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cal substances cause more than 200 diseases - ranging from
diarrhea to cancers. Also, it is estimated that 600 million peo-
ple fall ill because of contaminated food, with detrimental ef-
fects on human health. More than 70% of all emerging dis-
eases come from animal sources (Kuiken et al., 2005).

A crucial issue in controlling easily transmitted diseases
is to achieve a rapid, selective and specific method of assess-
ment for pathogen detection. At present, efforts are needed
to elaborate new tools that can be practically applied for the
discrimination of pathogens and to trace their spread to avoid
global threats in the environmental and healthcare sectors.

Efforts toward establishing standards in developing coun-
tries with limited resources are of great importance to public

Introduction

Pathogens in food and water threaten animal production
and the food supply, with severe financial impacts. The con-
sumption of unsafe food products contaminated by bacteria,
viruses, parasites or chemicals responsible for foodborne dis-
eases is the one of the major burdens on public health and
presents a significant obstacle to socioeconomic development
all over the world. According to WHO, unsafe food and wa-
ter containing harmful bacteria, viruses, parasites, or chemi-
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Fig. 1 - Principles of biosensor usage.

health. Conventional and official methods for the detection
and identification of pathogens principally rely on specialized
molecular and culture methods. The culture methods are very
effective and sensitive, but they have high cost and take along
time. On the other hand, molecular methods focusing on an
amplification of a targeted gene are more descriptive and spe-
cific, and can be completed in a shorter time. Unfortunately,
they need more expensive consumables for extraction and to
achieve accuracy. Nevertheless, they can be used in the field,
although they require costly equipment and trained personnel
to perform. Thus, there is still a need for rapid and affordable
detection and identification tools with high sensitivity and se-
lectivity (Vidic et al., 2017; 2019).

Biosensors have raised great interest in recent years. They
are considered as powerful emerging tools for the detec-
tion of various biomarkers for both healthcare and environ-
mental monitoring (Kotsiri et al., 2019; Manzano et al., 2018;
Vidic et al., 2017). A biosensor is a small device that trans-
forms the recognition of a biological molecule (DNA/RNA, an-
tibody, protein, whole cell etc.) into a signal (electrochemical,
optical, piezoelectric, nanomechanical, mass-sensitive, etc.)
(Choi et al., 2018). Biosensors can provide rapid response in a
short time, ultrasensitive detection of biomolecules, and have
the potential to be miniaturized for portable use, requiring
minimal sample processing compared to conventional ana-
lytical methods. A schematic figure of a typical biosensor is
shown in Fig. 1.

Biosensors can potentially be used in the food industry,
healthcare sector, farming, water treatment and water anal-
ysis. Biosensors have been utilized in several real-time ap-
plications. In particular, lab-on-a-chip devices give the pos-
sibility to perform multiple laboratory processes in a semi-
automated, miniaturized format. A lab-on-a-chip integrates
one or several laboratory functions in a single integrated sys-
tem that allows sample preparation and detection on the
same chip. A lab-on-a-chip requires an extremely small sam-
ple volume to detect microorganisms (Liu et al., 2014). This
device takes advantage of the basics of the physics, manipula-
tion and study of minute amounts of fluids. The rapid develop-
ment of microfluidics, biotechnology and nanotechnology has

raised a lot of interest in the development of new biosensors
for the detection of foodborne pathogens.

Biosensors can be categorized based on the type of trans-
ducers and operating principles utilized, as an effective trans-
ducer can provide repeatable and reliable signals. Optical
biosensors take advantage of optical characteristics such as
absorbance, fluorescence and chemiluminescence. The recog-
nition elements are primarily enzymes and antibodies, while
devices are fabricated using fiber optics and optoelectronic
transducers. Plasmonic biosensors, utilizing methods such as
surface plasmon resonance, localized surface plasmon reso-
nance, and surface-enhanced Raman scattering, are based on
optical phenomena generated by light, which interact with
conducting interfaces in thin films and nanoparticles that
have smaller sizes than the incident wavelength. Optical sens-
ing systems still need to be digitized or displayed as an elec-
tronic signal.

Acoustic biosensors based on piezoelectric crystals operate
by detecting the binding of the analyte (target) by its modula-
tion of the crystal oscillation frequency. The physical proper-
ties of the acoustic wave are then correlated with the amount
of bound analyte. However, this type of biosensor has prob-
lems with the detection of substances in viscous liquids be-
cause the crystals may cease to oscillate.

The fundamental principle of an electronic-based biosen-
sor is that it immobilizes the biomolecules on solid electronic
supports and activates electronic coupling and electronic cir-
cuity that assures effective signal transference from the ac-
tive biomolecules. The degree of electronic coupling between
the biomolecules and electronics depends mainly on the prop-
erties of the electrode surface. A range of methods has been
developed to optimize both the selectivity and strength of
the generated electronic signals (Willner and Katz, 2000). The
chemical composition of the biomolecules and electrode ma-
terial and biochemistry dictate the success of the sensor’s
measurement. Similarly, electrochemical biosensors (amper-
ometric, potentiometric, conductometric, and impedimetric)
rely on current, voltage, capacitance or impedance measure-
ments to detect the binding between the receptor and the tar-
get, which converts the biochemical reaction into a measur-
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able electrical signal. Impedance biosensors exploit the inter-
actions of biomolecules with a conductive or semiconducting
transducer surface to observe the resultant current (Knopf and
Bassi, 2018).

The limit of detection refers to the lowest analyte concen-
tration that can be reliably distinguished from the assay back-
ground. The permissible limits of microorganisms present in
food and water differ according to the type of matrix and the
effect of the organism on human health. For instance, ISO
:2017 defines the absence of Salmonella from food and there-
fore the use of a method with low limits of detection is im-
portant to ensure public health protection. In contrast, ac-
cording to European guideline 2006 7 /EK, the presence of 500
CFU of E. coli and 200 CFU of enterococci in 100 mL of sea-
water permits the description of recreational water as "Good
quality". Therefore, for recreational water analysis a method
with a higher detection limit could be safely used. To improve
biosensor sensitivity and reach low limits of detection, many
strategies can be employed; notably, utilization of nanomate-
rials for signal enhancement or improvement of sensor sur-
face functionalization (Cui et al., 2020; 2019; Farre et al., 2020;
Vidic et al., 2019; Vizzini et al., 2020; 2019). Other strategies to
increase detection sensitivity include pathogen magnetic pre-
concentration prior to analysis, using for instance magnetic
beads decorated with aptamers that bind specifically to the
target (Kotsiri et al., 2019), or coupling an enzymatic reaction
to the recognition event, using for instance antibodies con-
jugated with horseradish peroxidase enzyme (Vizzini et al,,
2020). Additionally, pathogen pre-concentration prior to anal-
ysis enables separation of the target from the food and in that
way eliminates molecules from the matrix that may interfere
with the recognition event.

This paper summarizes an overview of the latest commer-
cialized and technological advances in the biosensors for the
detection of bacteria and viruses in water and food matrices.
To provide a better understanding of the appropriate sensing
mechanisms, each section is categorized based on the target
organisms and their applications. The important issues in wa-
ter and food environment are identified, and the perspective
of biosensor-based strategies for water and food environment
monitoring is discussed.

1. Materials and methods
1.1.  Search strategy

A systematic review of the literature was done by searching
articles (i.e., journal articles, magazine articles, proceedings
of conferences and extended abstracts published) during the
period from 1st of January 2010 to 31st of December 2019,
in databases like Pubmed, ScienceDirect, and Scopus corre-
sponding to PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines (Liberati et al., 2009).
The search strategy was based on electronic data as shown
above: ("biosensor") and ("bacteria" or" virus") and ("food" or
"water") and ("lab on a chip").

The search focused on researched published articles with
no exclusion in terms of language in peer-reviewed journals
or international conference proceedings. Detailed information
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Fig. 2 - Flowchart for literature review.

about the biosensors, the applied method, the target microor-
ganism, the matrix, and the limit of detection were reported.
The initial search yielded 177 studies. Each record’s title and
abstract were screened and subjected to inclusion criteria,
shown in Appendix A Table S1, and duplicates were removed,
resulting in 154 studies. Finally, sixty - six studies met all inclu-
sion criteria and were analyzed. The remaining articles were
evaluated for relevance. The documents that had passed the
initial screening were read to determine the inclusion and ex-
clusion criteria. The process followed is reported in Fig. 2.

1.2.  Statistical analysis

Statistical analyses and graphical presentations were per-
formed with the IBM SPSS Version 25.0 statistical software
package and Microsoft Excel to correlate the microorganisms
and applied biosensing methods. A significance level was
adopted (p<0.05). A chi-square statistic was calculated to ex-
amine if there is a correlation between the applied methods
and microorganisms.

2. Results

This systematic review retrieved the applications of biosen-
sors on food and water samples. The final selected articles
and information on the authors, publication year, microor-
ganisms, type of growth, method of determining the pres-
ence of the microorganisms and limit of detection are pre-
sented in Table 1 with their corresponding references. The
European Food Safety Authority (EFSA) and WHO reported
that Campylobacter, Salmonella, Listeria, Enteropathogenic E. coli
and Yersinia are the five most widespread bacterial pathogens,
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Table 1 - Total records for biosensor applications in food and water.

Microorganism Matrix Method Limit of Detection (LOD) Reference

S. enterica Culture Microcantilever 103 CFU/mL Ricciardi et al., 2010

E. coli K12 Cultured bacteria Electrochemical biosensor 10% CFU/mL RoyChaudhuri and Dev

Das, 2010

E. coli Fresh spinach Surface plasmon 103 CFU/ mL Linman et al., 2010
resonance (SPR)

HAV, HEV Culture Electrochemical 0.5 ng/mL, 1.0 ng/mL Tang et al., 2010
immunosensor array

E. coli Apple juice, orange juice =~ Magneto-elastic (ME) 102 CFU/mL Xue et al., 2012
resonant u-diver system
(MER-uds) is proposed
and prototyped

S. enterica serovar Enteritidis, Mineral water, raw cow SPR 2.8 CFU/mL Bouguelia et al., 2013

S. pneumoniae, E. coli milk, frozen ground meat

0157:H7

E. coli Culture Electrochemical detection 1 CFU/mL Heidenreich et al., 2013
of microbial 16S
ribosomal RNA

E. coli Culture Plate count technique Not mentioned Bajwa et al., 2013
using arrayed
microelectrodes

C. jejuni Culture Microresonator Not mentioned Poshtiban et al., 2013

E. coli Culture Optical transmission <102 cells Kee et al., 2013
(EOT) phenomenon in
plasmonic nanohole

E. coli Culture Optical-immunoassay 5.7 x 10! CFU/mL Ma et al., 2013

S. typhimurium Chicken breast Microfluidic 10% CFU/mL Kim et al., 2014
nano-biosensor

V. parahaemolyticus Aquatic sewage water, FMN:NADH 10 CFU/mL Peng et al., 2014

oyster oxidoreductase

S. typhimurium Culture Electrical biosensor 103CFU/mL Nguyen et al., 2014

S. agalactiae Milk Lab-on-a-chip 10 CFU/uL Fernandes et al., 2014
magnetoresistive
cytometer, microfluidic

S. mutans, P. aeruginosa Culture Impedance biosensor 10° CFU/mL Lillehoj et al., 2014

L. pneumophila Water Optical microfluidic 4 x 10* cells/mL Pires and Dong, 2014
devices

Norovirus Lettuce Electrochemical biosensor 6 x 10! copies/mL Hong et al., 2015

Planktothrix agardhii Freshwater Nanoparticles based 6 x 10*2 mol/L target DNA  Olcer et al., 2015

NIVA-CYA116 amperometric biosensor

Campylobacter spp. Poultry meat Microscale electrodes 9 x 10~ mol/L Morant-Mifana and

Elizalde, 2015

L. monocytogenes Lettuce Impedance biosensor 3 x 102 CFU/mL Chen et al., 2015

E. coli 0157, E. coli Culture Optical biosensor 5 x 102 cells Tachibana et al., 2015

E. coli Culture Optical biosensor 10° - 107 CFU/ mL Tang et al., 2015

E. coli Water, milk, blood, and Visual detection usinga  10'-10° CFU/mL Choi et al., 2016

spinach samples smartphone

Norovirus Culture Electrochemical Not mentioned Kitajima et al., 2016
aptasensor

S. typhimurium Culture Acoustic wave 102 BCE/sample Kordas et al., 2016

L.monocytogenes Culture Latinum interdigitated 5.39 CFU/mL Sidhu et al., 2016
array microelectrodes

HS5N1 Poultry Aptasensor fluorenscence 0.4 HAU Xu et al., 2016

E. coli 0157:H7, S. Culture Optical biosensor- LAMP 3.8 x 102 copies Oh et al., 2016

typhimurium, V. & Eriochrome Black T

parahaemolyticus (EBT)

Bacillus. anthracis Culture SPR 10°> —107 spores/mL Adducci et al., 2016

L. monocytogenes Culture Colorimetric sensing 2.17 x 10? CFU/mL Alhogail et al., 2016
nanoparticles

Tobacco mosaic virus E. coli Optical biosensor- LAMP 9.1 ng/mL Zang et al., 2016

L. monocytogenes Culture Electrochemical 1.6 x 10?> CFU/mL Chen2016
impedance analysis

S. agalactiae Milk Lab-on-a-chip 102 CFU/mL Duarte 2016

magnetoresistive
cytometer, microfluidic

(continued on next page)
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Table 1 (continued)

Microorganism Matrix Method Limit of Detection (LOD) Reference

Salmonella spp., E. coli, S. Culture Protein chip, antibody; 40 CFU/mL Poltronieri et al., 2016

aureus, Campylobacter spp. biosensors;

and Listeria spp.

V. parahaemolyticus Oyster Immunoassay 10 cells Park et al., 2017

monoplex S. typhimurium, S. Water, milk Optical LAMP 5 x 10! CFU Park et al., 2017

typhimurium and V.

parahaemolyticus

S. Enteritidis, S. typhimurium  Culture Supercritical angle 1.6 copies/uL Hung et al., 2017
fluorescence

E. coli 0O157:H7 Culture Graphene-interfaced 10'-10? cells/mL Pandey et al., 2017
electrical biosensor

L. monocytogenes Culture Ortable electronic Not mentioned Sharma et al.,2017
andmicrofluidic setups

Salmonella spp. Culture Optical biosenor 10° Refractive Index Unit Nguyen et al., 2017

(RIU)
Norovirus Culture Electrical aptasensor 10~ mol/L Chand and Neeethirajan,
2017

S. typhimurium Culture QCM-based aptamer 103 CFU/mL Wang et al., 2017
selection

S. aureus Culture Phage peptide Phage De Plano et al., 2017

S. aureus Milk; Lab-on-a-chip 102 CFU/mL Duarte et al., 2017
magnetoresistive
cytometer, microfluidic

L. monocytogenes Tuna, salmon and shrimp, Optical LAMP 10? copies of L. Pisamayarom et al., 2017

E. coli, Salmonella spp, V.
cholerae

S. typhimurium

E. coli

E. coli

E. coli NCTC 13,441

Salmonella spp.
S. typhimurium

E. coli

E. coli, S. mutans, B. subtilis

coli, P. putida

enterica serovar Enteritidis,
coli

enterica, L. monocytogenes,
coli

Salmonella serogroups

S. enterica

Salmonella spp., S. aureus, E.
coli

E. coli 0157:H7,

S. typhimurium, V.
parahaemolyticus and L.
monocytogenes
Salmonella typhimurium

frosen seafood
Chicken

Beef

Culture
Culture
Culture

Milk

Culture

Culture

Autoclave water, tap
water, water lake, milk

Culture
Water, milk

Juice

Chicken, ready to eat
turkey

Vegetable salad, egg yolk,
egg white, whole egg and
minced pork meat
Culture

Mik

Culture, apple juice

Lab-on-paper chip

Optical LAMP
Lab-on-paper chip
Electrochemical process
SPR

Microfluidic device
encapsulating
Electric-dielectrophoretic
impedance measurement
(DEPIM) of the microbeads
Acoustic

Spiny gold nanoparticles
joined with aptamer
Supercritical angle
fluorescence
Electrically-receptive
thermally-responsive
(ER-TR)

Optics-free platform
Electrochemical DNA
analysis

Optical biosensor

Impedance biosensor

Antibody, immobilized on
protein AG-magnetic
beads direct PCR
Colorimetric detection of
LAMP

Colorimetric detection of
LAMP

Immunomagnetic
separation, fluorescence
labeling

monocytogenes DNA per 50 g
of sample
3 x 10> ng/uL

10 CFU/mL
3 x 102 CFU/mL
Not mentioned

5 x 10 copies/reaction

2 cells/uL
4 CFU/mL

5 x 10* Refractive Index
Unit (RIU)
5 cells/mL

10 CFU/mL
1.2 x 108 copies/mL,
9.6 x 106 copies/mL
10 CFU/mL

7 cells/ mL

2 CFU/mL

3 x 10! CFU/sample, 3 x 10?
CFU/sample, 3 x 10!

CFU/sample
10° bacterial cells/mL

5.8 x 10* CFU/mL

Sayad et al., 2017
Thiha et al., 2018
Galvan et al., 2018
Li et al., 2018
Nakano et al., 2018
Papadakis et al., 2018
Ma et al., 2018
Ferdman et al., 2018
Khan et al., 2018
Koo et al., 2018

Park et al., 2018
Wei et al., 2018

Jasim et al., 2019

Vinayaka et al., 2019

Trinh et al., 2019

Oh and Seo, 2019

Wang et al., 2019

(continued on next page)



372

JOURNAL OF ENVIRONMENTAL SCIENCES I11 (2022) 367-379

Table 1 (continued)

Microorganism Matrix Method Limit of Detection (LOD) Reference
S. typhimurium Milk samples Antibodies magnetic 3.3 x 10 CFU/mL Hou et al,, 2019
nanoparticles (MNPs) -
PSs and electrical voltage
change
S. typhimurium Chicken Magnetic nanoparticle 1.4 x 10 CFU/mL Zhang et al., 2019
(MNP) colorimetric
biosensor
E. coli 0O157:H7 Culture Heat killed FITC-labeled 102 cells/mL Hao et al., 2019
fluorescence aptamer
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Fig. 3 - Research methods used in this study: (a) Percentage of methods used in sensors in the eligible papers; (b) Percentage
of articles with biosensors according to matrix; (c) method usage according to microorganism.

while Norovirus is the most widespread foodborne virus
(EFSA, 2018; Vossen, 2001). The majority of the biosensors pre-
sented in Table 1 target these pathogens. The detection of
some non-prevalent pathogens such as Listeria is also fre-
quently elaborated because of the high mortality rate of lis-
teriosis. The biosensors were individually analyzed using the
biological system and the matrix and allowing comparison
of their limits of detection. Currently developed methods are
based on nucleic acid amplification, biosensors, flow cytom-
etry, spectrometry techniques and multi-sensor systems. Pa-
pers were organized according to the methods applied on the
biosensors (Fig. 3a) and the matrix (Fig. 3b). A bar chart was
used for displaying target organisms and applied methods
(Fig. 3c). The impedance biosensors were categorized sepa-
rately from electrical biosensors due to the large number of
studies employing these methods. The figure presents the ap-
plication of the methods on the target microorganism.

A chi square test of independence was performed to ex-
amine whether the relation between various microorganisms
and the applied methods are independent of one another.
The results of the statistical analysis suggest that the rela-
tion between the variables was marginally significant (N = 93),
p = 0.056. The results are presented in Appendix A Table S2.

2.1. Escherichia coli

One of the most common bacteria associated with foodborne
and waterborne illnesses is E. coli. The necessity of handling
outbreaks like a triggering event with spinach led scientists
to develop analytical tools (Linman et al., 2010). The meth-
ods have been focused on the recognizable elements of the

bacterial surface. The methods included the use of aptamers
(Wei et al., 2018) and antibodies (Kee et al., 2013) to achieve
immobilization on nanoparticles (Khan et al., 2018). Various
strategies have been applied including Polymerase Chain Re-
action (PCR) (Poltronieri et al., 2016; Tachibana et al., 2015),
loop mediated isothermal amplification (LAMP) (Oh et al.,,
2016), surface plasmon resonance (SPR) (Bouguelia et al,
2013; Galvan et al.,, 2018; Xue et al., 2012), fluorescence
(Ferdman et al., 2018), spectroscopy (Tang et al., 2015) and elec-
trochemistry (Koo et al., 2018; Pandey et al., 2017). Other inte-
grated microfluidic systems included provision of the washing
solution, elution solution, a channel for DNA extraction as well
as the detection method (Bajwa et al., 2013; Oh and Seo, 2019).

Surveys were conducted concerning the need for quan-
tification. A very interesting approach proposed amplifica-
tion and visual detection or quantification using a smart-
phone (Choi et al., 2016). The method was tested success-
fully in a number of matrices such as drinking water, milk,
blood, and spinach. Another researcher (RoyChaudhuri and
Dev Das, 2010) developed a biomolecule-compatible electri-
cal model which quantifies the number of immobilized anti-
bodies. Focusing on the results reported in Table 1, a method
was developed focused on the detection and specificity of mi-
crobial 16S ribosomal RNA of E. coli cells in meat samples
(Heidenreich et al., 2013). There was a stage of short pre-
enrichment followed by an RNA isolation and biochip mea-
surement. The procedure was able to detect cells (about 1
CFU/mL) within 7 hr.

Li et al. (2018) demonstrated a microfluidic device encap-
sulating a coplanar waveguide for the discrimination of live
and heat-killed E. coli cells suspended in culture media us-
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ing microwave signals over the frequency range of 0.5-20 GHz.
Detection was accomplished by measurement of the reflected
microwave signals, which were caused by the reduction of the
cytoplasm conductance and permittivity upon cell death.

Recent technological advances have allowed researchers
to develop a centrifugal microfluidic automatic wireless end-
point detection system integrated with LAMP that can per-
form 30 reactions at the same time (Sayad et al., 2018). Sim-
ilar works have assessed microfluidic devices using the LAMP
method (Trinh et al., 2019; Oh and Seo, 2019).

Using a microfluidic system, Hao et al. (2019) suggested a
combination of dendrimers and aptamers as recognition ele-
ments for E. coli 0157:H7 detection. This strategy enhanced the
sensitivity due to the multiple binding sites on the targeted
cells.

2.2. Salmonella spp.

Salmonella spp. constitutes one of the primary risks for food-
borne disease and is a threat to public health. It is among the
most frequently reported causes of foodborne disease. Even
though the classic culture media technique is the gold stan-
dard testing method, it is time consuming and 2-5 days are
necessary to confirm a diagnosis.

Many works have focused on meat products, dairy, vegeta-
bles, beverages and cultures. A large number of studies have
used nanoparticles to concentrate bacteria, such as quantum
dots (Kim et al.,, 2015), magnetic beads (Wei et al., 2018) and
quartz crystals (Wang et al., 2017). Binding was also achieved
with beads functionalized with specific aptamers (Ma et al,,
2018), conjugated with an electrode (Thiha et al., 2018) or
antibodies (Ricciardi et al., 2010). Methods applied included
LAMP (Oh et al., 2016), PCR (Hung et al., 2017; Poltronieri et al.,
2016), impedimetric sensors (Jasim et al., 2019; Nguyen et al.,
2014), acoustic wave sensors (Kordas et al., 2016), and SPR
(Bouguelia et al., 2013). The limits of detection ranged from
2 to 103 CFU/mL with results obtained within a minimum of
30 min. The 20% of papers dealing with Salmonella detection
applied multiplex methods for simultaneous detection of sev-
eral bacteria (Sayad et al., 2018) or viruses (Sharma et al., 2017).
Efforts were made for the development of an integrated mi-
crofluidic sensor that gave precise results by image analysis
performed with a smart phone application (Zhang et al., 2019).

A microfluidic device that took advantage of centrifugal
forces was integrated in a system to detect four bacteria
(Oh and Seo, 2019). The system included DNA extraction filled
with silica micro-beads and LAMP cocktails for specific bac-
terial genes amplification. The multiplexed LAMP allowed the
simultaneous analysis of 18 samples with the limit of detec-
tion of 103 CFU/mL.

A micro-nanotechnology method was applied in milk
(Papadakis et al., 2018). This acoustic biosensor used magnetic
beads combined with antibodies to capture cells after a pre-
enrichment step. In the assay, the LAMP method was applied
for DNA amplification. The results showed a limit of detection
of about 2 cells/uL.

Despite the ongoing research in the biosensor field, there
is still a need to evaluate and improve biosensor devices, to
decrease the procedure time, and to reduce the cost as well
as to improve the limit of detection. Recently, in an attempt
to address the aforementioned issues, many different biosen-

sor systems have been reported. A combined system was de-
veloped with an integrated rotary microfluidic system appro-
priate for DNA extraction, LAMP and a colorimetric lateral
flow strip (Park et al., 2017) for the detection of monoplex
S. typhimurium and multiplex S. typhimurium and Vibrio para-
haemolyticus. The process was based on a centrifugal microflu-
idic platform on a single disk. The limit of detection was at 50
CFU/sample.

An interesting study was presented by
Nguyen et al. (2017) who combined the PCR technique with
SPR into one device that was able to achieve fluorophore-free
detection of amplicons. This method managed not only to
amplify the DNA of S. typhimurium but also to give a precise
measurement using the SPR fiber sensor part. The SPR fiber
sensor was reusable and showed advantages for diagnostic
applications.

A pathogen evaluation system based on microfluidics us-
ing a simple film was presented for the detection of S. enteri-
tidis (Park et al., 2018). The device was capable of simultane-
ous gene amplification, solution mixing and electrochemical
detection through the use of polyimide and polyester films de-
posited onto a polycarbonate housing chip. The process lasted
about 10 min and detected 9.6 x 10° copies/mL of S. enteritidis
in milk samples.

Another method for detection used antibodies immobi-
lized on magnetic beads for binding (Vinayaka et al., 2019).
Then, direct PCR was performed without requiring DNA ex-
traction and the associated product loss. A limit of detection
of 2 CFU/mL was observed in a variety of samples such as veg-
etable salad, egg yolk, egg white, whole egg and minced pork
meat.

A lab-on-a-chip method focused on microdevices was able
to perform all necessary procedures for Salmonella, E. coli
0157:H7 and S. aureus detection in food samples (Trinh et al,,
2019). A paper-embedded device was used for complete DNA
extraction and amplification by the LAMP method. Colorimet-
ric changes provided a response within 75 min. The microde-
vice was able to detect 3 x 10? CFU/sample.

Wang et al. (2019) developed an online process for the de-
tection of Salmonella. The device concentrated bacteria with
immune magnetic nanoparticles to increase the specificity.
The magnetic bacteria were labeled with the immune fluo-
rescent microspheres, which allowed fluorescence emission.
A smart phone application permitted quantification of the flu-
orescence. The biosensor achieved a lowest detection limit of
58 CFU/mL, with dynamic range from 1.4 x 102 to 1.4 x 10°
CFU/mL.

A rapid screening method was proposed for high sensitiv-
ity Salmonella detection. Magnetic nanoparticles were modi-
fied with anti-Salmonella monoclonal antibodies to bind bac-
teria cells, and polystyrene microspheres (PSs) were modified
with anti-Salmonella polyclonal antibodies and catalases. The
magnetic nanoparticles were transported to the PSs via a poly-
mer tube and the electrical voltage change was monitored.
The biosensor achieved a detection limit as low as 33 CFU/mL
(Hou et al., 2019).

2.3.  Listeria monocytogenes

L. monocytogenes is one of the most important food pathogens.
Its presence has been investigated in seafood and beverage
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matrices and cultures. For its detection, studies have mainly
focused on optical and impedimetric methods. These have
been based on antibodies (Poltronieri et al., 2016), nucleic
acids (Alhogail et al., 2016), modified magnetic nanoparticles
(Chen etal.,, 2015; Wei et al., 2018) or platinum microelectrodes
(Sidhu et al., 2016). The detection methods were LAMP, PCR
and impedimetric measurement (Chen et al., 2016). Multiplex
PCR has also been evaluated (Sharma et al., 2017).

Another study reported a colorimetric assay for L. mono-
cytogenes detection with magnetic nanoparticles. A D-amino
acid was used as a substrate because it could bind with Lis-
teria protease and provide color changes in contaminated
solutions containing gold nanoparticles and some reagents.
The method could identify the microorganisms at 2.17 x 102
CFU/mL.

An interesting study used an optical biosensor, based on a
lab-on-paper chip, for the identification of the hly gene of L.
monocytogenes in raw and frozen seafood (Pisamayarom et al,,
2017). The assessment was integrated with LAMP and the flu-
orescence signal was provided by SYBR dye, all in a single chip
platform. The analysis provided high sensitivity (100%), with
a detection limit of 100 copies of the target hly gene.

Lastly, an integrated automatic molecular sensor used a
centrifugal microfluidic device for the detection of Listeria
among three non-related bacteria (Oh and Seo, 2019). The de-
vice contained positions for sample loading, washing solution,
an elution solution and a LAMP mix. As the device rotates, the
reagents are released. The procedure was completed in 65 min
time and enabled the processing of 18 samples and two con-
trols at the same time. The limit of detection for Listeria was
10® CFU/mL in milk samples.

2.4.  Vibrio spp.

Cholera is responsible for 1.3 to 4.0 million cases and causes
21,000 to 143,000 deaths annually worldwide (Ali et al., 2015).
About 7% of the selected articles have involved Vibrio spp.
(Fig. 3c). The methods have been applied on meat, seafood,
dairy products and bacterial cultures. Preconcentration is
achieved with a bacteriophage coupled with luciferase, a bi-
oluminescent system (Peng et al., 2014) and particles labeled
with antibodies. Overall, the recognition of Vibrio spp. was vi-
sualized using optical sensing, LAMP (Oh and Seo, 2019) and
luminescence.

A microfluidic device was developed that enabled control
with a zigzag-shaped microchannel sand RPM (Oh et al., 2016).
An intriguing technique was applied for detection of Vibrio
parahaemolyticus based on a stationary liquid-phase lab-on-a-
chip (Park and Choi, 2017). This technique was used to capture
particles functionalized with an antibody and labeling parti-
cles functionalized with horseradish peroxidase and an anti-
body. The device included a sample chamber, a washing cham-
ber and a detection chamber connected by two channels. In
the sample chamber, the two types of particles were mixed
with the sample and the agglomerate was transported to the
detection chamber containing a chromogenic substrate solu-
tion. V. parahaemolyticus in contaminated oyster samples was
detected with a limit of detection of 10 cells.

A centrifugal microfluidic device was developed contain-
ing Bluetooth® wireless technology to send results to a smart-

phone. The detection was confirmed by LAMP (Sayad et al.,
2018). The microdevice could perform 30 reactions at the same
time for V. cholerae strains and other species in a 60 min anal-
ysis.

In addition, Park et al. (2017) worked on a combined sys-
tem that was developed with an integrated rotary microflu-
idic system appropriate for DNA extraction, LAMP and a col-
orimetric lateral flow strip. The multiplex assay included S. ty-
phimurium and V. parahaemolyticus detection based on a cen-
trifugal microfluidic platform on a single disc. The limit of de-
tection achieved was 50 CFU/sample.

2.5. Streptococcus spp.

Among the other bacteria, Streptococcus spp. is a major cause
of human and veterinary morbidity and mortality world-
wide. Biosensors have been proposed to screen milk and
water samples for Streptococcus. Increased specificity was
obtained with magnetically labeled specific antibodies and
peptides (Duarte et al., 2016). The detection comprised SPR
(Bouguelia et al., 2013), an impedance array (Lillehoj et al,,
2014), a cytometer and an electrical sensor (Fernades et al,,
2014). Multiplex analysis has been also tested (Lillehoj et al,,
2014).

A tool was assessed for diagnosis of bovine mastitis
in the agricultural sector caused by Streptococcus agalactiae.
Milk samples were selected and mixed with a solution that
combined specific antibodies and magnetic nanoparticles to
achieve rapid and accurate detection by using a lab-on-a-
chip magnetoresistive cytometer (Duarte et al., 2016). This
method of immunological detection permitted the recogni-
tion of 100 CFU/mL.

Khan and colleagues (Khan et al., 2018) worked to optimize
the limit of detection and response time for the detection of
bacterial strains within a single sensor chip. They suggested
an electrically-receptive thermally-responsive sensor conju-
gated with a composite polymer with evaporated Au elec-
trodes for capturing both Gram-positive and Gram-negative
bacteria in real time. The samples matrices were tap water,
lake water, autoclave water and milk. The obtained limit of
detection was 5 cells/mL for E. coli, B. subtilis and S. mutans.

2.6. Other bacteria

One of the most common foodborne and waterborne ill-
nesses in the European Union is campilobacteriosis. A mi-
croresonator (Poshtiban et al., 2013) based on specific phage
biorecognition probes immobilized on the sensor surface
showed promise for Campylobacter jejuni detection. It enabled
the use of high resonance frequencies. Various bacterial cells
were tested to reinforce the specificity of detection and to de-
crease signals from nonrelated bacteria. The first attempted
electrochemical genosensor based on thin-film gold elec-
trodes deposited onto a Cyclo Olefin Polymer substrate was
utilized for the detection of Campylobacter spp. in poultry
meat, with a limit of detection of 9 x 10~ mol/ L (Morant-
Minana and Elizalde, 2015). The electrode surface required
electrochemical activation, which points to the excellent per-
formance of the device towards acids.
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The immediate need for the detection of a variety of mi-
croorganisms in the food industry led to development of a
biosensor with antimicrobial peptides with species-specific
targeting and binding capabilities (Lillehoj et al., 2014). Strepto-
coccus mutans and Pseudomonas aeruginosa interacted with spe-
cific peptides immobilized on a gold surface through cysteine-
gold chemistry, which generated an electrical signal. The min-
imum concentration detected was 10° CFU/mL within a pe-
riod of 25 min. Another work used a conductometric sens-
ing device containing a sub-micron-thick glass membrane for
Pseudomonas putida (Koo et al., 2018). The device had attached
oligonucleotide probe-polystyrene beads which became elec-
trophoretically mobile with an observable step decrease in
ionic current with the binding of target 16S rRNA.

There was a need to develop portable, user-friendly biosen-
sors for use in water treatment and environment control. For
this purpose, an integrated passive-flow optical microfluidic
device was designed. Ring-shaped organic photodiodes were
integrated into a capillary-induced flow microfluidic channel
for monitoring chemiluminescent sandwich immunoassays
enhanced by gold nanoparticles (Pires and Dong, 2014). The
method allowed the detection of 4 x 10% cells/mL of Legionella
pneumophila in water samples.

A few studies have been carried out on the identification
of cyanobacteria that produce protease inhibitor oligopeptides
such as cyanopeptolins, which cause drinking water contam-
ination. The biochip consists of Au electrode arrays and a mi-
crofluidics system which allows a controlled reagent flow for
fast DNA detection (Olcer et al., 2015). The results suggested
binding of the avidin and enzyme-modified Au nanoparticles
to the biotinylated detection probe, which uses amperometric
measurement and gives a limit of detection of 6 x 102 mol/ L
target DNA.

The difficulty typicaly encountered in spore detection was
overcome with a portable SPR biosensor using antibodies
(Adducci et al., 2016). According to the authors, this was the
first report of the differential detection of Bacullus globigii with
the above method in a mixed sample containing at least
one additional Bacillus spp. The limit of detection was 10°
spores/mL with antibody injection and 107 spores/mL with di-
rect capture.

In the agricultural sector, bovine mastitis is one of the
most costly diseases for dairy farmers. The illness is fre-
quently caused by Staphylococcus aureus. To detect the bac-
terium, milk samples were selected and mixed with a solution
that combined specific antibodies and magnetic nanoparticles
and analyzed using a lab-on-a-chip magnetoresistive cytome-
ter (Duarte et al., 2017). This method of immunological detec-
tion permitted the recognition of 100 CFU/mL of S. aureus.

An interesting work presented a use of a phage clone
(De Plano et al., 2017) that is able to create a specific com-
plex with the S. aureus cell surface. Biosensors based on bac-
teriophages represent many advantages because of their high
specificity for a targeted bacterium, robustness and easy and
inexpensive fabrication. The phage clone was immobilized
onto a mica surface for selective bacterial detection. The phys-
iosorbed phage permitted the recognition of about 50% of cells
in a few minutes.

The development of an integrated biosensing system per-
mitted the detection of three strains of pathogens at the same

time (Trinh et al., 2019), utilizing a microdevice able to per-
form paper-embedded DNA extraction after a 30-min incuba-
tion and hydration. Amplification was carried out by the LAMP
method and the colorimetric response was observed with the
naked eye. The device was simultaneously used to detect the
pathogens E. coli 0157:H7, Salmonella spp, and S. aureus. The
detection assay was completed in 75 min with a limit of de-
tection of 30 CFU/sample.

2.7. Viruses

To determine the presence of hepatitis viruses, an integrated
automatic electrochemical immunosensor array has been de-
signed (Tang et al., 2010). In the device, virus antibodies were
immobilized on an electrochemical sensor array that cap-
tured antigens from the solution. The model has been applied
for the detection of <1.0 ng/mL of viral proteins. A sugges-
tion was proposed for detection of both viruses and bacteria
(Sharma et al., 2017). Assays for the detection of natural DNA
extracted from Hepatitis A (HAV), Hepatitis E (HEV), Listeria and
Salmonella were developed and tested via conventional fluo-
rescence together with a magnetic tunneling junction. The
DNA probes permitted the assessment of multiple pathogens
simultaneously in a single assay.

Recent studies focused on the detection of a foodborne
pathogen that causes sporadic and epidemic gastrointestinal
diseases, norovirus. An electrochemical biosensor was devel-
oped with a nano-structured gold electrode conjugated with
concanavalin A (Hong et al,, 2015). The system could detect
the presence of low concentrations of 60 copies/mL.

An innovative idea was implemented with the applica-
tion of miniaturized microelectromechanical systems and
an aptamer to develop a portable electrochemical sensor
(Kitajima et al., 2016). A specific aptamer for Norovirus was im-
mobilized on a gold working electrode to bind with the virus,
which was measured by means of cyclic voltammetry and flu-
orescence observation.

A study on the identification of norovirus used a poly-
dimethylsiloxane microfluidic chip incorporated with screen-
printed carbon electrodes (Chand and Neethirajan, 2017). The
chip was covered with packed silica microbead zones to
achieve filtration. The capture was achieved by a carbon elec-
trode with a viral capsid-specific aptamer conjugated with
graphene-gold nanoparticles. Modulation of the electrochem-
ical signal revealed the presence or absence of virus, with a
detection limit of 1 x 10~1° mol/ L.

Quantum dots (QDs) were used as fluorescence reporters at
the 3’ and 5 terminal of an aptamer for the capture of avian
influenza virus (AIV) H5N1 (Xu et al., 2016). The response of the
aptamer upon target binding of the virus was demonstrated
by a quartz crystal microbalance. The microstructure of the
hydrogel in the sensor was characterized by scanning electron
microscopy. The spectrophotometric results showed emission
peaks whose intensities were correlated to the titer of virus.

For the detection of tobacco mosaic virus-like particles, an
impedimetric microsensor platform was applied (Zang et al,,
2016). The method used genetic modification of the tobacco
mosaic virus-like particle coat proteins, which enabled the au-
tonomous formation of specific virus-like particle nanosens-
ing probes carrying cysteines. The monitoring was assessed by
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impedance changes at 100 Hz.The detection limit of the target
antibody was 9.1 ng/mL.

3. Discussion

Biosensors are considered to be powerful tools for the detec-
tion of target molecules or their intermediates in environmen-
tal and food samples (Khan et al., 2018). The performance of
a biosensor is affected by a variety of parameters, such as the
type of transducer, the affinity of recognition elements to the
analyte and the sample matrix. This tool outmatches the tra-
ditional analytical methods like PCR and ELISA in terms of
short assay time and cost-effectiveness. Biosensors have re-
ceived considerable interest in clinical diagnosis, industry, the
military and environmental science.

This systematic review analyzed one hundred seventy-
seven articles to assess various identification systems assisted
by different biosensing techniques. As indicated, a significant
number of studies focused on the development of biosensors
with applicability to food and water samples, as useful tools
for industry and in field work. Further research is required to
lower the time response and limit of detection and to minia-
turize the whole device to a handheld format that can be used
at the point-of —care

Optical and electrochemical detection methods are the
most commonly used technologies on biosensors because
they are able to achieve higher sensitivity than other sensing
methods. Among the target organisms, E. coli and Salmonella
spp. constitute the most common pathogenic bacteria asso-
ciated with foodborne diseases. It appears that biosensors
targeting gram negative bacteria use more optical detection
while those targeting gram positive bacteria use electrochemi-
cal technology. Moreover, only a few studies have been applied
in environmental water samples, suggesting operational diffi-
culties for the current methods (Kotsiri et al., 2019). One of the
main problems in water microbiological analysis is the high
pathogen dilution in samples, as they usually range from 1 to
10 CFU/mL.

Regarding the developed devices, the majority of studies
have involved the most common pathogens S. enterica, E. coli,
and L. monocytogenes. Continued studies are taking place to
improve the microfluidics of the devices in order to translate
the expensive molecular methods into a low cost and portable
tool.

More studies have used antibodies for the capture of
pathogens than aptamers. That can possibly be explained by
aptamers status as an emerging methodology requiring spe-
cific nucleotides for each microorganism. Aptamers selected
by the cell-SELEX procedure are frequently chosen, as they
capture bacterial cells with high affinities without the need
for complicated sample preparation (Majdinasab et al., 2018).
Only a minor proportion of studies used bacteriophages for
bacterial recognition or capturing.

The chi square test was used to assess the differences in
the relationships between the target microorganisms and the
performed methods. The relation between these variables was
marginally significant, as shown in Appendix A Table S2.

Biosensors for virus detection have been less fully assessed
compared with bacterial detection, which can be explained by

the difficulty in concentration taking into account the size and
large amount of the matrix that is required in testing water
and food samples.

There is still room for optimization of pathogen detec-
tion because two of the most challenging issues remain to be
solved: limitations linked to food sample preparation for anal-
ysis and the low sensitivity of detection methods.

The possibility of applying novel technological achieve-
ments for in-field diagnostics is expected to allow control and
elimination of health and environmental threats caused by
pathogens (Manzano et al., 2015). This could eliminate food-
borne diseases, accelerate production rates, and reduce eco-
nomic losses for the food industry. Some new applications
show nanomaterials as promising methods for fast detection,
especially when their properties are combined in order to in-
crease the sensitivity. Carbon dots are considered to be ap-
propriate for monitoring pathogenic bacteria and their use
combined with aptamers has made significant progress, with
low limits of detection (Cui et al., 2019, 2020). In future years,
more diagnostic tools will become widely available. Emerging
concepts will be created to assure the market’s needs. The
development of common platforms with disposable compo-
nents, such as sensing chips and cartridges, which can be cus-
tomized for multiplex tests and applications, will dominate
the biosensor field in the near future.

Acknowledgments

This work was supported by the Single State Action Aid for
Research, Technological Development & Innovation "INVES-
TIGATE - CREATE - INNOVATE" project "SMART-SEATRAC (No,
T1EDK-04615)".

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jes.2021.04.009.

REFERENCES

Adducci, B.A., Gruszewski, H.A., Khatibi, P.A., Schmale, D.G., 2016.
Differential detection of a surrogate biological threat agent
(Bacillus globigii) with a portable surface plasmon resonance
biosensor. Biosens. Bioelectron. 78, 160-166.

Alhogail, S., Suaifan, G., Zourob, M., 2016. Rapid colorimetric
sensing platform for the detection of Listeria monocytogenes
foodborne pathogen. Biosens. Bioelectron. 86, 1061-1066.

Ali, M., Nelson, A.R.,, Lopez, A.L., Sack, D.A., 2015. Updated global
burden of cholera in endemic countries. PLoS Negl. Trop. Dis.
9, 1-13.

Bajwa, A., Tan, S.T., Mehta, R., Bahreyni, B., 2013. Rapid detection
of viable microorganisms based on a plate count technique
using arrayed microelectrode. Sensors 13, 8188-8198.

Bouguelia, S., Roupioz, Y., Slimani, S., Mondani, L., Casabona, M.G.,
Durmort, C., et al., 2013. On-chip microbial culture for the
specific detection of very low levels of bacteria. Lab Chip 13,
4024-4032.

Chand, R., Neethirajan, S., 2017. Microfluidic platform integrated
with graphene-gold nano-composite aptasensor for one-step
detection of norovirus. Biosens. Bioelectron. 98, 47-53.


https://doi.org/10.1016/j.jes.2021.04.009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0001
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0001
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0001
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0001
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0001
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0002
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0002
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0002
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0002
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0003
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0003
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0003
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0003
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0003
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0004
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0004
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0004
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0004
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0004
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0005
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0006
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0006
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0006

JOURNAL OF ENVIRONMENTAL SCIENCES III (2022) 367-379 377

Chen, Q,, Lin, J,, Gan, C., Wang, Y., Wang, D., Xiong, Y., et al., 2015. A
sensitive impedance biosensor based on immunomagnetic
separation and urease catalysis for rapid detection of Listeria
monocytogenes using an immobilization-free interdigitated
array microelectrode. Biosens. Bioelectron. 74, 504-511.

Chen, Q., Wang, D., Cai, G,, Xiong, Y., Li, Y., Wang, M., et al., 2016.
Fast and sensitive detection of foodborne pathogen using
electrochemical impedance analysis, urease catalysis and
microfluidics. Biosens. Bioelectron. 86, 770-776.

Choi, C.A., Mazrad, Z.A.l, Lee, G.,In, I, Lee, K.D,, Park, S.Y., 2018.
Boronate-based fluorescent carbon dot for rapid and
selectively bacterial sensing by luminescence off/on system. J.
Pharm. Biomed. Anal. 159, 1-10.

Choi, J.R, Huy, ], Tang, R, Gong, Y., Feng, S., Ren, H., et al., 2016. An
integrated paper-based sample-to-answer biosensor for
nucleic acid testing at the point of care. Lab Chip 16, 611-621.

Cui, F, Sun, ], De Dieu Habimana, J., Yang, X, Ji, J., Zhang, Y., et al,,
2019. Ultrasensitive fluorometric angling determination of
Staphylococcus aureus in vitro and fluorescence imaging in vivo
using carbon dots with full-color emission. Anal. Chem. 91,
14681-14690.

Cui, F, Ye, Y, Ping, J.,, Sun, X., 2020. Carbon dots: current advances
in pathogenic bacteria monitoring and prospect applications.
Biosens. Bioelectron. 156, 112085.

De Plano, L.M., Carnazza, S., Messina, G.M.L., Rizzo, M.G.,
Marletta, G., Guglielmino, S.P.P,, 2017. Specific and selective
probes for Staphylococcus aureus from phage-displayed random
peptide libraries. Colloids Surf. B: Biointerfaces 157, 473-480.

Duarte, C., Costa, T., Carneiro, C., Soares, R,, Jitariu, A., Cardoso, S.,
et al,, 2016. Semi-quantitative method for streptococci
magnetic detection in raw milk. Biosensors 6, 1-14.

Duarte, C.M., Carneiro, C., Cardoso, S., Freitas, P.P, Bexiga, R., 2017.
Semi-quantitative method for Staphylococci magnetic
detection in raw milk. J. Dairy Res. 84, 80-88.

EFSA, 2018. The European Union summary report on trends and
sources of zoonoses, zoonotic agents and food-borne
outbreaks in 2017. EFSA J. 16.

Farre, C., Viezzi, S., Wright, A., Robin, P, Lejal, N., Manzano, M.,
et al., 2020. Specific and sensitive detection of influenza A
virus using a biotin-coated nanoparticle enhanced
immunomagnetic assay. Anal. Bioanal. Chem
doi:10.1007/s00216-020-03081-x.

Ferdman, B., Weiss, L.E., Alalouf, O., Haimovich, Y., Shechtman, Y,
2018. Ultrasensitive refractometry via supercritical angle
fluorescence. ACS Nano 12, 11892-11898.

Fernandes, A.C., Duarte, C.M., Cardoso, F.A., Bexiga, R., Cardoso, S.,
Freitas, P.P,, 2014. Lab-on-chip cytometry based on
magnetoresistive sensors for bacteria detection in milk.
Sensors 14 (8), 15496-15524.

Galvan, D.D., Parekh, V,, Liu, E., Liu, E.-.L., Yu, Q., 2018. Sensitive
bacterial detection via dielectrophoretic-enhanced mass
transport using surface-plasmon-resonance biosensors. Anal.
Chem. 90, 14635-14642.

Hao, X., Yeh, P, Qin, Y, Jiang, Y., Qiu, Z,, Li, S, et al., 2019. Aptamer
surface functionalization of microfluidic devices using
dendrimers as multi-handled templates and its application in
sensitive detections of foodborne pathogenic bacteria. Anal.
Chim. Acta 1056, 96-107.

Heidenreich, B, Poehlmann, C., Sprinzl, M., Gareis, M., 2013. Rapid
detection of bacteria by biochips during food processing.
Fleischwirtschaft 90 (7), 96-99.

Hong, S.A.,, Kwon, ], Kim, D,, Yang, S., 2015. A rapid, sensitive and
selective electrochemical biosensor with concanavalin A for
the preemptive detection of norovirus. Biosens. Bioelectron.
64, 338-344.

Hou, Y., Cai, G., Zheng, L., Lin, J., 2019. A microfluidic signal-off
biosensor for rapid and sensitive detection of Salmonella using

magnetic separation and enzymatic catalysis. Food Control
103, 186-193.

Hung, T.Q., Chin, W.H., Sun, Y., Wolff, A., Bang, D.D., 2017. A novel
lab-on-chip platform with integrated solid phase PCR and
Supercritical Angle Fluorescence (SAF) microlens array for
highly sensitive and multiplexed pathogen detection. Biosens.
Bioelectron. 90, 217-223.

ISO, E., 2017. 6579-1: 2017. Microbiology of the Food
Chain—Horizontal Method for the Detection, Enumeration
and Serotyping of Salmonella—Part 1: Detection of Salmonella
spp. International Organization for Standardization, Geneva,
Switzerland.

Jasim, L, Shen, Z., Mlaji, Z., Yuksek, N.S., Abdullah, A, Liu, J,, et al.,
2019. An impedance biosensor for simultaneous detection of
low concentration of Salmonella serogroups in poultry and
fresh produce samples. Biosens. Bioelectron. 126, 292-300.

Kee, ].S., Lim, S.Y,, Perera, A.P,, Zhang, Y., Park, M.K., 2013.
Plasmonic nanohole arrays for monitoring growth of bacteria
and antibiotic susceptibility test. Sensors Actuators B Chem.
182, 576-583.

Khan, M.S., Misra, S.K., Dighe, K., Wang, Z., Schwartz-Duval, A.S.,
Sar, D,, et al., 2018. Electrically-receptive and
thermally-responsive paper-based sensor chip for rapid
detection of bacterial cells. Biosens. Bioelectron. 110, 132-140.

Kim, G., Moon, J.H., Moh, C.Y,, Lim, ].Guk, 2015. A microfluidic
nano-biosensor for the detection of pathogenic Salmonella.
Biosens. Bioelectron. 67, 243-247.

Kitajima, M., Wang, N., Tay, M.Q.X., Miao, J., Whittle, A.J., 2016.
Development of a MEMS-based electrochemical aptasensor
for norovirus detection. Micro Nano Lett. 11, 582-585.

Koo, B., Yorita, A.M., Schmidt, J.J., Monbouquette, H.G., 2018.
Amplification-free, sequence-specific 16S rRNA detection at 1
aM. Lab Chip 18 (15), 2291-2299.

Kordas, A., Papadakis, G., Milioni, D., Champ, J., Descroix, S.,
Gizeli, E., 2016. Rapid Salmonella detection using an acoustic
wave device combined with the RCA isothermal DNA
amplification method. Sens. Bio-Sensing Res. 11, 121-127.

Kotsiri, Z., Vantarakis, A., Rizzotto, F.,, Kavanaugh, D., Ramarao, N.,
Vidic, J., 2019. Sensitive detection of E. coli in artificial seawater
by aptamer-coated magnetic beads and direct PCR. Appl. Sci. 9.

Kuiken, T., Leighton, F.A., Fouchier, R.A., LeDuc, J.W,, Peiris, ].S.M.,
Schudel, A,, et al., 2005. Pathogen surveillance in animals.
Science 309 (5741), 1680-1681.

Li, H., Multari, C., Palego, C., Ma, X., Du, X,, Ning, Y., et al., 2018.
Differentiation of live and heat-killed E. coli by microwave
impedance spectroscopy. Sensors Actuators B: Chem. 255,
1614-1622.

Liberati, A., Altman, D.G,, Tetzlaff, J., Mulrow, C., Gatzsche, P.C.,
Ioannidis, J.P.A,, et al., 2009. The PRISMA statement for
reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: explanation and
elaboration. J. Clin. Epidemiol. 62 (10), el-e34.

Lillehoj, P.B., Kaplan, C.W,, He, J,, Shi, W,, Ho, C.M., 2014. Rapid,
electrical impedance detection of bacterial pathogens using
immobilized antimicrobial peptides. J. Lab. Autom. 19, 42-49.

Linman, M.J., Sugerman, K., Cheng, Q., 2010. Detection of low
levels of Escherichia coli in fresh spinach by surface plasmon
resonance spectroscopy with a TMB-based enzymatic signal
enhancement method. Sensors Actuators, B Chem 145,
613-619.

Liu, F, Nordin, A.N,, Li, F, Voiculescu, I., 2014. A lab-on-chip
cell-based biosensor for label-free sensing of water toxicants.
Lab Chip 14, 1270-1280.

Ma, X., Xu, X., Xia, Y., Wang, Z., 2018. SERS aptasensor for
Salmonella typhimurium detection based on spiny gold
nanoparticles. Food Control 84, 232-237.


http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0007
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0008
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0009
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0010
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0011
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0012
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0012
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0012
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0012
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0012
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0013
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0014
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0015
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0016
https://doi.org/10.1007/s00216-020-03081-x
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0018
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0019
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0020
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0021
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0022
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0022
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0022
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0022
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0022
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0023
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0023
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0023
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0023
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0023
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0024
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0025
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0026
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0026
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0027
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0028
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0029
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0030
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0030
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0030
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0030
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0030
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0031
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0032
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0032
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0032
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0032
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0032
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0033
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0034
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0035
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0036
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0037
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0038
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0039
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0039
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0039
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0039
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0040
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0040
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0040
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0040
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0040
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0041
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0041
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0041
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0041
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0041

378 JOURNAL OF ENVIRONMENTAL SCIENCES III (2022) 367-379

Majdinasab, M., Hayat, A., Marty, J.L., 2018. Aptamer-based assays
and aptasensors for detection of pathogenic bacteria in food
samples. TrAC - Trends Anal. Chem. 107, 60-77.

Manzano, M., Cecchini, F,, Fontanot, M., lacumin, L., Comi, G.,
Melpignano, P, 2015. OLED-based DNA biochip for
Campylobacter spp. detection in poultry meat samples.
Biosens. Bioelectron. 66, 271-276.

Manzano, M., Viezzi, S., Mazerat, S., Marks, R.S,, Vidic, J., 2018.
Rapid and label-free electrochemical DNA biosensor for
detecting hepatitis A virus. Biosens. Bioelectron. 100, 89-95.

Morant-Minana, M.C., Elizalde, J., 2015. Microscale electrodes
integrated on COP for real sample Campylobacter spp.
detection. Biosens. Bioelectron. 70, 491-497.

Nakano, M., Kalsi, S., Morgan, H., 2018. Fast and sensitive
isothermal DNA assay using microbead dielectrophoresis for
detection of anti-microbial resistance genes. Biosens.
Bioelectron. 117, 583-589.

Nguyen, P.D., Tran, T.B., Nguyen, D.T.X., Min, J., 2014. Magnetic
silica nanotube-assisted impedimetric immunosensor for the
separation and label-free detection of Salmonella typhimurium.
Sensors Actuators, B Chem 197, 314-320.

Nguyen, T.T,, Trinh, K.T.L., Yoon, W.J,, Lee, N.Y,, Ju, H., 2017.
Integration of a microfluidic polymerase chain reaction device
and surface plasmon resonance fiber sensor into an inline
all-in-one platform for pathogenic bacteria detection. Sensors
Actuators, B Chem 242, 1-8.

Oh, SJ., Park, B.H., Jung, J.H., Choi, G, Lee, D.C.,Kim, D.H,, et al,,
2016. Centrifugal loop-mediated isothermal amplification
microdevice for rapid, multiplex and colorimetric foodborne
pathogen detection. Biosens. Bioelectron. 75, 293-300.

Oh, SJ., Seo, T.S., 2019. Combination of a centrifugal microfluidic
device with a solution-loading cartridge for fully automatic
molecular diagnostics. Analyst 144, 5766-5774.

Olcer, Z., Esen, E., Ersoy, A., Budak, S., Sever Kaya, D., Yagmur
Gok, M., et al., 2015. Microfluidics and nanoparticles based
amperometric biosensor for the detection of cyanobacteria
(Planktothrix agardhii NIVA-CYA 116) DNA. Biosens. Bioelectron.
70, 426-432.

Pandey, A., Gurbuz, Y., Ozguz, V., Niazi, ].H., Qureshi, A., 2017.
Graphene-interfaced electrical biosensor for label-free and
sensitive detection of foodborne pathogenic E. coli 0157:H7.
Biosens. Bioelectron. 91, 225-231.

Papadakis, G., Murasova, P,, Hamiot, A., Tsougeni, K., Kaprou, G.,
Eck, M., Rabus, D., et al., 2018. Micro-nano-bio acoustic system
for the detection of foodborne pathogens in real samples.
Biosens. Bioelectron. 111, 52-58.

Park, B., Choi, S.J., 2017. Sensitive immunoassay-based detection
of Vibrio parahaemolyticus using capture and labeling particles
in a stationary liquid phase lab-on-a-chip. Biosens.
Bioelectron. 90, 269-275.

Park, B.H,, Oh, SJ., Jung, J.H., Choi, G., Seo, J.H.,, Kim, D.H,, et al,,
2017. An integrated rotary microfluidic system with DNA
extraction, loop-mediated isothermal amplification, and
lateral flow strip based detection for point-of-care pathogen
diagnostics. Biosens. Bioelectron. 91, 334-340.

Park, YM,, Lim, S.Y,, Shin, SJ.,, Kim, C.H., Jeong, S.W,, Shin, S.Y,,
et al,, 2018. A film-based integrated chip for gene
amplification and electrochemical detection of pathogens
causing foodborne illnesses. Anal. Chim. Acta 1027, 57-66.

Peng, Y, Jin, Y, Lin, H., Wang, J., Khan, M.N,, 2014. Application of
the VPp1 bacteriophage combined with a coupled enzyme
system in the rapid detection of Vibrio parahaemolyticus. J.
Microbiol. Methods 98, 99-104.

Pires, N.M.M., Dong, T., 2014. An integrated passive-flow
microfluidic biosensor with organic photodiodes for
ultra-sensitive pathogen detection in water. In: Proceedings of
the 2014 36th Annual International Conference of the IEEE

Engineering in Medicine and Biology Society. IEEE, Chicago, IL,
USA, pp. 4411-4414 26-30 Aug. 2014.

Pisamayarom, K., Suriyasomboon, A., Chaumpluk, P,, 2017. Simple
screening of Listeria monocytogenes based on a fluorescence
assay via a laminated lab-on-paper chip. Biosensors 7 (4), 56.

Poltronieri, P, Cimaglia, F,, De Lorenzis, E., Chiesa, M., Mezzolla, V.,
Reca, I.B., 2016. Protein chips for detection of Salmonella spp.
from enrichment culture. Sensors 16 (4), 574.

Poshtiban, S., Singh, A., Fitzpatrick, G., Evoy, S., 2013.
Bacteriophage tail-spike protein derivitized microresonator
arrays for specific detection of pathogenic bacteria. Sensors
Actuators, B Chem. 181, 410-416.

Ricciardi, C., Canavese, G., Castagna, R., Digregorio, G., Ferrante, L,
Marasso, S.L., et al., 2010. Online portable microcantilever
biosensors for Salmonella enterica serotype enteritidis
detection. Food Bioprocess Technol. 3, 956-960.

RoyChaudhuri, C., Dev Das, R., 2010. A biomolecule compatible
electrical model of microimpedance affinity biosensor for
sensitivity improvement in cell detection. Sensors Actuators,
A Phys 157, 280-289.

Sayad, A., Ibrahim, F,, Mukim Uddin, S., Cho, J.,, Madou, M.,
Thong, K.L., 2018. A microdevice for rapid, monoplex and
colorimetric detection of foodborne pathogens using a
centrifugal microfluidic platform. Biosens. Bioelectron. 100,
96-104.

Sharma, P.P,, Albisetti, E., Massetti, M., Scolari, M., La Torre, C.,
Monticelli, M., et al.,, 2017. Integrated platform for detecting
pathogenic DNA via magnetic tunneling junction-based
biosensors. Sensors Actuators, B Chem 242, 280-287.

Sidhu, R., Rong, Y., Vanegas, D.C., Claussen, J., McLamore, E.S,,
Gomes, C., 2016. Impedance biosensor for the rapid detection
of Listeria spp. based on aptamer functionalized
Pt-interdigitated microelectrodes array. In: Proceedings of the
SPIE 9863, Smart Biomedical and Physiological Sensor
Technology XIII, 98630F. 13 May 2016.

Tachibana, H., Saito, M., Shibuya, S., Tsuji, K., Miyagawa, N.,
Yamanaka, K., 2015. On-chip quantitative detection of
pathogen genes by autonomous microfluidic PCR platform.
Biosensors Bioelectron. 74, 725-730.

Tang, D., Tang, J., Su, B., Ren, J.,, Chen, G., 2010. Simultaneous
determination of five-type hepatitis virus antigens in 5 min
using an integrated automatic electrochemical
immunosensor array. Biosens. Bioelectron. 25, 1658-1662.

Tang, Y, Li, Z., Luo, Q., Liu, J., Wu, J., 2015. Bacteria detection based
on its blockage effect on silicon nanopore array. Biosens.
Bioelectron. 79, 715-720.

Thiha, A., Ibrahim, F,, Muniandy, S., Dinshaw, L], Teh, S.J.,

Thong, K.L., et al., 2018. All-carbon suspended nanowire
sensors as a rapid highly-sensitive label-free chemiresistive
biosensing platform. Biosens. Bioelectron. 107, 145-152.

Trinh, K.T.L,, Trinh, T.N.D,, Lee, N.Y., 2019. Fully integrated and
slidable paper-embedded plastic microdevice for
point-of-care testing of multiple foodborne pathogens.
Biosens. Bioelectron. 135, 120-128.

Vidic, J.,, Manzano, M., Chang, C.M., Jaffrezic-Renault, N., 2017.
Advanced biosensors for detection of pathogens related to
livestock and poultry. Vet. Res. 48, 1-22.

Vidic, J., Vizzini, P,, Manzano, M., Kavanaugh, D., Ramarao, N,,
Zivkovic, M., et al., 2019. Point-of-need DNA testing for
detection of foodborne pathogenic bacteria. Sensors 19 (5),
1100.

Vinayaka, A.C., Ngo, T.A., Kant, K., Engelsmann, P, Dave, V.P,
Shahbazi, M.A,, et al., 2019. Rapid detection of Salmonella
enterica in food samples by a novel approach with
combination of sample concentration and direct PCR. Biosens.
Bioelectron. 129, 224-230.


http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0042
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0042
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0042
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0042
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0043
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0044
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0045
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0045
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0045
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0046
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0046
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0046
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0046
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0047
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0047
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0047
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0047
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0047
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0048
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0049
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0050
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0050
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0050
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0051
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0052
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0053
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0054
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0054
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0054
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0055
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0056
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0057
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0058
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0058
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0058
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0058
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0059
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0059
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0059
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0059
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0060
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0061
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0061
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0061
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0061
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0061
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0062
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0063
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0063
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0063
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0064
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0065
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0066
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0067
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0068
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0069
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0070
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0071
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0071
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0071
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0071
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0072
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0072
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0072
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0072
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0072
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0073
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0074

JOURNAL OF ENVIRONMENTAL

SCIENCES III (2022) 367-379

379

Vizzini, P, Braidot, M., Vidic, J., Manzano, M., 2019. Electrochemical
and optical biosensors for the detection of Campylobacter and
Listeria: an update look. Micromachines 10 (8), 500.

Vizzini, P, Manzano, M., Farre, C., Meylheuc, T,, Chaix, C.,
Ramarao, N,, et al., 2020. Highly sensitive detection of
Campylobacter spp. in chicken meat using a silica nanoparticle
enhanced dot blot DNA biosensor. Biosens. Bioelectron. 171,
112689.

Vossen, P., 2001. Scientific advice in support to risk management
with regard to BSE. Verhandelingen-Koninklijke Academie
Voor Geneeskunde van Belgie 63 (4), 379-403.

Wang, L., Wang, R., Chen, E, Jiang, T., Wang, H., Slavik, M., et al.,
2017. QCM-based aptamer selection and detection of
Salmonella typhimurium. Food Chem. 221, 776-782.

Wang, S., Zheng, L., Cai, G, Liu, N, Liao, M., Li, Y, et al., 2019. A
microfluidic biosensor for online and sensitive detection of
Salmonella typhimurium using fluorescence labeling and
smartphone video processing. Biosens. Bioelectron. 140,
111333.

Wei, X., Zhou, W, Sanjay, S.T., Zhang, J., Jin, Q., Xu, F, et al.,, 2018.
Multiplexed instrument-free bar-chart SpinChip integrated

with nanoparticle-mediated magnetic aptasensors for visual
quantitative detection of multiple pathogens. Anal. Chem. 90,
9888-9896.

Xu, L., Wang, R,, Kelso, L.C,, Ying, Y., Li, Y., 2016. A
target-responsive and size-dependent hydrogel aptasensor
embedded with QD fluorescent reporters for rapid detection
of avian influenza virus H5N1. Sensors Actuators B Chem 234,
98-108.

Xue, C, Yang, C., Xu, T, Zhan, J,, Li, X., 2012. A wireless bio-sensing
microfluidic chip based on resonating “u-divers. Lab Chip 15,
2318-2326.

Zang, F.,, Gerasopoulos, K., Fan, X.Z., Brown, A.D,, Culver, J.N.,
Ghodssi, R., 2016. Real-time monitoring of macromolecular
biosensing probe self-assembly and on-chip ELISA using
impedimetric microsensors. Biosens. Bioelectron. 81, 401-407.

Zhang, H., Xue, L., Huang, F, Wang, S., Wang, L., Liu, N,, et al., 2019.
A capillary biosensor for rapid detection of Salmonella using
Fe-nanocluster amplification and smart phone imaging.
Biosens. Bioelectron. 127, 142-149.


http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0075
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0075
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0075
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0075
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0075
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0076
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0077
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0077
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0078
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0079
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0080
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0081
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0082
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0083
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084
http://refhub.elsevier.com/S1001-0742(21)00149-2/sbref0084

	Applications of biosensors for bacteria and virus detection in food and water-A systematic review
	Introduction
	1 Materials and methods
	1.1 Search strategy
	1.2 Statistical analysis

	2 Results
	2.1 Escherichia coli
	2.2 Salmonella spp.
	2.3 Listeria monocytogenes
	2.4 Vibrio spp.
	2.5 Streptococcus spp.
	2.6 Other bacteria
	2.7 Viruses

	3 Discussion
	Acknowledgments
	Supplementary materials

	Reference

