox molecule 

DNA amplification 24 CFU mL− 1 of bacteria and 
8.6 fg μL− 1 of DNA 
/48–4.8 × 105 CFU mL− 1 

1 60 
min 

+ Safavieh et al. 
(2012) 

DPV S. aureus milk paper Ab-SWCNT bio- 
conjugates 

label free 13 CFU mL− 1 

/10-107 CFU mL− 1 
1 30 

min 
++ Bhardwaj et al. 

(2017) 
ampere Salmonella spp. – silicone aptamer LAMP/enzyme labeled 

aptamer 
1 copy 
/1-104 copies 

8 <30 
min 

+++ Huang et al. 
(2018) 

ampere S. typhimurium human stool PMMA Ab/aptamer AuNPs-enzyme labeled 
antibody/AuNPs-aptamer 

bacteria 
1 CFU mL− 1 

/1–5.41 × 107 CFU mL− 1 

DNA 
0.94 μM/0.002–200 μM 

1 42 
min 

+++ Savas et al. 
(2018) 

voltage Salmonella milk glass capillary 
+ PDMS 

antibody Ag-MNPs-PSs 33 CFU mL− 1 

/3.7 × 101–3.7 × 106 CFU 
mL− 1 

1 <2 h + Hou et al. 
(2019) 

impedance L. monocytogenes and 
S. aureus 

meat PDMS antibody K3 [Fe(CN)6]/K4 [Fe(CN)6] L. monocytogenes 
5 CFU mL− 1 

S. aureus 1.26 CFU mL− 1 

2 – +++ Primiceri et al. 
(2016) 

impedance and 
fluorescence 
imaging 

E. coli O157:H7 and 
S. aureus 

– PDMS + PEG antibody label-free 102 CFU mL− 1 

/102-105 CFU mL− 1 
2 – ++ Tian et al. 

(2016) 

impedance E. coli – PDMS – label-free 5 × 104 CFU mL− 1 

/1.24 × 105–2.47 × 107 CFU 
mL− 1 

1 6 min + Liu et al. 
(2017) 

impedance L. monocytogenes milk glass antibody label-free 5.5 CFU mL− 1 

/2.2 × 103–1 × 102 CFU 
mL− 1 

3 – ++ Chiriacò et al. 
(2018) 

impedance S. typhimurium – PDMS Ab-MoS2-NS-ITO label-free 1.56 CFU mL− 1 

/101-107 CFU mL− 1 
1 38 

min 
++ Singh et al. 

(2018) 
impedance E. coli O157:H7 Egg shell wash 

samples and tap 
water 

PDMS + glass PDDA/AuNP@Ag label-free 500 CFU mL− 1 

/2 × 103–2 × 105 CFU mL− 1 
1 <1 h ++ Wang et al. 

(2018) 

impedance E. coli O157:H7 and 
S. typhimurium 

raw chicken 
products 

glass antibody focusing electrode S. typhimurium 
10 CFU mL− 1 

/10–120 CFU mL− 1 

E. coli O157:H7 
13 CFU mL− 1 

/13-103 CFU mL− 1 

1 <1 h ++ Abdullah et al. 
(2019) 

impedance S. typhimurium apple juice paper PAMAM(NH2)64- 
Ab 

label-free 5 CFU mL− 1 

/50-103 CFU mL− 1 
1 <1 h ++ Silva et al. 

(2019) 
impedance E.coli – PDMS AuNPs-Ab label-free 12 CFU mL− 1 

/2.4 × 5–2.4 × 56 CFU mL− 1 
1 5 min ++ Zhao et al. 

(2020) 

-: not given; PDMS: Polydimethylsiloxane; PMMA: polymethyl methacrylate; PEG: Polyethylene glycol; MP: magnetic particles; LAMP: loop-mediated isothermal amplification; AuNP: gold nanoparticles; Ab: antibody. 
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for analyte detection. Instead, they depend on a unique biosensor that 
specifically binds to the analyte, such as DNA, antibodies, aptamers, and 
various synthetic affinity proteins. 

μPADs have achieved tremendous development in the past decade. 
For instance, Wang et al. (2013) developed an impedance immuno-
sensor based on a graphene paper electrode modified with AuNPs for the 
sensitive and rapid detection of E. coli O157:H7. Antibodies to E. coli 
O157:H7 were connected to the paper electrode via biotin-Streptomyces 
avidin and the target bacteria were captured, thereby inducing a 
measurable change in impedance that was linearly related to the bac-
terial concentration. This method can be used to detect E. coli O157:H7 
at concentrations as low as 1.5 × 102 CFU/mL. 

The most significant problem with microfluidics is its poor sensitivity 
and lack of repeatability, one reason for which is the inherent limitations 
of dry reagents stored on paper-based devices, and the fact that the 
properties of the reagents, especially their solubility, change over time 
during storage and use (Carrell et al., 2019). Therefore, Farka et al. 
(2016) reported another promising method; they established and tested 
an impedance immunosensor to detect Salmonella typhimurium in milk 
samples with additives. The specific antibody was immobilized on 
screen-printed electrodes (SPEs) by a glutaraldehyde-activated cyste-
amine monolayer, and the change in impedance between the two gold 
electrodes caused by the direct binding of bacteria was determined. The 
samples were heated and ultrasonically treated to improve analytical 
performance. The detection results of Salmonella after heat treatment 
and ultrasonic treatment were the best; the LOD was 1 × 103 CFU/mL, 
and the detection level could reach 108 CFU/mL. The high selectivity of 
this method was verified by specificity and cross-reactivity analyses. The 
overall time of analysis (including sensor and sample incubation) was 
20 min. 

As previously stated, 3D printing is also used to manufacture 
microfluidic devices and nanomaterials used for enhancing electrode 
signals. For instance, Chen et al. (2016) recently proposed a new type of 
impedance of the microfluidic biological sensing platform, which com-
bines 3D printing and microfluidics to quickly detect Listeria. Lister-
ia-urease-AuNPs-MNP complexes formed in the fluid separation chip, 

and by using electrochemical impedance spectroscopy analysis, the LOD 
was obtained within 1 h and was as low as 1.6 × 102 CFU/mL, revealing 
a high recovery rate and good specificity. 

The microfluidic biosensor is characterized by online, automated, 
and sensitive bacterial isolation and potential detection. Tan et al. 
(2011) studied a microfluidic impedance immunosensor for the identi-
fication of Staphylococcus aureus and E. coli. The sensor uses a 
self-assembled (3-glycidoxypropyl) trimethoxysilane-modified nano-
porous layer to immobilize antibodies and record the impedance using 
electrochemical impedance spectroscopy. The detection principle is 
presented in Fig. 2B. The LOD of this method is 102 CFU/mL, the 
analysis time is only 2 h, and the cross-reaction is minimal. 

4. Optical microfluidic biochips for the detection of foodborne 
pathogenic bacteria 

With the continuous development of optical detection and micro-
fluidic chip technologies, optical detection has been increasingly more 
introduced into microfluidic chips, and the new field of microfluidic 
optics (optofluidics) has emerged. In microfluidic optical chips, the 
optical detection system and microfluidic chip are closely combined, 
thereby forming many unique overall structures. Furthermore, this 
combination improves the function and performance of the microfluidic 
chip. The application of optical detection technology also enhances the 
detection accuracy and anti-interference ability of optofluidics. In the 
detection of foodborne pathogenic bacteria, fluorescent microfluidic 
chips, colorimetric microfluidic biochips, surface plasmon resonance 
(SPR) combined with microfluidic chips and SERS microfluidic chips are 
commonly used. Some of the existing optical-based microfluidic 
biosensor devices are summarized in Table 2. 

4.1. Fluorescence sensing in microfluidic chips 

Among the various optical detection mechanisms in microfluidic 
detection, fluorescence-based detection is by far the most widely used. 
This is mainly attributed to the easy coupling of fluorescence excitation 

Fig. 2. Electrochemical detection of foodborne pathogens on microfluidic devices. (A) Principle of E-CRISPR detection system (Dai et al., 2019). (B) A PDMS 
microfluidic chip structure and impedance sensing mechanism to detection E. coli O157:H7 and Staphylococcus aureus (Tan et al., 2011). 
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Table 2 
Some selected studies about optical microfluidic biosensors.  

Sensor type Target Food matrix Chip 
materials 

Bioreceptor Single 
amplification 

LOD/Linear 
range 

Number 
of 
samples 
tested 

Time Point 
of 
Care 

Ref. 

fluorescence E.coli O157:H7 fat-free milk glass anti-E. coli 
O157:H7 
antibody 

quantum dot- 
secondary 
antibodies 

5–10 CFU mL− 1 

0–106 CFU 
mL− 1 

1 20 
min 

+++ Zhu et al. 
(2012)  

S. aureus and S. 
enterica 

– PDMS/ 
paper/ 
glass 

aptamer fluorescent label S. enterica 
61 CFU mL− 1 

/42.2–675 
CFU mL− 1 

S. aureus 
800 CFU mL− 1 

/104-106 CFU 
mL− 1 

96 10 
min 

++ Zuo et al. 
(2013)  

E. coli – PDMS/ 
PMMA 

aptamer fluorescent label 74 CFU mL− 1 

/7.4 × 104–7.4 
× 107 CFU 
mL− 1 

5 150 
min 

++ Jiang et al. 
(2014)  

S. typhimurium – paper CdSe/ 
ZnS@SiO2–NH2 

composite 
nanoparticles 
(FNPs) 

label free 3.3 × 102 CFU 
mL− 1 

/6.6 × 102–6.6 
× 104 CFU 
mL− 1 

1 – ++ Wang et al. 
(2014)  

E. coli O157:H7 – PDMS aptamer – 102 CFU mL− 1 1 3 h ++ Jiang et al. 
(2017)  

S. Typhimurium milk glass anti-Salmonella 
Dynabeads 

label-free 4 CFU mL− 1 

/102-107 CFU 
mL− 1 

1 2 
h–8 
h 

+++ Pereiro et al. 
(2017)  

S. Typhimurium milk PDMS none fluorescent 
imaging 

4 × 102 CFU 
mL− 1 

1 30 
min 

++ Azizi et al. 
(2019)  

E.coli and 
S. aureus 

milk PDMS none fluorescent 
imaging 

103 CFU mL− 1 1 20 
min 

++ Duven et al. 
(2019)  

Salmonella milk PDMS none resazurin 50 CFU mL− 1 12 5 h ++ An et al. 
(2020)  

E.coli 
S. typhimurium, 
and S. aureus 
(MSSA) 

environmental 
water 

paper protamine- 
polystyrene 

label-free E. coli and 
S. Typhimurium 
101 CFU mL− 1 

S. aureus 102 

CFU mL− 1 

1 <10 
min 

+++ Kim et al. 
(2021) 

colorimetric E. coli O157:H7, 
Salmonella 
typhimurium, and 
L. monocytogenes 

ready-to-eat 
(RTE) meat 

paper enzymes label-free 101 CFU/cm2 4 8 h ++ Jokerst et al. 
(2012)  

Salmonella 
typhimurium 

poultry 
packaging 
liquid 

paper aptamer PCR and 
smartphone 

total bacteria 
count: 
103 CFU mL− 1 

1 5 
min 

++ Fronczek 
et al. (2014)  

E. coli milk – Antibody- 
functionalized 
MNCs magnetic 
nanoparticle 
clusters 

label-free buffer: 10 CFU 
mL− 1 

milk: 102 CFU 
mL− 1 

1 1 
min 

+ Lee et al. 
(2015)  

E. coli O157:H7, – PC aptamer EBT LAMP 380 copies 25 60 
min 

++ Oh and Seo 
(2019)  

E. coli O157 – PDMS aptamer HNB LAMP 10 fg/μg 1 45 
min 

++ Wang, Kim, 
and An 
(2017)  

Salmonella, E. 
coli, and Vibrio 
cholerae 
detection, 

– PMMA calcein LAMP 3 × 10− 5 ng 
mL− 1 

30 60 
min 

+++ Sayad et al. 
(2018)  

Salmonella 
typhimurium 

milk paper Dynabeads anti- 
Salmonella 

β-galactosidase and 
CPRG 

buffer: 102 

CFU mL− 1 

milk: 103 CFU 
mL− 1 

1 90 
min 

++ Srisa-Art 
et al. (2018)  

MRSA – PDMS 
glass 

aptamer Mg2+ LAMP 30 CFU mL− 1 1 40 
min 

+++ Ma et al. 
(2019)  

E. coli O157:H7 – PMMA aptamer EBT LAMP 102 CFU mL− 1 20 60 
min 

+++ Nguyen et al. 
(2019)  

E. coli DH5-α apple juice paper antibody- 
modified 
magnetic 
particles 

antibodies 
conjugated to β-gal 

laboratory 
samples: 
9.2 CFU mL− 1 

apple juice: 
920 CFU mL− 1 

1 90 
min 

++ Schaumburg 
et al. (2019) 

SERS E. coli glass antibody IO–Au NOVs 210 CFU mL− 1 1 50 s ++

(continued on next page) 
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and detection systems with microfluidic devices. However, large 
external detectors such as microscope optics, CCDs, or photomultiplier 
tubes (PMTs) generally increase the size and complexity of the detection 
system and increase the analysis time. The current effective alternative 
is to use LEDs for excitation and photodetection, which reduce the cost 
of fluorescent microfluidic devices and can be easily integrated with 
simple field detection equipment. Fluorescent microfluidic systems have 
been widely used in the detection of bacteria and their toxins. 

The capture of the target substance is crucial for detection sensitivity. 
Li et al. (2021) developed a fluorescent microfluidic detection device for 
bacterial capture and completed the sensitive detection of E. coli in a 
variety of food substrates. Rolling circle amplification (RCA) is an 
isothermal amplification technique; under the action of DNA polymer-
ase, the single-strand amplification of circular DNA molecules is 
completed to obtain repeated ssDNA sequences, which are used for 
signal amplification or signal capture. The unit aptamer was fixed on the 
surface of PAMAM and then coupled on the inner surface of PDMS. After 
in situ RCA amplification, the aptamer was used for the specific capture 
of E. coli, and the capture process was 2 h. Moreover, the source of 
fluorescence in this study was FITC-labeled E. coli. Similarly, Chen, Li, 
et al. (2020) achieved the capture of drug-resistant E. coli on PDMS and 
glass microfluidic chips via aptamer-modified Ag10NPs immobilized on 
the chips, and the fluorescence source was silver nanoparticles (AgNPs). 
For this method, no additional labels are required. Moreover, combined 
with bright-field imaging, the capture detection can be completed 
within 1 h, and the LOD is 102 CFU. 

Due to the inappropriate use of antibiotics, bacterial resistance is 
becoming an increasingly serious public health hazard. The drug 
sensitivity test is the gold standard for the detection of the antibiotic 
sensitivity of bacteria. In the authors’ previous research, a Christmas 
tree-structured PDMS microfluidic chip that can be used for gradient 
dilution for high-throughput drug susceptibility detection was devel-
oped (Sun et al., 2021). Ofloxacin and ampicillin were respectively 
injected into the two entrances of the chip, and were then continuously 
mixed and separated through the serpentine channel to create different 
concentrations of antibiotics (Fig. 3A). Bacteria were then inserted at a 
third inlet distinguished from the antibiotic inlet, where they reacted 
with the antibiotic in a reaction zone, and the survival state of Salmonella 
was detected by fluorescence. This chip has good stability and a good 
linear relationship with the mixture of solutions. Furthermore, the 

effects of long-term acidification processes on bacterial drug resistance 
were simulated, and revealed the real-time monitoring potential of 
changes in drug resistance. 

Song et al. (2020) designed a microfluidic chip for the detection of 
Staphylococcus aureus based on the immune method, and the detection 
was found to be completed in only 4 min. In this work, microsphere 
labeled antibodies were fixed on the surface of the microfluidic chip to 
capture bacterial cells and form a sandwich structure. When the injec-
tion flow rate was 5 μL min− 1, the chip achieved the best performance. 
Moreover, the LOD was found to be 1.5 × 101 CFU/μL, and the quan-
titative range was 1.5 × 101–1.5 × 104 CFU/μL. 

In the research by Geissler et al. (2020), the processes of bacterial 
cleavage, DNA amplification, and microarray detection were integrated 
on a microfluidic chip to develop the automation of a portable sample to 
answer chip for the rapid detection of E. coli. The chip is manufactured 
by cyclic olefin copolymer and consists of 11 chambers, of which 
chamber 1 is used for cleavage, chamber 4 is used for PCR amplification, 
and chamber 6 is used for detection. The dominant serotypes of enter-
ohemorrhagic E. coli were identified using Cy3 (green) and Cy5 (red). 
This portable integration platform is highly integrated, automated, and 
functional, and is characterized by strong analytical capabilities. How-
ever, the highly integrated chip is expensive due to the complicated 
manufacturing process. Furthermore, the multiplex detection potential 
of PCR and hybridization must be further developed, for this chip to be 
used to distinguish and identify different foodborne pathogens and 
different types of pathogens (such as mycotoxins, bacteria, and viruses). 
The CRISPR-Cas system, combined with DNA amplification, enables the 
high sensitivity of current molecular assays. Chen, Mei, et al. (2020) 
designed a similar highly integrated microfluidic chip, called CAS-
MEAN. Fluid transfer from the chamber to chamber is accomplished via 
centrifugal force. Moreover, by integrating DNA amplification and the 
CRISPR-Cas cleavage detection system on a single chip, FAM-ssD-
NA-BHQ1 is used as a fluorescent source to achieve a DNA detection 
limit of 1 aM. The chip has 32 reaction units and has been successfully 
used in the detection of Pseudomonas aeruginosa, which verifies that the 
chip can be used for high-throughput, and high-sensitivity detection and 
POCT in the food safety field. 

Table 2 (continued ) 

Sensor type Target Food matrix Chip 
materials 

Bioreceptor Single 
amplification 

LOD/Linear 
range 

Number 
of 
samples 
tested 

Time Point 
of 
Care 

Ref. 

commercial 
chicken broth 

Madiyar 
et al. (2015)  

E. coli, 
Salmonella 
typhimurium, 
methicillin- 
resistant 
S. aureus 

– – antibody label free 10 CFU mL− 1 4 – + Kearns et al. 
(2017)  

E. coli and 
S. xylosus 

Fanta soft- 
drink 

silicon – Ag nanoplate 
aggregate–Au@Ag 
vertical 

recognize 
bacterial 
mixture 

1 – + Wang, 
Hynninen, 
et al. (2017)  

E. coli – PMMA – label free 103 CFU mL− 1 1 – +++ Chang et al. 
(2019)  

resistant E. coli 
and S. aureus 

– PDMS – label free 103 CFU mL− 1 100/ 
mm2 

2 h ++ Huang et al. 
(2020)  

E. coli DH5α and 
Pseudomonas 
taiwanensis 
VLB120 

water PDMS nanoporous 
membrane 

AgNPs – 1 fast ++ Krafft et al. 
(2021) 

SPR Salmonella spp – PDMS aptamer Ag/Al 
PCR 

15th cycle 9 30 
min 

++ Nguyen et al. 
(2017) 

-: not given; PDMS: Polydimethylsiloxane; PMMA: polymethyl methacrylate; EBT: eriochrome black T; PC: polycarbonate; β-gal: β-galactosidase; IO–Au NOVs: iron 
oxide–gold core-shell nano-ovals. 
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4.2. Colorimetric sensing in microfluidic chips 

Colorimetric detection is the most convenient detection method, and 
can be easily connected to various commercial devices (e.g., smart 
phones and flatbed scanners) to further amplify the signal with the 
assistance of digital signal processing. In recent years, colorimetry has 
been extensively used in biochemical and medical analysis, forensic 
diagnosis, glucose and protein concentration detection, toxin detection, 
foodborne pathogen detection, and other fields. 

Regarding drug-resistant bacteria detection, Ma et al. (2020) devel-
oped a colorimetric microfluidic sensor for high-throughput drug 
sensitivity detection assays, similar to the research of the present 
research group. The specific detection of Campylobacter was completed 
on glass and PDMS plates, and 102 CFU/25 g and 104 CFU/25 g of 
Campylobacter were successfully detected in artificially contaminated 
milk and poultry meat, respectively. Compared with the work of the 
present research group, Ma et al. (2020) realized the specific detection 
between species and genera without the need for external fluorescence 
equipment; however, the detection time is longer, and real-time moni-
toring is not possible. 

The colorimetric method is often used in highly integrated detection 
systems for convenient indication. Jin et al. (2020) integrated DNA 
amplification and detection on a self-priming PMMA chip, and the 

change of the solution in the reaction chamber from lilac to light blue is 
considered a positive detection result. Moreover, this chip can simul-
taneously detect six samples. The reaction chip was used to detect 219 
food and meat samples, and only one of the results was inconsistent with 
the conventional biochemical test results, which reflects the excellent 
performance of the chip in-field detection. Further, Liu et al. (2020) 
designed a centrifugal PMMA chip that concentrates sample pretreat-
ment, signal amplification, and detection in the same system. The chip 
has two units that can simultaneously pretreat two samples and detect 
five pathogenic bacteria; its detection limit is 101–102 CFU/mL and its 
use has been verified in river water. 

3D printing, also referred to as additive manufacturing, can be used 
to create personalized parts based on actual needs. Oh and Seo (2019) 
employed 3D printing technology to print a solution pre-loaded car-
tridge combined with a centrifugal-type carousel microfluidic control, 
thereby eliminating the steps of sample loading, pipetting and chip 
sealing, and truly automating the microfluidic assay device. The chip has 
20 reaction chambers and can simultaneously detect 18 samples 
(excluding one positive control and one negative control). A proof of 
concept was completed with five foodborne pathogens, and the detec-
tion limit was found to reach 100 CFU mL− 1. The three centrifugal chips 
have the same principle and slightly different detection limits, and the 
3D printed-based cartridge greatly increases the degree of automation of 

Fig. 3. Optical detection of food-
borne pathogens on microfluidic de-
vices. (A) The fluorescence detection 
platform with microfluidic chip to 
detect drug-resistant Salmonella (Sun 
et al., 2021). (B) Schematic representa-
tion mechanism of the formation of 
Au/Pt NCs, peroxidase mimetic and 
paper-based detection of S. aureus 
(Pebdeni & Hosseini, 2020). (C) Ultra-
sensitive multiplex optical quantifica-
tion of bacteria with microfluidic chip 
(Pazosperez et al., 2016). (D) Applica-
tion of Dual DIC microscopy and 
RO-SPR imaging apparatus in micro-
fluidic (Boulade et al., 2019).   
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the detection system. 
In colorimetric methods, the color change of a chromogenic agent is 

usually used for qualitative or semi-quantitative detection. The main 
disadvantages of colorimetric detection include its low sensor sensitivity 
and selectivity; however, quantitative analysis can be successfully car-
ried out if colorimetric detection is combined with image recognition 
technology and mobile phones (Mauk et al., 2018). For instance, Park 
et al. (2013) used antibody-conjugated polystyrene nanoparticles to 
detect Salmonella typhimurium on a paper microfluidic chip. In addition 
to the use of a spectral instrument, portable smartphone detection was 
also employed to measure the light-scattering intensity. The LOD of this 
method is at the single-cell level, and the overall measurement time is 
less than 1 min; thus, this method is highly sensitive and portable. 
Pebdeni and Hosseini (2020) designed a Y-shaped paper-based micro-
fluidic device for the detection of Staphylococcus aureus (Fig. 3B), in 
which synthetic Au/PtNCs are used to reduce TMB. In the presence of 
Staphylococcus aureus, Au/PtNCs@aptamer binds to the bacteria, after 
which it loses its redox ability and becomes lighter in color. This color 
change can be detected semi-quantitatively with the naked eye and 
quantitatively with the assistance of a UV spectrophotometer. This de-
vice was found to have a linear range of 102–108 CFU/mL and an LOD of 
80 CFU mL− 1. 

4.3. SERS detection in microfluidic chips 

SERS technology has significant potential as a tool for the detection 
of foodborne pathogens, offering the advantages of a rapid measurement 
time, high resolution, high sensitivity, and ease of operation (Cui et al., 
2019). Because the Raman peaks of all bacteria are very similar, the 
ability of SERS to recognize and distinguish bacterial species and strains 
depends on the biorecognition probe. The sensitivity of SERS relies on 
the preparation process of the sample, the nature of the substrate and 
diagnostic nanoparticles used, and the binding force of bacteria on the 
active surface of the SERS device (Yang et al., 2016). The advantages of 
cutting-edge microfluidic technology have been used to integrate SERS 
into microfluidics to fabricate portable biosensors for the 
high-throughput and ultra-sensitive detection of various bacteria (Aba-
fogi et al., 2020). 

For instance, a SERS-based microfluidic device was successfully 
demonstrated by Walter et al. (2011), and includes a laser microscope 
setup mounted on top of a microfluidic channel for the extremely precise 
detection and identification of various strains of E. coli. Wang, Madiyar, 
et al. (2017) developed a self-referencing protocol implemented with a 
nano-dielectrophoretic microfluidic device that exhibits excellent 
sensitivity (10 CFU/mL) and strain-level discrimination by measuring 
the superimposed SERS signatures with multiple characteristic peaks. 
Via the development of a scheme consisting of a microfluidic system and 
a micro-pump, the researchers were able to detect individual bacteria. 
AgNPs were used as SERS amplification signals for detection, and Raman 
scattering could amplify the concentration of bacteria to several expo-
nential levels to realize the detection of low concentrations of bacteria. 
As exhibited in Fig. 3C, numerous bacterial strains were detected and 
analyzed using a 785 nm laser at concentrations of 106 CFU/mL under a 
Raman microscope (Pazosperez et al., 2016). 

Measurements based on multiple SERS microfluidic platforms have 
been reported in other studies for the identification of numerous food-
borne pathogens (e.g., S. typhimirium, S. enteritis, Pseudomonas aerugi-
nosa, L. monocytogenes, L. innocua, and methicillin-resistant 
Staphylococcus aureus (MRSA) 35 and 86) (Mungroo et al., 2016). Chen 
et al. (2015) reported a label-free near-infrared SERS (NIR-SERS) 
approach for distinguishing pathogens in drinking water. The method 
depends on the in-situ synthesis of AgNPs in a bacterial cell suspension. 
It can distinguish E. coli, Pseudomonas aeruginosa, MRSA, and Listeria 
spp., and the minimum LOD of 103 CFU/mL was achieved in 5 min. 
Mungroo et al. (2016a) developed a SERS-based rapid detection system 
for multiple pathogens that uses enhanced nano-silver signals to 

distinguish eight kinds of foodborne pathogens. Therefore, it is possible 
to operate easier, lower-cost, rapid, and disposable detection equipment, 
thereby allowing food safety analysis to be accessed by ordinary people. 
Moreover, the integration of smartphones and different portable sensing 
devices provides a globally recognized platform for end-users to easily 
and simply perform different complex utility analyses (Almeida et al., 
2018). 

4.4. SPR detection sensing in microfluidic chips 

SPR is a type of optical technology that depends on the change of the 
refractive indices of the metallic surface on which the target molecule is 
fixed. When light, guided by a prism, is incident on the metal film at a 
specific angle, it will excite a special type of electromagnetic wave on 
the metal surface, which is called a surface plasmon. As this angle of 
incidence is particularly sensitive to the side of the metal opposite to the 
medium environment, the metal surface causes an angular shift. This 
displacement can be measured non-invasively in real-time. SRP tech-
nology is characterized by the advantages of real-time detection, easy 
preparation, and being label-free. However, due to the similar refractive 
indexes of cellular and aqueous media and the limited penetration of 
metals (Pires et al., 2014), SPR sensors are generally not very sensitive 
and not unsuitable for the detection of larger objects (e.g., whole bac-
teria). Localized surface plasmon resonance (LSPR) or SPR imaging 
(SPRi) technology is usually used to improve the detection sensitivity. 

The latest advances in plasma technology combined with advanced 
nanotechnology have promoted a new generation of SPR biosensors 
with excellent sensitivity, multiplexing, and quantification capabilities. 
Vaisocherová-Lísalová et al. (2016) designed a poly (carboxybetaine 
acrylamide)-based SPR microfluidic detector for the multiplexed 
detection of Salmonella and E. coli. Specific antibodies are labeled on the 
surface of the SPR chip to capture foodborne pathogenic bacteria, 
thereby forming an antibody1-bacteria- antibody2 complex. The AuNPs 
bind only to the complex, receive the light source and generate a signal 
output. E. coli and Salmonella were both detected in a cucumber (57 
CFU/mL and 7.4 × 103 CFU/mL, respectively), and in a hamburger (17 
CFU/mL and 1.7 × 103 CFU/mL, respectively). The LODs of different 
species and genera were found to be significantly different, which re-
duces the possibility of the cross-infection of the detection results. 

The integration of SPR and imaging technology enables the auto-
mated real-time detection of food samples, and the resultant chip is 
called an SPRi-chip. Wang et al. (2016) developed a 3-MPA/Au SPR chip 
for the monitoring of the antigen-antibody binding process of E. coli. 
CCD was combined with an SPR microfluidic chip, and the detection 
sensitivity was found to be 2.5 × 103 CFU/mL. The sensitivity of this SPR 
microfluidic detection system is four orders of magnitude higher than 
that of the ELISA kit, thereby providing a portable, sensitive and stable 
foodborne pathogenic bacteria detection solution. Similarly, Boulade 
et al. (2019) recently developed a point-array microfluidic control 
technology platform based on resolution-optimized prism-based SPRi 
(RO-SPRi) for the detection of Listeria monocytogenes and Listeria inno-
cua. Individual cells on the sensor surface can be counted in a 1.5 mm2 

field of view with the assistance of the differential interference coher-
ence microscopy system. The detection of Listeria monocytogenes and 
Listeria innocua was verified via the detection of 15 ± 4 bacteria/mm2 

within 90 min. 
SPR excitation requires strict conditions, such as prism coupling, 

grating coupling, etc., and is selective to the direction of the incident 
light; in contrast, LSPR can be excited only by matching the incident 
photon frequency with the overall vibration frequency of noble metal 
nanoparticles or metal islands conducting electrons. Yoo et al. (2015) 
developed a microfluidic detection device based on an aptamer capture 
scheme. As shown in Fig. 3D, Au and Si nanoparticles have a strong 
absorption effect on photon energy and LSPR occurs, thereby forming a 
strong resonance absorption peak in the spectrum. The detection limit of 
Salmonella and three other pathogens within 60 min was found to be as 
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high as 30 CFU/mL, which verifies that the detection system has high 
sensitivity and strong specificity, and can be used for multi-channel 
detection and POCT. 

5. Challenges and prospects 

At present, the application of microfluidic chips in the detection of 
foodborne pathogens is increasing, and is characterized by a certain 
universality. Simply put, different targets can be detected on a single 
chip via the use of the same principle and the replacement of different 
capture elements. Microfluidic biosensing devices have the advantages 
of high sensitivity, high specificity, user-friendliness and portability. 
Nevertheless, despite the rapid growth of this emerging field over the 
past decade, some challenges remain to be addressed. 

(1) According to the existing testing equipment, the task of inte-
grating the sample-to-answer process into one platform remains 
difficult to achieve. Most microfluidic biosensor devices can fully 
integrate the two processes of detection and signal output on the 
chip, but the integration of the sample pretreatment process re-
mains in the preliminary stage. The main reason for this is that 
different food substrates have different complicated processing 
methods.  

(2) Although it has been demonstrated that microfluidic biosensing 
chips can be used for multiplexed assays, they are prone to cross- 
contamination, which affects the accuracy of the assay results. 
The confinement between the chip chambers and the specificity 
of the capture elements must therefore be considered. 

A qualified POCT microfluidic biosensor should meet the ASSURED 
criteria. Given the problems outlined previously, subsequent research 
can be carried out from the following aspects: (1) the optimization and 
simplification of the pretreatment method of the food matrix, and (2) the 
development of new capture elements, such as magnetic capture mate-
rials, to accurately and effectively capture multiple pathogens from 
complex food samples, thereby further simplifying the entire detection 
process and improving the detection sensitivity. 

The use of differentiated markers, such as upconversion micro 
barcodes (Zhang et al., 2011) or new markers, improves the specificity 
of the assay and reduces the occurrence of false-positive or 
false-negative results. The CRISPR-Cas system can detect single-base 
mismatches, which can be used to improve the specificity of micro-
fluidic biosensor systems. Moreover, 3D printing can produce more 
complex structures and more precise microfluidic devices, which can 
increase the airtightness between chambers and achieve more accurate 
inspection. 

6. Conclusion 

Compared with other foodborne pathogen detection methods, 
microfluidic technology has unique advantages, particularly its on-site 
detection capability. Microfluidic technology can greatly shorten the 
sample processing time via the precise control of liquid flow, maximize 
the use of consumable reagents, and integrate the entire laboratory 
function on a microchip, thereby providing unlimited prospects for 
pathogenic microorganism detection and other fields. For the practical 
application of the detection of foodborne pathogens, the optical biochip 
appears to be more convenient. Furthermore, methods based on nucleic 
acid amplification are more sensitive, especially when combined with 
the CRISPR-Cas system. New materials such as textiles, nanomaterials 
and carbon can be used to make microfluidic chips that are cheaper, 
simpler and more powerful, and mobile phones and other imaging de-
vices can be used to improve the sensitivity of detection. However, there 
remain challenges to the realization of the extensive application of the 
detection of foodborne pathogenic bacteria in the POCT field. Integra-
tion with 3D printing and other technologies will accelerate the 

application of microfluidic biosensor chips. 
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