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Abstract: Salmonellosis is a disease transmitted by contaminated food and is one of the leading causes
of infections worldwide, making the early detection of Salmonella of crucial importance for public
health. However, current detection methods are laborious and time-consuming, thus impacting the
entire food supply chain and leading to production losses and economic sanctions. To mitigate these
issues, a number of different biosensors have been developed, including lateral flow assays (LFAs),
which have emerged as valuable tools in pathogen detection due to their portability, ease of use,
time efficiency, and cost effectiveness. The performance of LFAs has been considerably enhanced
by the development of new nanomaterials over the years. In this review, we address the principles
and formats of the assay and discuss future prospects and challenges with an emphasis on LFAs
developed for the detection of different Salmonella serovars in food.
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1. Introduction

According to the World Health Organization, Salmonella ranks among the most com-
mon pathogens associated with foodborne diseases worldwide [1]. Outbreaks of such
diseases are primarily associated with the consumption of eggs and their derivatives, raw
or undercooked meats, and contaminated water [2,3]. The public health issues caused by
this microorganism have raised concerns among authorities and consumers alike, making
its rapid and reliable detection of utmost importance for food quality monitoring in order
to ensure the safety of consumers [4].

The conventional method for the identification of Salmonella in food carried out in lab-
oratories relies on culture techniques, biochemical analysis, and serotyping. This approach,
although thorough, is labor-intensive and time-consuming, often requiring over 48 h to
yield results [5]. As an alternative, methods such as the enzyme-linked immunosorbent
assay (ELISA) and molecular techniques like polymerase chain reaction (PCR) have been
adopted for Salmonella detection. Although these methods offer improved specificity and
sensitivity, reducing the analysis time by up to two days compared to the traditional ap-
proach, they are not without limitations. Notably, the time required for securing results
remains substantial, and these methods also demand specialized equipment and skilled
analysts [6,7].

Presently, lateral flow assays (LFAs) have seen an upsurge in their application for
diagnostic purposes due to their ability to swiftly detect the presence of bacteria in food
products [8], in addition to detecting a range of foodborne pathogens including Salmonella [9],
Listeria [10], and Escherichia coli [11]. The LFA method has proven to be an effective, fast,
and inexpensive detection technique. Results can be interpreted through visual inspection
by the presence or absence of the test line, indicating positive and negative outcomes,
respectively [12]. Over the past few years, research has led to significant advancements in
LFA development, including novel signal enhancement techniques, the use of new markers
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such as gold nanoparticles (AuNPs) [13], carbon nanoparticles, quantum dots (QD), magnetic
nanoparticles (MNPs) [14], simultaneous detection, and improved quantification systems.

In this review, we present the state-of-the-art use of LFAs for the detection of Salmonella.
We highlight its classifications and serovars along with the traditional analysis methods
still in use. Principles and formats of LEAs, markers, and bioreceptors are also discussed.
Furthermore, we delve into the major advancements, challenges, and future prospects for
the development of devices for this pathogen’s detection.

2. Salmonella

The Salmonella genus, composed of the rod-shaped, gram-negative bacteria species
Salmonella bongori and Salmonella enterica, includes over 2600 serotypes that can cause
diseases in humans [15]. Initially named by Lignieres in 1900, this genus was first classified
based on the host species and clinical symptoms. However, this method led to confusion as
different serotypes from diverse hosts were assigned identical names, ignoring their unique
etiological characteristics [16].

To address these inconsistencies, microbiologists Fritz Kauffman and Philip Bruce
White overhauled the taxonomic system in 1920. Their efforts culminated in the Kauffman—
White classification scheme, which relies on both classical and molecular methods to
identify Salmonella serotypes by their specific antigens: “O,” “H,” and “Vi”. The “O”
antigens, indicative of the bacterium’s virulence, are defined by the structure and com-
position of sugars in the outer membrane’s lipopolysaccharides. Most Salmonella possess
“H” antigens, which are linked to the flagellum. The “Vi” antigen, however, is exclusive to
encapsulated strains within the species. Together, these antigens play a critical role in the
precise identification and classification of Salmonella species [17].

Infection can be triggered by the intake of water and/or food contaminated by this
bacterium. Foods that are rich in moisture, protein, and carbohydrates, such as beef, pork,
poultry, eggs, dairy products, seafood, and filled desserts, are particularly susceptible
to spoilage [18]. Poultry meat and other types of meat are frequently associated with
outbreaks. Salmonellosis associated with dairy products is typically due to either raw
or improperly pasteurized milk, as well as cheese. As for egg-derived products, the
ones most often implicated in outbreaks include egg-based salads, ice creams, and other
homemade desserts. There are three distinct clinical manifestations of the disease: typhoid
fever, enteric fever, and enteric infections. Symptoms vary among infected individuals
and may range from gastroenteritis and vomiting to headaches and fever [19]. Treatment
for these infections usually involves fluid intake and the administration of medications,
including antibiotics.

3. Salmonella Detection Methods

The standard approach to Salmonella detection in food involves culturing and subcul-
turing the bacteria on a variety of non-selective and selective culture media and incubating
them at specific temperatures and timeframes. The traditional, widely adopted method ISO
6579:2002 [20] is considered the gold standard, comprising five consecutive steps (Figure 1):
(a) Pre-enrichment in a non-selective broth to restore damaged cells to a stable physiological
condition; (b) Selective enrichment, in which the sample is reintroduced into a culture
broth containing inhibitory reagents that allow Salmonella growth while restricting that of
most other bacteria; (c) Seeding onto selective solid media that inhibit the growth of non-
Salmonella bacteria; (d) Biochemical tests to gather phenotypic data from isolated cultures;
(e) Serotyping for antigenic characterization, marking the conclusive step in providing the
specific identification of isolated cultures [21].



Pathogens 2023, 12, 1441

30f15

Tetrathionate broth Rappaport broth
24h,35°C 24h,42°C
XLD agar {3 Bismuth sulfite agar
24 h,35°C 24 h,35°C
Biochemical Serological
confirmation confirmation

Figure 1. Isolation and confirmation steps according to the gold standard method. Adapted
illustration [20].

In addjition to the conventional method, a few alternative techniques have been put into
practice for Salmonella detection, including immunology-based methods such as the enzyme-
linked immunosorbent assay (ELISA) and lateral flow immunochromatographic assays
(LFAs). These techniques employ monoclonal or polyclonal antibodies that specifically
bind to antigens present on the bacterium’s cell membrane [22]. These antibodies can detect
somatic (O), flagellar (H) or capsular (Vi) antigens in a variety of food matrices [23,24].

Among the aforementioned assays, ELISA is the most widely used for the detection of
Salmonella. In this method, when Salmonella antigens are present in a sample, they bind to
anti-Salmonella antibodies that are immobilized on a solid matrix. The formation of this
antigen—antibody complex is revealed through a color shift triggered by the enzymatic
cleavage of a chromogenic substrate [25]. In 2019, di Febo et al. developed a capture ELISA
test to detect S. enterica in various food matrices, having achieved similar results when
compared to the official ISO method [26]. However, because of selectivity and sensitivity is-
sues, for the detection of Salmonella and other pathogens in foodstuffs, the ELISA technique
is usually enhanced by combining it with other methods [27]. Enhancements to ELISA
include the use of fluorescent reporters [28], PCR amplification [29], and electrochemi-
luminescence [30] to boost signal detection. Notably, the use of AuNPs as chromogenic
reporters has significantly increased the sensitivity of the ELISA, providing qualitative
results indicated by color changes in the presence of the analyte [31]. For instance, an in
situ immuno-AuNP network ELISA biosensor developed by Cho et al. in 2013 for the
detection of S. Typhimurium and E. coli in liquid food samples successfully detected the
presence of this Salmonella serotype in pineapple juice [32]. In yet another example of the
use of nanomaterials to improve ELISA, carbon nanotubes conjugated to antibodies and
horseradish peroxidase in both direct and sandwich forms of the assay decreased the limits
of detection of S. Typhimurium in milk samples in up to 1000 cases [33].

Complementing these immunological methods are molecular-based assays that detect
Salmonella through hybridization of DNA or RNA probes or primers to specific microbial
sequences [34,35]. These methods include PCR, loop-mediated isothermal amplification
(LAMP), nucleic acid sequence-based amplification (NASBA), and recombinase polymerase
amplification (RPA).

PCR is renowned for its reliability and sensitivity, amplifying nucleic acids to identify
Salmonella with precision [36]. Variations such as multiplex PCR [37] and real-time PCR
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(qPCR) [38] allow for simultaneous detection of multiple pathogens and quantitative
analysis, respectively. Despite its efficacy, PCR can be inhibited by certain food components,
like fats, which can interfere with the amplification process [39]. LAMP is an amplification
technique that stands out for its efficiency and specificity under isothermal conditions [40],
employing a unique DNA polymerase (Bst) and a set of four primers that can recognize
six distinct target regions on DNA [41]. Liu et al., 2017 [41] developed multiplex-LAMP
to detect Salmonella spp. and Vibrio parahaemolyticus with 100% specificity and Wu et al,,
2015 [42] put forward an EMA-RTI-LAMP system to detect and quantify S. enteritidis.
NASBA, yet another isothermal amplification method, targets RNA specifically through a
transcription-based mechanism [43]. It offers high selectivity and overcomes some of the
issues associated with PCR [44]. Its efficacy and sensitivity in detecting Salmonella have
been well-documented [45]. Lastly, RPA is an advanced isothermal amplification method
that rapidly amplifies as few as 1-10 DNA target copies within 20 min [46]. It has been
employed to amplify single-stranded DNA, double-stranded DNA, RNA, and microRNA
from a diverse range of samples and organisms [47]. RPA has been effectively employed
for the detection of Salmonella in food samples [9].

Although the methods presented offer good sensitivity and specificity when it comes
to identifying pathogenic bacteria, they are not without limitations. Some immunological
assays, for instance, require prior sample enrichment to increase the bacterial count to
detectable levels. Cross-reactivity with similar antigens from different Salmonella serovars
or related bacteria, variations in antigenicity, sample matrix effects, and the costs of assay
automation are also a challenge [22], not to mention laborious extraction and purification
processes [48]. Moreover, effectiveness is highly dependent on the specific microbiota in
the sample, the complexity of the food matrix, and any inhibitory substances present [24].

Although LFAs do not differentiate Salmonella serotypes, being employed only for
triage purposes, these biosensors boast a range of advantages over the aforementioned
methods, delivering swift results, good specificity, high sensitivity, and low detection limits.
In addition, they are cost-effective to manufacture, user-friendly, and straightforward in
terms of result interpretation, offering both qualitative and quantitative results [49-51].

4. Lateral Flow Assays (LFAs)

LFAs operate on the principle of immunochromatography, in which the sample flows
through a solid substrate via capillary action. It is an assay designed to detect one or more
analytes using bioreceptors such as aptamers, antigens, and antibodies, among others.
These bioreceptors are conjugated with labels such as nanoparticles, liposomes, and en-
zymes to produce a signal that can manifest as fluorescent, colorimetric, or luminescent [52].
The LFA device comprises distinct components with specific functions: a sample pad,
where the sample is applied for analysis; a conjugate pad, which contains immobilized
bioreceptors and markers; a detection membrane, which holds the test and control lines;
and an absorbent pad (Figure 2). The procedure for depositing conjugated particles onto
the detection membrane can be performed either manually or automatically. The selection
of the detection membrane is crucial for the manufacturing of LFA strips, as the adsorption
of biomolecules is an essential factor for the device’s performance. Nitrocellulose mem-
branes are the most used materials in point-of-care technologies [53], but, depending on
the application, nylon and polyethersulfone membranes can also be used [54]. Another
aspect to consider is the rate of capillary flow at which the sample advances and fills the
detection surface, because flow time and test sensitivity are interconnected: the smaller
the pore size, the more sensitive the test. As a result, the sample takes longer to cross the
membrane, making the formation of an immunocomplex—comprised of the analyte and
marker—more effective at the test line, where bioreceptors designed for analyte or complex
capture are deposited. The test line displays qualitative or quantitative results, either by
naked eye evaluation or with the assistance of equipment. Beyond the test line lies the
control line, where additional capture bioreceptors are immobilized to confirm the validity
of the device. The appearance of the control line validates the test; otherwise, the test is
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deemed invalid. After crossing the entire detection membrane, the sample is fully absorbed
by the absorbent pad, thereby ensuring that the whole sample has traversed the membrane
and does not backflow [55].

Membrane
Sample drop |
o]
0
Sample pad @ &
Conjugate _—§ — Absorbent pad
pad/reservoir & é?
matrix &S
| Direction of sample flow >

Figure 2. Components of an LFA strip. Illustration reprinted with permission from [56].

There are two different formats of LFAs: the sandwich (direct) format and the com-
petitive (indirect) one (Figure 3). The sandwich assay is used for the detection of high
molecular weight molecules such as large proteins, which, much like Salmonella, present
multiple antigenic sites. On the other hand, the competitive assay is used to detect low
molecular weight molecules with a single antigen for antibody binding. In the sandwich
format, if the analyte is present, both the test and control lines on the device will display
color, whereas in the competitive format, the presence of the analyte is indicated by the
absence of color on the test line, with only the control line being marked [57]. Regardless
of the assay format selected, there must be a color display on the control line to confirm
the validity of the test. Gao et al., 2021 [58] developed a sandwich LFA based on aptamer-
magnetic separation and AuNPs for the detection of Salmonella Typhimurium, in which the
detection limit achieved was 4.1 x 10> CFU.mL ™! in real samples. In the competitive LFA
developed by Chen et al., 2021 [59], different sizes of gold nanospheres were employed
for the detection of mycotoxins in corn samples. This particular immunoassay exhibited
accuracy and sensitivity in the results obtained.

(A) Sandwich assay (B) Competitive assay
Positive result Positive result
2 ¢ i
a3
:fFF 1T N I://:F|_/_/:| Y N
C—————— % w1
L 1 [ 1
Negative result Negative result
I P
:%:F VRN AL f 4 5
L ] [ ]
, Detection antibody-label W ' Tmmobilized
I . :
,_._J.\\ conjugate & Analyte Capture antibody Control antibody amalyte-conjugate

Figure 3. Lateral flow assay formats. Illustration reprinted with permission from [52].

4.1. Bioreceptors

Bioreceptors are vital components of LFAs for Salmonella detection. Essentially, any
biomolecule capable of recognizing the analyte can serve as a bioreceptor [60]. Antibodies,
aptamers, bacteriophages, and antimicrobial peptides (AMPs) feature among the most
widely used bioreceptors for Salmonella detection [61].
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Of those, antibodies stand out as the preferred choice due to their high specificity in
binding to analytes. They possess a crystallizable fragment (Fc) region and an antigen-
binding fragment for immune response and recognition [62]. In a study conducted by
Lukman et al. in 2018 [63], a conjugate of AuNPs with antibodies was used for the
detection of S. Typhi in water and milk samples, yielding a limit of detection (LOD) of
3 x 108 CFU.mL~!. Hwang et al. in 2016 [64] used AuNPs and MNPs conjugated with
antibodies to detect Salmonella in milk samples, reporting an LOD of 10> CFU.mL .

Aptamers are single-stranded DNA or RNA obtained through the systematic evolution
of ligands by exponential enrichment (SELEX) process. Their unique three-dimensional
structures enable them to bind with high specificity and affinity to a wide array of tar-
gets that range from molecules of different molecular weights to whole cells [65]. Due
to their physical and chemical stability, non-toxic nature, and ease of synthesis and mod-
ification, aptamers have become a significant tool in analyte recognition. These unique
oligonucleotides can hybridize with their complementary DNA (cDNA) and undergo
conformational changes in the presence of the target. Owing to these specific advantages,
aptasensors have emerged as viable alternatives to antibodies in the detection of Salmonella.
In 2015, Singh et al. [56] employed aptamers conjugated with AuNPs for the detection of
Salmonella spp. They successfully identified 19 out of the 22 strains tested and achieved
a detection limit in the range of 10* to 10° CFU.mL~!. In a study conducted by Bu et al.
in 2020 [66], LFA strips were engineered using MNPs and aptamers for the detection of
Salmonella Enteritidis, achieving an LOD between 10% to 10> CFU.mL"".

Bacteriophages are viruses that infect bacteria and use their cells for replication cy-
cles [67]. Biosensors developed from bacteriophages can differentiate between dead bacte-
rial cells, as these viruses require a viable host to replicate. This property offers a distinct
advantage over other types of biosensors [68]. A number of biosensors designed for
Salmonella detection employ bacteriophages engineered to interact specifically with the tar-
get bacteria. This interaction prompts the bacteria to express luminescent enzymes, which
allows the detection of foodborne pathogens with a degree of sensitivity that surpasses
other detection methods such as immunoassays and PCR. However, one of the challenges
of using bacteriophages as bioreceptors is the stability of their capture activity, which may
be lost when they are dried out. Furthermore, the lysis of bacterial cells can occur during
detection, resulting in a significant decrease in the resulting signals [69,70]. Charlermroj
et al., in their 2022 study [71], developed an approach to detect live bacteria using an LFA
(Figure 4). They conjugated AuNPs with bacteriophages and employed microarray technol-
ogy to produce specific antibody fragments derived from anti-Salmonella bacteriophages.
The test displayed specificity towards Salmonella Enteritidis, without showing reactivity to
other bacterial strains, and was proved efficient, with an analysis time around 15 min and
LOD of 1.0 x 107 CFU.mL ™.

§! A B Positive Negative Invalid
--Go —
.t B3 . +==-Control line
Sample /N
§ / } — — -==-Test line
% dmp\e md “onjugation pad L Signal pad Lr\hmlhem pad
B"ICI\WIL_ hoard Fiowdirection
—

Figure 4. (A) Components of the LFA developed using AuNPs as a marker. (B) Illustration of the
result reading on the LFA. Illustrations reprinted (adapted) with permission from [71].

AMPs are short peptide fragments that play a key role in the immune system, provid-
ing the first line of defense against pathogens [72]. AMPs can bind to bacterial membranes
through electrostatic and hydrophobic interactions. AMP-based biosensors can detect
low cellular concentrations due to their high affinity for targeted bacteria. Their ease of
synthesis and modification, inherent stability, and low cost make this type of biosensor
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promising for the detection of Salmonella. However, their mechanisms of action are not
entirely clear, and they fail in recognizing Salmonella specifically, as they cannot differentiate
it from other pathogenic bacteria [73]. In the study conducted by Kulagina et al., 2005 [74],
the authors used biotin-labeled AMPs for the detection of Salmonella Typhimurium. The
device performed well, with an LOD of 6.5 x 10* CFU.mL 1.

4.2. Labels

A label or tag is a signal transducer, typically of a chemical or physical nature, that con-
verts a biological response into an easily detectable outcome, resulting from the interaction
between the analyte and the bioreceptor. The generated signal intensity is either directly
or indirectly proportional to the analyte concentration [75]. In LFAs, commonly used
labels include gold nanoparticles, magnetic nanoparticles, quantum dots, and enzymes,
among others. It is essential for the properties of these materials to remain stable after their
conjugation with biorecognition molecules. Although some labels can generate a direct
signal, such as in LFAs using AuNPs, others may require additional steps to produce an
analytical signal [76].

4.2.1. Gold Nanoparticles (AuNPs)

Gold nanoparticles are the most commonly used nanomaterials in LFAs. AuNPs
display remarkable stability and a well-defined spherical shape, along with high affinity for
proteins and biomolecules, favoring functionalization. AuNPs exhibit a surface plasmon
resonance effect (Figure 5A), which contributes to excellent optical signaling, a feature di-
rectly linked to the sensitivity of LFA strips [77]. Signaling can be fine-tuned and enhanced
through the deposition of silver and enzymes. The optical properties of gold nanoparticles
rely on their shape and size. As the diameter increases (ranging from 15 to 150 nm), the
wavelength of the absorption peak shifts towards longer wavelengths, leading to a darker
coloration. With further size increment, the absorption peak tends to shift to even longer
wavelengths, resulting in a solution coloration approaching dark purple (Figure 5B). Unlike
spherical AuNPs, nanorods exhibit two absorption peaks: one in the visible range corre-
sponding to the transverse plasmon, and the other near the infrared range corresponding to
the longitudinal plasmon. Aggregation of AuNPs, which occurs when the distance between
the nanoparticles is smaller than their diameter, causes a shift in the solution’s color from
red to purple or blue. This color change is attributed to the coupling of surface plasmons,
resulting in the absorption peak shifting to a longer wavelength [78].

".0000Q0Q

5nm  20nm 30nm 40nm 50nm  60nm  80nm

Figure 5. Optical properties of AuNPs. (A) Surface plasmon resonance of spherical AuNPs. Reprinted
(adapted) with permission from [77]. Copyright (2003) American Chemical Society. (B) Optical

property related to the size of AuNPs. Image reprinted (adapted) with permission from [78].

According to the review by Wei et al., 2023 [79], LFAs have been developed using
AuNPs as markers for the detection of different Salmonella serovars. The device proposed
by Wu et al., 2021 [80], achieved an LOD of 4 x 10° CFU.mL ! in the detection of Salmonella
Typhimurium, Salmonella Paratyphi B, and Salmonella enterica. Furthermore, LFAs based on
AuNPs coated with citric acid combined with sodium ions—used to neutralize the surface
charge and disperse aggregated AuNPs—resulted in a bluish-gray signal and a visual
LOD of 10° CFU.mL! [81]. An LFA enhanced with a signal based on the growth and
accumulation of larger AuNPs was developed in 2018 by Bu et al. [82] for the detection of
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Salmonella Enteritidis, achieving a visual LOD of 10* CFU.mL . In another study, Li et al.,
2019 [83], immobilized multiple antibodies targeting different serogroups of Salmonella
(02, O:3, O:4, O:7, and O:9) in the test line for target capture. The assay displayed high
sensitivity and specificity for all five serogroups, with results read within 15 min.

AuNPs can also be coupled with the surface-enhanced Raman spectroscopy (SERS)
technique, which involves an enhancement in the signal of inelastic scattering through
molecules in the presence of a rough metal nanostructure [84]. Ilhan et al. [85] developed
an LFA biosensor based on SERS using gold nanospheres labeled with Raman reporter
molecules as probes. They compared the analytical performance of bacteriophages and
antibodies for the detection of Salmonella Enteritidis. By combining SERS and colorimetric
measurements for bacterial quantification, they achieved an LOD of 10 CFU.mL ! and the
method demonstrated good specificity (Figure 6).
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Figure 6. Illustration of the LFA strip using the SERS technique to compare the analytical performance
of bacteriophages and antibodies in the detection of Salmonella Enteritidis. Reprinted with permission
from [85].

4.2.2. Magnetic Nanoparticle (MNPs)

Magnetic nanoparticles are currently being used in highly sensitive and quantitative
biosensors through electronic detection systems with giant magnetoresistive (GMR) sen-
sors [86]. MNPs include iron oxide nanoparticles, cobalt oxide nanoparticles, and nickel
oxide nanoparticles. Among these, iron oxide nanoparticles are the most widely used
owing to their biocompatibility, biodegradability, and superparamagnetic properties.

Some MNPs can produce a color in the test line that can be measured by an optical
strip reader, and they can also serve as detection signals that are identified and recorded by
a magnetic assay reader. When magnetic particles are on the nanoscale, their electrons are
more confined and rotate in the same direction, resulting in a stronger localized magnetic
field. Unlike macroscopic iron oxide molecules, iron oxide nanoparticles can be demag-
netized when the external magnetic field is removed [87]. Due to these unique properties,
certain MNPs approved by the FDA (Food and Drug Administration) are being employed
as contrast agents in magnetic resonance imaging, as well as for cell isolation and the
extraction of biological molecules. Wen et al., 2023 [88], used multifunctional Au-Fe;O,
nanoparticles in an LFA for the detection of Salmonella Typhimurium. In addition to the
strip test, a photothermal test was also conducted using a portable infrared thermal camera
to evaluate the results. This LFA achieved a visual LOD of 5.0 x 10° CFU.mL"! and a
photothermal detection limit of 5.0 x 10* CFU.mL 1.

MNPs with optical and magnetic properties were used in an LFA engineered for
the detection of Salmonella Enteritidis [89], as shown in Figure 6a. These MNPs were
coated with antibodies and succeeded in reducing elution time and concentrating samples
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on a large scale, serving as both capture probes and signal reporters. The LFA thus
developed showed a 1000-fold increase in sensitivity compared to the AuNPs-based LFA.
In a study by Hu et al., 2019 [90], a colorimetric LFA based on fluorescent magnetic
nanospheres was developed for the detection of Salmonella Typhimurium (Figure 7B). These
nanospheres were produced using the layer-by-layer assembly technique, resulting in a
functional fluorescent magnetic colorimetric probe. In this method, the antigen is captured
and enriched by a multifunctional probe labeled with antibodies. The triple-signal LFA
(colorimetric, fluorescence, and magnetic signals) exhibited high sensitivity and a wide
linear detection range from 1.88 x 10* to 1.88 x 107 CFU.mL 1.

A Multi-Signal Readout

-
pddng - Magnetic  Dicaring Reiuﬁpemmg e F O / Colorimetric Signal
MNPy sepalation  supematant &0, \ A < g

ICFMNs /

Fluorescence Signal

400 600 800
vy / Wavelength (nm)

Cline  Tline \ = Control Line
, S. enteritidis Other bacteria,_~/" Other bacteria — -__
., Anti-rabbit 5 2 Anti-S. enteritidis
Y antibody A antibody IMNPs
864202 46

S.typhi Position on Test Strip

20
Test Line

Magenetic Signal

Magnetic Value (x10°)
=

Figure 7. Magnetic nanomaterials as markers in LFAs. (A) Schematic diagram of an MNP-based
LFA for the detection of Salmonella Enteritidis. Reprinted (adapted) with permission from [89].
(B) Scheme of the triple-signal LFA for the detection of Salmonella Typhimurium. Reprinted (adapted)
with permission from [90]. Copyright (2018) American Chemical Society.

4.2.3. Quantum Dots (QDs)

Also known as semiconductor quantum-confined fluorescent materials, QDs exhibit
unique electrical and optical properties that are directly related to their size, allowing
for tuning of fluorescence emission at different wavelengths. They are biocompatible
and photochemically stable, with a broad and continuous absorption spectrum, allowing
for efficient separation of excitation and emission wavelengths (commonly known as
the Stokes shift) compared to organic dyes [91,92]. All these properties have led to the
development of stable and efficient optical biosensors [93]. QDs enable detection by either
enhancing or quenching the adsorption pathway, chelation, or direct interaction with
specific conjugated bioreceptors or metal ions [94]. Their applicability, as well as that of
their conjugated derivatives, has been reported in studies focusing on the development
of fluorescence-based biosensors for pathogen detection and food safety [95,96]. Shang
et al., 2021 [97], developed LFA strips labeled with nanobeads (QBs), combined with strand-
displacement loop-mediated isothermal amplification (SD-LAMP) for the quantitative
detection of Salmonella Typhimurium in food samples. These QBs rendered the test efficient
and SD-LAMP enhanced the method’s specificity in the sandwich format. An LFA strip
reader was used to measure fluorescence intensity, and the LOD obtained ranged from 102
to 10® CFU.mL 1.

In the studies conducted by Hu et al., 2020 [98], QD nanospheres were used as mark-
ers in an LFA strip for the detection of Salmonella Typhimurium. The LOD found was
5 x 10> CFU.mL~!, and the test showed 100% accuracy, good specificity, and sensitivity
(Figure 8).
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5. Future Prospects of LFA as a Method for Salmonella Detection

LFAs offer several advantages over conventional methods and have become increas-
ingly popular in the detection of foodborne pathogens, consistently advancing towards
addressing food safety issues. They are rapid, low-cost, portable, sensitive, and specific
assays, in addition to being user-friendly and easy to interpret. However, the sensitivity of
many LFAs reported in the literature is insufficient to meet the regulatory limits required
for detection. In most cases, conventional gold standard methods or PCR are used to
complement LFAs in Salmonella detection. Considering the complexity of components in
different food matrices, the analytical performance of LFAs is compromised when tested
on real samples. An alternative to reduce interference and increase sensitivity would be
the application of pre-treatment, separation, and concentration techniques that efficiently
isolate, concentrate, and purify the Salmonella target [99]. Eliminating the requirement for
sample enrichment would enable the detection of low concentrations of Salmonella. The
results can be interpreted in a semi-quantitative or quantitative manner using strip readers
or dedicated smartphone applications. These readers allow for quantitative analysis by
converting color intensity into optical density values for the test and control lines [100].
To enhance sensitivity and specificity in the food supply chain, LFAs need to incorporate
innovative technological strategies.

6. Challenges Related to LFAs in Salmonella Detection

According to regulatory standards that define microbiological criteria, Salmonella
should not be present in ready-to-eat foods. Therefore, the development of highly sensitive
detection methods is of utmost importance. Some LFAs manufactured and reported in
the literature are still not sufficiently sensitive compared to gold standard and alternative
methods. Moreover, the analytical performance of LFAs may be compromised when tested
in enriched or real food samples due to potential interferences caused by more complex
food matrices. Furthermore, detecting low concentrations of Salmonella through LFAs
remains a challenge, particularly in real food samples. There are also concerns regarding
the reliability of different methods in determining limits of detection for Salmonella, as some
studies lack a comparison with established microbial testing methods [61], and higher
detection ranges have been reported. Yet another challenge is the point-of-care application
of LFAs, as it requires targeted sampling strategies for specific food matrices to detect
Salmonella, not to mention the need for sample enrichment in culture media and incubation
in temperature-controlled chambers prior to LFA analysis.

7. Conclusions

The use of LFA technology offers a compelling solution for meeting the requirements of
quality and safety standards and enabling efficient and reliable detection and quantification
of Salmonella in food. The high demand and market need for rapid and reliable pathogen
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detection are driving studies on this technique and contributing to improvements in its
performance. In this review, the LFA has been presented as an alternative method to
traditional approaches, offering portability, low cost, ease of use, and straightforward
interpretation of results. Furthermore, it demonstrates high sensitivity, with the potential
for even lower limits of detection depending on the combination of nanomaterials and
bioreceptors employed. Overall, LEAs hold promise as powerful tools for the rapid and
reliable detection of Salmonella, addressing the demands of the food industry and ensuring
the safety and quality of food products. Continued research and development in this
field will further enhance the performance and application of LFAs in the detection of
foodborne pathogens.

Author Contributions: Writing—original draft preparation, G.B.L.S.; writing—review and editing,
FEV.C,M.C.C.G. and ]J.P.O.; supervision, J.P.O.; funding acquisition, M.C.C.G. and ].P.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Acceleration Programs: CATALISA ICT—Sebrae (12/03/
2021 call) and CENTELHA II—FAPES (02/2022). Silva received a PROCAP MESTRADO fellowship
from FAPES (11/2020). Campos received a PROFIX postdoctoral fellowship from FAPES (15/2022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  World Health Organization (WHO). World Health Statistics 2018: Monitoring Health for the Sustainable Development Goals (SDGs);
WHO: Geneva, Switzerland, 2018.

2. Ran, L.; Wu, S.; Gao, Y.; Zhang, X.; Feng, Z.; Wang, Z.; Kan, B.; Klena, ].D.; Lo Fo Wong, D.M.A.; Angulo, FJ.; et al. Laboratory-
Based Surveillance of Nontyphoidal Salmonella Infections in China. Foodborne Pathog. Dis. 2011, 8, 921-927. [CrossRef] [PubMed]

3. Kuiken, T; Leighton, FA.; Fouchier, R.A.; LeDuc, ].W,; Peiris, ].5.M.; Schudel, A. Pathogen surveillance in animals. Science 2005,
309, 1680-1681. [CrossRef] [PubMed]

4. Bhagwat, A.A. Simultaneous detection of Escherichia coli O157: H7, Listeria monocytogenes 376 and Salmonella strains by
real-time PCR. Int. . Food Microbiol. 2003, 84, 217-224. [CrossRef] [PubMed]

5. Almeida, C; Cerqueira, L.; Azevedo, N.E; Vieira, M.]. Detection of Salmonella enterica serovar Enteritidis using real time PCR,
immunocapture assay, PNA FISH and standard culture methods in different types of food samples. Int. J. Food Microbiol. 2013,
161, 16-22. [CrossRef] [PubMed]

6. Kagkli, D.M.; Weber, T.P; Van den Bulcke, M.; Folloni, S.; Tozzoli, R.; Morabito, S. Application of the modular approach to
an in-house validation study of real-time PCR methods for the detection and serogroup determination of verocytotoxigenic
Escherichia coli. Appl. Environ. Microbiol. 2011, 77, 6954-6963. [CrossRef] [PubMed]

7. Kobayashi, H.; Kubota, J.; Fujihara, K.; Honjoh, K.; Lio, M. Simultaneous Enrichment of Salmonella spp., Escherichia coli O157:
H7, Vibrio parahaemolyticus, Staphylococcus aureus, Bacillus cereus, and Listeria monocytogenes by Single Broth and Screening of the
Pathogens by Multiplex Real-time PCR. Food Sci. Technol. Res. 2009, 15, 427-438. [CrossRef]

8.  Song, C.; Liu, J,; Li, J; Liu, Q. Dual FITC lateral flow immunoassay for sensitive detection of Escherichia coli O157: H7 in food
samples. Biosens. Bioelectron. 2016, 15, 734-739. [CrossRef]

9.  Gao, W.,; Huang, H.; Zhu, P. Recombinase polymerase amplification combined with lateral flow dipstick for equipment-free
detection of Salmonella in shellfish. Bioprocess Biosyst. Eng. 2018, 41, 603-611. [CrossRef]

10. Wang, W.; Liu, L.; Song, S. Identification and quantification of eight Listeria monocytogene serotypes from Listeria spp. using a
gold nanoparticle-based lateral flow assay. Microchim. Acta 2017, 184, 715-724. [CrossRef]

11. Han, J.; Zhang, L.; Hu, L.; Xing, K.; Lu, X.; Huang, Y.; Zhang, J.; Lai, W.; Chen, T. Nanozyme-based lateral flow assay for the
sensitive detection of Escherichia coli O157:H7 in milk. J. Dairy Sci. 2018, 101, 5770-5779. [CrossRef]

12.  Tasbasi, B.; Guner, B.; Sudagidan, M.; Ucak, S.; Kavruk, M.; Ozalp Veli, C. Label-free lateral flow assay for Listeria monocytogenes
by aptamer-gated release of signal molecules. Anal. Biochem. 2019, 587, 113449. [CrossRef] [PubMed]

13. Kim, J.; Mohamed, M.; Zagorovsky, K.; Chan, W. State of diagnosing infectious pathogens using colloidal nanomaterials.
Biomaterials 2017, 146, 97-114. [CrossRef] [PubMed]

14. Mohamad Nor, N.; Abdul Razak, K.; Tan, S.C.; Noordin, R. Properties of surface functionalized iron oxide nanoparticles
(ferrofluid) conjugated antibody for lateral flow immunoassay application. J. Alloys Compd. 2012, 538, 100-106. [CrossRef]

15. Issenhuth-Jeanjean, S.; Roggentin, P.; Mikoleit, M.; Guibourdenche, M.; de Pinna, E.; Nair, S.; Fields, P.I; Weill, E-X. Supplement
2008-2010 (no. 48) to the White-Kauffmann-Le Minor scheme. Res. Microbiol. 2014, 165, 526-530. [CrossRef] [PubMed]

16. Ministry of Health. Technical Manual of Laboratory Diagnosis of Salmonella spp.; Ministry of Health: Brasilia, Brazil, 2011; p. 64.

17.  Hirsh, D.C. Salmonella. In Veterinary Microbiology; Hirsh, D.C., Zee, Y.C., Eds.; Guanabara Koogan: Rio de Janeiro, Brazil, 2012;

pp- 69-73.


https://doi.org/10.1089/fpd.2010.0827
https://www.ncbi.nlm.nih.gov/pubmed/21492026
https://doi.org/10.1126/science.1113310
https://www.ncbi.nlm.nih.gov/pubmed/16150997
https://doi.org/10.1016/S0168-1605(02)00481-6
https://www.ncbi.nlm.nih.gov/pubmed/12781944
https://doi.org/10.1016/j.ijfoodmicro.2012.11.014
https://www.ncbi.nlm.nih.gov/pubmed/23246608
https://doi.org/10.1128/AEM.05357-11
https://www.ncbi.nlm.nih.gov/pubmed/21856838
https://doi.org/10.3136/fstr.15.427
https://doi.org/10.1016/j.bios.2016.05.057
https://doi.org/10.1007/s00449-018-1895-2
https://doi.org/10.1007/s00604-016-2028-8
https://doi.org/10.3168/jds.2018-14429
https://doi.org/10.1016/j.ab.2019.113449
https://www.ncbi.nlm.nih.gov/pubmed/31557463
https://doi.org/10.1016/j.biomaterials.2017.08.013
https://www.ncbi.nlm.nih.gov/pubmed/28898761
https://doi.org/10.1016/j.jallcom.2012.05.053
https://doi.org/10.1016/j.resmic.2014.07.004
https://www.ncbi.nlm.nih.gov/pubmed/25049166

Pathogens 2023, 12, 1441 12 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Shinohara, N.K.S.; de Barros, V.B.; Jimenez, SM.C.; Machado, E.D.L.; Dutra, R.A.F,; de Lima Filho, J.L. Salmonella spp., an
important pathogenic agent transmitted in food. Ciénc. Satide Coletiva 2008, 13, 1675-1683. [CrossRef] [PubMed]

Liu, J.; Jasim, L; Shen, Z.; Zhao, L.; Dweik, M.; Zhang, S.; Almasri, M. A microfluidic based biosensor for rapid detection of
Salmonella in food products. PLoS ONE 2019, 14, e0216873. [CrossRef] [PubMed]

ISO 6579:2002; International Standard. 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, 2002.

Yang, X.; Bai, X.N.; Yang, ].Y.J.; Xu, E; Xu, H.Y. Magnetic nano-beads based separation combined with propidium monoazide
treatment and multiplex PCR assay for simultaneous detection of viable Salmonella typhimurium, Escherichia coli O157:H7 and
Listeria monocytogenes in food products. Food Microbiol. 2013, 34, 418-424. [CrossRef]

Silva, N.E.D.; Magalhaes, ] M.C.S.; Freire, C.; Delerue-Matos, C. Electrochemical biosensors for Salmonella: State of the art and
challenges in food safety assessment. Biosens. Bioelectron. 2018, 99, 667—682. [CrossRef]

Franco, B.D.G.M. Métodos alternativos de analise microbioldgica de alimentos: Uma revisao. Bol. Da SBCTA 1999, 33, 229-234.

Melo, A.M.A; de Fatima Borges, M.; Ferro Furtado, R.; Alves, C.R.; Teixeira de Figueiredo, E.A. Métodos Alternativos para Detecgio
de Salmonella em Alimentos; Embrapa Agroindustria Tropical: Fortaleza, Brazil, 2018; Available online: https://ainfo.cnptia.
embrapa.br/digital /bitstream /item /189768 /1/DOC18005.pdf (accessed on 1 June 2023).

Blivet, D.; Soumet, C.; Ermel, G.; Colin, P. Rapid detection methods for pathogens. In Proceedings of the 3rd Karlsruhe Nutrition
Symposium European Research towards Safer and Better Food, Review and Transfer, Karlsruhe, Germany, 18-20 October 1998;
p- 3.

Di Febo, T.; Schirone, M.; Visciano, I; Portanti, O.; Armillotta, G.; Persiani, T.; Di Giannatale, E.; Tittarelli, M.; Luciani, M.
Development of a capture ELISA for rapid detection of Salmonella enterica in food samples. Food Anal. Methods 2019, 12, 322-330.
[CrossRef]

Kim, S.-O.; Kim, S.-S. Bacterial pathogen detection by conventional culture-based and recent alternative (polymerase chain
reaction, isothermal amplification, enzyme linked immunosorbent assay, bacteriophage amplification, and gold nanoparticle
aggregation) methods in food samples: A review. J. Food Saf. 2021, 41, €12870. [CrossRef]

Huang, Z.; Olson, N.A.; You, W.; Haugland, R.P. A sensitive competitive ELISA for 2, 4-dinitrophenol using 3, 6-fluorescein
diphosphate as a fluorogenic substrate. J. Immunol. Methods 1992, 149, 261-266. [CrossRef] [PubMed]

Sue, M.].; Yeap, S.K.; Omar, A.R; Tan, S.W. Application of PCR-ELISA in Molecular Diagnosis. BioMed Res. Int. 2014, 2014, 653014.
[CrossRef] [PubMed]

Peng, H.; Huang, Z.; Wu, W,; Liu, M.; Huang, K.; Yang, Y.; Deng, H.; Xia, X.; Chen, W. Versatile High-Performance Electro-
chemiluminescence ELISA Platform Based on a Gold Nanocluster Probe. ACS Appl. Mater. Interfaces 2019, 11, 24812-24819.
[CrossRef]

De La Rica, R.; Stevens, M.M. Plasmonic ELISA for the ultrasensitive detection of disease biomarkers with the naked eye. Nat.
Nanotechnol. 2012, 7, 821-824. [CrossRef] [PubMed]

Cho, I.-H.; Irudayaraj, J. In-situ immuno-gold nanoparticle network ELISA biosensors for pathogen detection. Int. J. Food Microbiol.
2013, 164, 70-75. [CrossRef] [PubMed]

Chunglok, W.; Wuragil, D.K,; Oaew, S.; Somasundrum, M.; Surareungchai, W. Immunoassay based on carbon nanotubesenhanced
ELISA for Salmonella enterica serovar typhimurium. Biosens. Bioelectron. 2011, 26, 3584-3589. [CrossRef] [PubMed]

Lin, L.; Zheng, Q.; Lin, J.; Yuk, H.-G.; Guo, L. Immuno-and nucleic acid-based current technique for Salmonella detection in food.
Eur. Food Res. Technol. 2020, 246, 373-395. [CrossRef]

Kang, J.; Kim, M.-G. Advancements in DNA-assisted Immunosensors. BioChip ]. 2020, 14, 18-31. [CrossRef]

Fenollar, F; Raoult, D. Molecular genetic methods for the diagnosis of fastidious microorganisms. APMIS 2004, 112, 785-807.
[CrossRef]

Salamin, O.; Kuuranne, T.; Saugy, M.; Leuenberger, N. Loop-mediated isothermal amplification (LAMP) as an alternative to PCR:
A rapid on-site detection of gene doping. Drug Test. Anal. 2017, 9, 1731-1737. [CrossRef]

Ruan, J.; Wang, W.; Zhang, T.; Zheng, T.; Zheng, J.; Yu, S.; Yu, D.; Huang, Y. Establishment of a duplex real-time qPCR method for
detection of Salmonella spp. and Serratia fonticola in fishmeal. AMB Express 2020, 10, 207. [CrossRef] [PubMed]

Cossu, A.; Levin, R.E. Rapid conventional PCR and real-time-qPCR detection of low numbers of Salmonella enterica from ground
beef without enrichment. Food Biotechnol. 2014, 28, 96-105. [CrossRef]

Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-mediated isothermal amplifica-
tion of DNA. Nucleic Acids Res. 2000, 28, E63. [CrossRef]

Liu, N.; Zou, D.; Dong, D.; Yang, Z.; Ao, D.; Liu, W,; Huang, L. Development of a multiplex loop-mediated isothermal
amplification method for the simultaneous detection of Salmonella spp. and Vibrio parahaemolyticus. Sci. Rep. 2017, 7, 45601.
[CrossRef]

Wu, G.P; Chen, S.H.; Levin, R.E. Application of ethidium bromide monoazide for quantification of viable and dead cells of
Salmonella enterica by real-time loop-mediated isothermal amplification. ]. Microbiol. Methods 2015, 117, 41-48. [CrossRef]
[PubMed]

Hensvall, B.K.; Robertson, L.]. From research lab to standard environmental analysis tool: Will NASBA make the leap? Water Res.
2017, 109, 389-397. [CrossRef]


https://doi.org/10.1590/S1413-81232008000500031
https://www.ncbi.nlm.nih.gov/pubmed/18813668
https://doi.org/10.1371/journal.pone.0216873
https://www.ncbi.nlm.nih.gov/pubmed/31086396
https://doi.org/10.1016/j.fm.2013.01.004
https://doi.org/10.1016/j.bios.2017.08.019
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/189768/1/DOC18005.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/189768/1/DOC18005.pdf
https://doi.org/10.1007/s12161-018-1363-2
https://doi.org/10.1111/jfs.12870
https://doi.org/10.1016/0022-1759(92)90258-U
https://www.ncbi.nlm.nih.gov/pubmed/1301064
https://doi.org/10.1155/2014/653014
https://www.ncbi.nlm.nih.gov/pubmed/24971343
https://doi.org/10.1021/acsami.9b08819
https://doi.org/10.1038/nnano.2012.186
https://www.ncbi.nlm.nih.gov/pubmed/23103935
https://doi.org/10.1016/j.ijfoodmicro.2013.02.025
https://www.ncbi.nlm.nih.gov/pubmed/23603219
https://doi.org/10.1016/j.bios.2011.02.005
https://www.ncbi.nlm.nih.gov/pubmed/21376561
https://doi.org/10.1007/s00217-019-03423-9
https://doi.org/10.1007/s13206-020-4103-9
https://doi.org/10.1111/j.1600-0463.2004.apm11211-1206.x
https://doi.org/10.1002/dta.2324
https://doi.org/10.1186/s13568-020-01144-x
https://www.ncbi.nlm.nih.gov/pubmed/33236244
https://doi.org/10.1080/08905436.2014.895946
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1038/srep45601
https://doi.org/10.1016/j.mimet.2015.07.012
https://www.ncbi.nlm.nih.gov/pubmed/26187777
https://doi.org/10.1016/j.watres.2016.11.052

Pathogens 2023, 12, 1441 13 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Fakruddin, M.D.; Mazumdar, RM.; Chowdhury, A.; Mannan, K.S.B. Nucleic acid sequence-based amplification (NASBA)-
prospects and applications. Int. J. Life Sci. Pharma Res. 2012, 2, 106-121.

Mollasalehi, H.; Yazdanparast, R. An improved non-crosslinking gold nanoprobe-NASBA based on 16S rRNA for rapid discrimi-
native bio-sensing of major salmonellosis pathogens. Biosens. Bioelectron. 2013, 47, 231-236. [CrossRef]

Lobato, I.M.; O’Sullivan, C.K. Recombinase polymerase amplification: Basics, applications and recent advances. TrAC—Trends
Anal. Chem. 2018, 98, 19-35. [CrossRef]

Chen, J.; Liu, X.; Chen, J.; Guo, Z.; Wang, Y.; Chen, G.; Chen, X; Yan, Q.; Yang, P; Li, R. Development of a rapid test method for
Salmonella enterica detection based on fluorescence probe-based recombinase polymerase amplification. Food Anal. Methods 2019,
12,1791-1798. [CrossRef]

Kumar, R.; Surendran, P.K.; Thampuran, N. Evaluation of culture, ELISA and PCR assays for the detection of Salmonella in
seafood. Lett. Appl. Microbiol. 2008, 46, 221-226. [CrossRef] [PubMed]

Quesada-Gonzalez, D.; Merkogi, A. Nanoparticle-based lateral flow biosensors. Biosens. Bioelectron. 2015, 73, 47-63. [CrossRef]
[PubMed]

Huang, X.; Aguilar, Z.P,; Xu, H.; Lai, W.; Xiong, Y. Membrane-based lateral flow immunochromatographic strip with nanoparticles
as reporters for detection: A review. Biosens. Bioelectron. 2016, 75, 166-180. [CrossRef] [PubMed]

Tian, Y.M.; Bu, T.; Zhang, M. Metal-polydopamine framework based lateral flow assay for highly sensitive detection of tetracycline
in food samples. Food Chem. 2021, 339, 127854. [CrossRef] [PubMed]

Rivas, L.; de La Escosura-Muniz, A.; Pons, J.; Merkoci, A. Lateral flow biosensors based on gold nanoparticles. In Comprehensive
Analytical Chemistry, 66th ed.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 569-605. [CrossRef]

Costa, E.; Climent, E.; Ast, S.; Weller, M.G.; Canning, J.; Rurack, K. Development of a lateral flow test for rapid pyrethroid
detection using antibody-gated indicator-releasing hybrid materials. Analyst 2020, 145, 3490-3494. [CrossRef]

Tonkinson, J.L.; Stillman, B.A. Nitrocellulose: A tried-and-true polymer finds utility as a post-genomic substrate. Front. Biosci.
2002, 7, 1-12. [CrossRef]

Chen, A.; Yang, S. Replacing antibodies with aptamers in lateral flow immunoassay. Biosens. Bioelectron. 2015, 71, 230-242.
[CrossRef]

Singh, J.; Sharma, S.; Nara, S. Evaluation of gold nanoparticle based lateral flow assays for diagnosis of enterobacteriaceae
members in food and water. Food Chem. 2015, 170, 470-483. [CrossRef]

Mak, W.C,; Beni, V.; Turner, A.P. Lateral-flow technology: From visual to instrumental. TrAC—Trends Anal. Chem. 2016, 79,
297-305. [CrossRef]

Gao, P; Wang, L.; He, Y,; Wang, Y; Yang, X.; Fu, S.; Qin, X; Chen, Q.; Man, C.; Jiang, Y. An Enhanced Lateral Flow Assay Based
on Aptamer-Magnetic Separation and Multifold AuNPs for Ultrasensitive Detection of Salmonella typhimurium in Milk. Foods
2021, 10, 1605. [CrossRef]

Chen, X.; Miao, X.; Mae, T.; Leng, Y.; Hao, L.; Duan, H.; Yuan, J.; Li, Y.; Huang, X.; Xiong, Y. Gold nanobeads with enhanced
absorbance for improved sensitivity in competitive lateral flow immunoassays. Foods 2021, 10, 1488. [CrossRef]

Bazin, I; Tria, S.A.; Hayat, A.; Marty, ].-L. New biorecognition molecules in biosensors for the detection of toxins. Biosens.
Bioelectron. 2017, 87, 285-298. [CrossRef]

Shen, Y.; Xu, L.; Li, Y. Biosensors for rapid detection of Salmonella in food: A review. Compr. Rev. Food Sci. Food Saf. 2021, 20,
149-197. [CrossRef]

Furst, A.L.; Francis, M.B. Impedance-based detection of bacteria. Chem. Rev. 2019, 119, 700-726. [CrossRef] [PubMed]

Lukman, YM.,; Dyana, Z.N.; Rahmah, N.; Khairunisak, A.R. Development and Evaluation of Colloidal Gold Lateral Flow
Immunoassays for Detection of Escherichia coli O157 and Salmonella Typhi. J. Phys. Conf. Ser. 2018, 1082, 012049. [CrossRef]
Hwang, J.; Kwon, D.; Lee, S.; Jeon, S. Detection of Salmonella bacteria in milk using gold-coated magnetic nanoparticle clusters and
lateral flow filters. J. RSC Adv. 2016, 6, 48445-48448. [CrossRef]

Song, S.; Wang, L.; Li, ].; Zhao, J.; Fan, C. Aptamer-based biosensors. TrAC—Trends Anal. Chem. 2008, 27, 108-117. [CrossRef]
Bu, T,; Yao, X.,; Huang, L.; Dou, L.; Zhao, B.; Yang, B.; Li, T.; Wang, J.; Zhang, D. Dual recognition strategy and magnetic
enrichment based lateral flow assay toward Salmonella enteritidis detection. Talanta 2020, 206, 120204. [CrossRef]

Yue, H,; He, Y; Fan, E.; Wang, L.; Lu, S.; Fu, Z. Label-free electrochemiluminescent biosensor for rapid and sensitive detection of
Pseudomonas aeruginosa using phage as highly specific recognition agent. Biosens. Bioelectron. 2017, 94, 429-432. [CrossRef]
Fernandes, E.; Martins, V.C.; Nobrega, C.; Carvalho, C.M.; Cardoso, F.A.; Cardoso, S.; Azeredo, J. A bacteriophage detection tool
for viability assessment of Salmonella cells. Biosens. Bioelectron. 2014, 52, 239-246. [CrossRef] [PubMed]

Jayan, H.; Pu, H.; Sun, D.W. Recent development in rapid detection techniques for microorganism activities in food matrices
using bio-recognition: A review. Trends Food Sci. Technol. 2020, 95, 233-246. [CrossRef]

Templier, V.; Roux, A.; Roupioz, Y.; Livache, T. Ligands for label-free detection of whole bacteria on biosensors: A review.
TrAC—Trends Anal. Chem. 2016, 79, 71-79. [CrossRef]

Charlermroj, R.; Makornwattana, M.; Phuengwas, S.; Karoonuthaisiri, N. A rapid colorimetric lateral flow test strip for detection
of live Salmonella enteritidis using whole phage as a specific binder. Front. Microbiol. 2022, 13, 1008817. [CrossRef] [PubMed]
Patel, S.; Akhtar, N. Antimicrobial peptides (AMPs): The quintessential ‘offense and defense’ molecules are more than antimicro-
bials. Biomed. Pharmacother. 2017, 95, 1276-1283. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bios.2013.03.012
https://doi.org/10.1016/j.trac.2017.10.015
https://doi.org/10.1007/s12161-019-01526-3
https://doi.org/10.1111/j.1472-765X.2007.02286.x
https://www.ncbi.nlm.nih.gov/pubmed/18028326
https://doi.org/10.1016/j.bios.2015.05.050
https://www.ncbi.nlm.nih.gov/pubmed/26043315
https://doi.org/10.1016/j.bios.2015.08.032
https://www.ncbi.nlm.nih.gov/pubmed/26318786
https://doi.org/10.1016/j.foodchem.2020.127854
https://www.ncbi.nlm.nih.gov/pubmed/32829245
https://doi.org/10.1016/B978-0-444-63285-2.00014-6
https://doi.org/10.1039/D0AN00319K
https://doi.org/10.2741/tonkins
https://doi.org/10.1016/j.bios.2015.04.041
https://doi.org/10.1016/j.foodchem.2014.08.092
https://doi.org/10.1016/j.trac.2015.10.017
https://doi.org/10.3390/foods10071605
https://doi.org/10.3390/foods10071488
https://doi.org/10.1016/j.bios.2016.06.083
https://doi.org/10.1111/1541-4337.12662
https://doi.org/10.1021/acs.chemrev.8b00381
https://www.ncbi.nlm.nih.gov/pubmed/30557008
https://doi.org/10.1088/1742-6596/1082/1/012049
https://doi.org/10.1039/C6RA05446C
https://doi.org/10.1016/j.trac.2007.12.004
https://doi.org/10.1016/j.talanta.2019.120204
https://doi.org/10.1016/j.bios.2017.03.033
https://doi.org/10.1016/j.bios.2013.08.053
https://www.ncbi.nlm.nih.gov/pubmed/24055938
https://doi.org/10.1016/j.tifs.2019.11.007
https://doi.org/10.1016/j.trac.2015.10.015
https://doi.org/10.3389/fmicb.2022.1008817
https://www.ncbi.nlm.nih.gov/pubmed/36246228
https://doi.org/10.1016/j.biopha.2017.09.042
https://www.ncbi.nlm.nih.gov/pubmed/28938518

Pathogens 2023, 12, 1441 14 of 15

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Qiao, Z.; Fu, Y;; Lei, C; Li, Y. Advances in antimicrobial peptides-based biosensing methods for detection of foodborne pathogens:
A review. Food Control 2020, 112, 107116. [CrossRef]

Kulagina, N.V.; Lassman, M.E.; Ligler, E.S,; Taitt, C.R. Antimicrobial peptides for detection of bacteria in biosensor assays. Anal.
Chem. 2005, 77, 6504-6508. [CrossRef]

Koyun, A.; Ahlatcioglu, E.; Ipek, Y.K. Biosensors and Their Principles; Intech Open: London, UK, 2012. [CrossRef]

Sajid, M.; Kawde, A.; Daud, M. Designs, formats and applications of lateral flow assay: A literature review. J. Saudi Chem. Soc.
2015, 19, 689-705. [CrossRef]

Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The optical properties of metal nanoparticles: The influence of size, shape, and
dielectric environment. J. Phys. Chem. B 2003, 107, 668—677. [CrossRef]

Abrica-Gonzalez, P.; Zamora-Justo, J.A.; Chavez-Sandoval, B.E.; Vazquez-Martinez, G.R.; Balderas-Lépez, ].A. Measurement of
the Optical Properties of Gold Colloids by Photoacoustic Spectroscopy. Int. J. Thermophys. 2018, 39, 93. [CrossRef]

Wei, C.; Wu, A; Xu, L.; Xu, C; Liu, L.; Kuang, H.; Xu, X. Recent progress on lateral flow immunoassays in foodborne pathogen
detection. Food Biosci. 2023, 52, 102475. [CrossRef]

Wu, M.; Wu, Y,; Liu, C; Tian, Y,; Fang, S.; Yang, H.; Li, B.; Liu, Q. Development and comparison of immunochromatographic
strips with four nanomaterial labels: Colloidal gold, new colloidal gold, multi-branched gold nanoflowers and Luminol-reduced
Au nanoparticles for visual detection of Vibrio parahaemolyticus in seafood. Aquaculture 2021, 539, 736563. [CrossRef]

Ren, Y.; Gao, P,; Song, Y.; Yang, X.; Yang, T.; Chen, S.; Fu, S.; Qin, X.; Shao, M.; Man, C.; et al. An aptamer-exonuclease III (Exo
III)-assisted amplification-based lateral flow assay for sensitive detection of Escherichia coli O157:H7 in milk. . Dairy Sci. 2021,
104, 8517-8529. [CrossRef] [PubMed]

Bu, T;; Huang, Q.; Yan, L.; Huang, L.; Zhang, M.; Yang, Q.; Yang, B.; Wang, J.; Zhang, D. Ultra-technically-simple and sensitive
detection for Salmonella enteritidis by immunochromatographic assay based on gold growth. Food Control 2018, 84, 536-543.
[CrossRef]

Li, Y,; Wang, Z; Sun, L.; Liu, L.; Xu, C.; Kuang, H. Nanoparticle-based sensors for food contaminants. TrAC—Trends Anal. Chem.
2019, 113, 74-83. [CrossRef]

Garcia-Ramos, ].V.; Sanchez-Cortés, S. Espectroscopia vibracional sobre nanoestructuras metélicas (SERS y SEIR): Nuevos
sustratos y aplicaciones. Opt. Pura Apl. 2006, 39, 125-128.

Ilhan, H.; Tayyarcan, E.K.; Caglayan, M.G.; Boyaci, IH.; Saglam, N.; Tamer, U. Replacement of antibodies with bacteriophages in
lateral flow assay of Salmonella enteritidis. Biosens. Bioelectron. 2021, 189, 113383. [CrossRef] [PubMed]

Marquina, C.; Teresa, ].M.; Cardoso, F.A.; Saurel, D.; Cardoso, S.; Freitas, P.P.; Ibarra, M.R. GMR sensors and magnetic nanoparticles
for Immuno-chromatographic assays. J. Magn. Mater. 2012, 324, 3495-3498. [CrossRef]

Kim, B.Y.S.; Rutka, J.T.; Chan, W.C.W. Nanomedicine. N. Engl. |. Med. 2010, 363, 2434-2443. [CrossRef]

Wen, C; Zhao, L.; Wang, Y.; Wang, Y.; Li, H.; Li, X,; Zi, M.; Zeng, ]. Colorimetric and photothermal dual-mode lateral flow
immunoassay based on Au-Fe304 multifunctional nanoparticles for detection of Salmonella typhimurium. Microchim. Acta 2023,
190, 57. [CrossRef]

Duan, M.; Huang, Y,; Wu, S; Li, G.; Wang, S.; Chen, M.; Wang, C.; Liu, D.; Liu, C.; Lai, W. Rapid and sensitive detection of
Salmonella enteritidis by a pre-concentrated immunochromatographic assay in a large-volume sample system. RSC Adv. 2017, 7,
55141-55147. [CrossRef]

Hu, J; Jiang, Y.-Z.; Tang, M.; Wu, L.; Xie, H.; Zhang, Z.; Pang, D. Colorimetric-fluorescent-magnetic nanosphere-based multimodal
assay platform for Salmonella detection. Anal. Chem. 2019, 91, 1178-1184. [CrossRef] [PubMed]

Kairdolf, B.A.; Smith, A.M.; Stokes, T.H.; Wang, M.D.; Young, A.N.; Nie, S. Semiconductor quantum dots for bioimaging and
biodiagnostic applications. Annu. Rev. Anal. Chem. 2013, 6, 143-162. [CrossRef] [PubMed]

Jin, Z.; Hildebrandt, N. Semiconductor quantum dots for in vitro diagnostics and cellular imaging. Trends Biotechnol. 2012, 30,
394-403. [CrossRef] [PubMed]

Chan, W.C.; Maxwell, D.J.; Gao, X.; Bailey, R.E.; Han, M.; Nie, S. Luminescent quantum dots for multiplexed biological detection
and imaging. Curr. Opin. Biotechnol. 2002, 13, 40-46. [CrossRef] [PubMed]

Cardoso Dos Santos, M.; Algar, W.R.; Medintz, I.L.; Hildebrandt, N. Quantum Dots for Forster Resonance Energy Transfer (FRET).
TrAC—Trends Anal. Chem. 2020, 125, 115819. [CrossRef]

Xiong, J.; Zhang, H.; Qin, L.; Zhang, S.; Cao, J.; Jiang, H. Magnetic Fluorescent Quantum Dots Nanocomposites in Food
Contaminants Analysis: Current Challenges and Opportunities. Int. ]. Mol. Sci. 2022, 23, 4088. [CrossRef]

Sun, F; Zhang, ].; Yang, Q.; Wu, W. Quantum Dot Biosensor Combined with Antibody and Aptamer for Tracing Food-Borne
Pathogens. Food Qual. Saf. 2021, 5, fyab019. [CrossRef]

Shang, Y.; Cai, S.; Ye, Q.; Wu, Q.; Shao, Y.; Qu, X,; Xiang, X.; Zhou, B.; Ding, Y.; Chen, M,; et al. Quantum dot nanobeads-
labelled lateral flow immunoassay strip for rapid and sensitive detection of Salmonella typhimurium based on strand displacement
loop-mediated isothermal amplification. Engineering 2022, 19, 62-70. [CrossRef]

Hu, J.; Tang, E; Jiang, Y.-Z.; Liu, C. Rapid screening and quantitative detection of Salmonella using a quantum dot nanobead-based
biosensor. Analyst 2020, 145, 2184-2190. [CrossRef]


https://doi.org/10.1016/j.foodcont.2020.107116
https://doi.org/10.1021/ac050639r
https://doi.org/10.5772/48824
https://doi.org/10.1016/j.jscs.2014.09.001
https://doi.org/10.1021/jp026731y
https://doi.org/10.1007/s10765-018-2412-1
https://doi.org/10.1016/j.fbio.2023.102475
https://doi.org/10.1016/j.aquaculture.2021.736563
https://doi.org/10.3168/jds.2020-19939
https://www.ncbi.nlm.nih.gov/pubmed/33896635
https://doi.org/10.1016/j.foodcont.2017.08.036
https://doi.org/10.1016/j.trac.2019.01.012
https://doi.org/10.1016/j.bios.2021.113383
https://www.ncbi.nlm.nih.gov/pubmed/34087727
https://doi.org/10.1016/j.jmmm.2012.02.074
https://doi.org/10.1056/NEJMra0912273
https://doi.org/10.1007/s00604-023-05645-x
https://doi.org/10.1039/C7RA11006E
https://doi.org/10.1021/acs.analchem.8b05154
https://www.ncbi.nlm.nih.gov/pubmed/30516043
https://doi.org/10.1146/annurev-anchem-060908-155136
https://www.ncbi.nlm.nih.gov/pubmed/23527547
https://doi.org/10.1016/j.tibtech.2012.04.005
https://www.ncbi.nlm.nih.gov/pubmed/22608980
https://doi.org/10.1016/S0958-1669(02)00282-3
https://www.ncbi.nlm.nih.gov/pubmed/11849956
https://doi.org/10.1016/j.trac.2020.115819
https://doi.org/10.3390/ijms23084088
https://doi.org/10.1093/fqsafe/fyab019
https://doi.org/10.1016/j.eng.2021.03.024
https://doi.org/10.1039/D0AN00035C

Pathogens 2023, 12, 1441 15 of 15

99. Lee, K.-M,; Runyon, M.; Hermann, T.J.; Phillips, R.; Hsieh, J. Review of Salmonella detection and identification methods: Aspects
of rapid emergency response and food safety. Food Control 2015, 47, 264-276. [CrossRef]

100. Zeng, N.; Wang, Z.; Zhang, H.; Kim, K.E; Li, Y,; Liu, X. An Improved Particle Filter with a Novel Hybrid Proposal Distribution
for Quantitative Analysis of Gold Immunochromatographic Strips. IEEE Trans. Nanotechnol. 2019, 18, 819-829. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodcont.2014.07.011
https://doi.org/10.1109/TNANO.2019.2932271

	Introduction 
	Salmonella 
	Salmonella Detection Methods 
	Lateral Flow Assays (LFAs) 
	Bioreceptors 
	Labels 
	Gold Nanoparticles (AuNPs) 
	Magnetic Nanoparticle (MNPs) 
	Quantum Dots (QDs) 


	Future Prospects of LFA as a Method for Salmonella Detection 
	Challenges Related to LFAs in Salmonella Detection 
	Conclusions 
	References

