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Abstract: Bioaffinity nanoprobes are a type of biosensor that utilize the specific binding properties of
biological molecules, such as antibodies, enzymes, and nucleic acids, for the detection of foodborne
pathogens. These probes serve as nanosensors and can provide highly specific and sensitive detection
of pathogens in food samples, making them an attractive option for food safety testing. The advan-
tages of bioaffinity nanoprobes include their ability to detect low levels of pathogens, rapid analysis
time, and cost-effectiveness. However, limitations include the need for specialized equipment and
the potential for cross-reactivity with other biological molecules. Current research efforts focus
on optimizing the performance of bioaffinity probes and expanding their application in the food
industry. This article discusses relevant analytical methods, such as surface plasmon resonance (SPR)
analysis, Fluorescence Resonance Energy Transfer (FRET) measurements, circular dichroism, and flow
cytometry, that are used to evaluate the efficacy of bioaffinity nanoprobes. Additionally, it discusses
advances in the development and application of biosensors in monitoring foodborne pathogens.
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1. Introduction

Food safety has become a global concern, given the frequency and severity of food-
borne disease outbreaks recently, and the grave effects associated with them. Most of these
outbreaks are caused by foodborne pathogens, which are bacteria, viruses, and parasites
that contaminate food, causing diseases and in some cases deaths. Some of the predominant
foodborne pathogens include Listeria monocytogenes, Campylobacter, Staphylococcus aureus,
Salmonella typhimurium, and Escherichia coli [1]. The advancement of food supply chains,
which has become a giant network connected to all parts of the world, makes the spread of
foodborne illnesses more rapid and the strain on socio-economic development disastrous.
Although there have been great advancements in the methods used to detect pathogens,
there are still increasing outbreaks of foodborne diseases showing that the methods of
analysis are no longer enough.

The conventional culture-based methods are very cheap and easy to use but take up to
several days to produce results and require extra biochemical or molecular tests to confirm
that the species match the pathogen of interest, making them highly unsuitable for on-site
detection [2]. Other methods have also been developed, such as the polymerase chain
reaction (PCR), nucleic acid, and immunoassay-based methods. These methods are able to
fix the time constraint of the culture-based methods but are usually expensive and require
specific reagents, complicated sample pretreatment, and experienced personnel for the
analysis, making the possibility of commercialization nearly impossible [3,4]. Hence, the
urgent need for inexpensive, easy-to-use, but accurate, and rapid detection methods that do
not require specialized expertise or equipment to run. Nanosensors, which are a product of
biosensor technology incorporated into nanotechnology, are the newest and most advanced
detection technology being developed by scientists [4,5].

A nanosensor is basically a compact analytical device with dimensions below
100 nanometers (nm) that detects the presence of biomolecules and nanoparticles or moni-
tors physical and chemical parameters on a nanoscale. It can be a sensor with bioreceptor
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platforms or a biosensor with an added nanomaterial (NM) component to enhance sen-
sitivity and efficiency [6–8]. Nanosensors incorporating additional nanomaterials offer
advantages such as high absorption capacity, improved thermal stability, presence of
surface-activated functional groups, large surface area, and excellent surface reactivity [9].
There are three main stages in all nanosensing methods: the recognition element, also
known as the bioaffinity probe, detects the target by forming a complex with it. The
transducer converts the target recognition event into a measurable signal, such as an
electrochemical, colorimetric, impedimetric, or voltammetric signal. A third element ma-
nipulates the converted signal into a format that can be easily displayed or interpreted by
the analyst [10]. The success of a nanosensor largely depends on the selectivity combined
with the sensitivity and specificity of the recognition element, overall stability, limit of
detection, cost, response time, shelf life, linearity, recyclability, and hysteresis [11].

Since foodborne pathogens are usually present in trace quantities, the bioreceptor
of choice for the nanosensor must possess a high affinity towards the target to be able
to detect it even in minute quantities. For this reason, biomolecules such as antibodies,
aptamers, enzymes, cells, and proteins are preferred as bioaffinity probes in the nanosensors
or nano-biosensors [12].

In order to analyze the real-time performance of these bioaffinity probes, certain
techniques have been designed. These analytical approaches consist of Surface Plasmon
Resonance (SPR), Circular Dichroism (CD), Flow Cytometry (FC), and Fluorescence Reso-
nance Energy Transfer (FRET) measurements, and they are used to study the interactions
between these bioaffinity probes and their targets.

2. Overview of Bioaffinity Nanoprobes

Bioaffinity nanoprobes are biomolecules that serve as bioreceptors in nanosensors.
These molecules bind to the target to create a reaction that can be converted into an under-
standable signal to the analyst. These molecules include antibodies, aptamers, enzymes,
and non-antibody binding proteins.

2.1. Antibodies

Antibodies, which are also known as immunoglobulins (Ig), are defined as large
proteins having ‘Y’ shapes and are naturally produced in the body of an animal in response
to antigens. Their main purpose is to serve as a defense mechanism of the immune
system through phagocytosis, complement-mediated lysis, neutralization of infectivity,
and antibody-dependent cellular cytotoxicity (ADCC) [13–15]. The structure of antibodies
can be split into two; the first is the antigen-binding fragment (Fab), and the second
is the constant or crystallizable fragment (Fc). The Fab region establishes the idiotype
of the antibody and possesses affinity towards the target, transmitting a neutralizing
effect to it once it binds to it. The Fc region controls other immune-associated activities
including macrophage and complement binding, as well as defining the isotopes of the
antibody [14,16]. All antibodies comprise four polypeptide chains held together by disulfide
bonds. Two of these chains are heavy chains and the other two are light chains, which
come together to create the Y-shaped structure [17,18]. Typically, antibodies are classified
into five classes (IgA, IgD, IgE, IgG, and IgM) depending on the composition of their heavy
chain constant region. These antibodies occur in the form of monomers (IgD, IgE, and IgG),
dimers (IgA), or pentamers (IgM) [14,16]. There are two general types of antibodies, which
are monoclonal antibodies and polyclonal antibodies. They have the same basic structure
and function, but their differences have to do with their production and specificity. Table 1
provides a summary of the differences between monoclonal and polyclonal antibodies.
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Table 1. Comparison between monoclonal and polyclonal antibodies [19].

Category Monoclonal Antibodies Polyclonal Antibodies

Synthesis

Synthesized by one clone Synthesized by numerous clones

Production requires both in vitro
and in vivo systems

Production is strictly in vivo
(animal host is a must)

Production requires trained
personnel

Highly skilled personnel are not
needed

Short-term production is
expensive but long-term

production is cheap.

Short-term production is cheap
but long-term production is

expensive due to animal
maintenance and deaths.

Homogeneity

They are homogenous in nature,
making it easy to characterize

their chemical nature and an easy
choice for conjugation to

different probes.

They are difficult to characterize
since they are not homogenous.

Specificity Highly specific They are specific but exhibits
cross reactivity

Degradation Vulnerable to degradation under
slightly harsh conditions. Less vulnerable to degradation.

Affinity Purification An excellent tool for affinity
purification.

They are not a good choice for
affinity purification

Scientists, for the past decades, have used antibodies as the predominant receptor
for biosensors due to the natural antigen–antibody interaction. In the development of
antibodies to be used as bioreceptors, there are three factors that are sought. The first
is sensitivity, which is the ability of the antibody to be able to recognize and quantify
the target molecule even when the concentrations are low. This is mostly a problem for
foodborne pathogens since they usually occur in trace amounts and yet are very potent.
The second is specificity, which is the ability to differentiate the pathogen strain even in the
presence of other strains or pathogens. The last thing is high affinity, which is the ability
to form a complex with its target that is strong enough to allow further analysis [20,21].
Selecting antibodies with all three characteristics is quite a task, but because monoclonal
antibodies have very impressive specificities [22], scientists have been able to develop them
for a myriad of foodborne pathogens over the years.

Recombinant technology has been infused into the development of antibodies to
make the process more efficient. This technology allows the production of antibodies
from synthetic antibody repertoires without the immunization of animals [23]. Plückthun
and Skerra developed a method that uses vectors present in bacterial systems to create
fully functional, completely folded antibody fragments [24], as opposed to the traditional
method of generating the fragments by proteolytic cleavage alone [25].

Antibodies as bioaffinity nanoprobes have a wide variety of applications grouped into
diagnostic and therapeutic medicine, agrobiotechnology, food safety, environmental protec-
tion, and many others. These antibodies cannot work independently, but they have to be
incorporated into technologies such as colorimetric, electrochemical, voltammetric, and op-
tical biosensors, or even conventional assays including the enzyme-linked immunosorbent
assay (ELISA) to be able to function completely as a nanoprobe.

In the case of biosensors, their success depends partly on the ability to immobilize the
antibody while maintaining their original activity. This immobilization step is so crucial
because it affects the sensitivity and overall performance of the sensor, as well as the
detection limit [17]. The antibodies can be immobilized on the solid sensor surface through
methods such as:
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• Adsorption using electrostatic or hydrophobic interactions;
• Entrapment;
• Covalent coupling using amine coupling, thiol coupling, or coupling through

glycan moiety;
• Affinity: immobilization is performed through intermediate proteins such as in the

case of avidin–biotin [13].

2.2. Enzymes

Enzymes are macromolecules that act as catalytic agents, meaning they accelerate
the rate of biological or chemical reactions without being consumed or taking part in the
reaction. They are usually proteins, but some RNA molecules called ribozymes have been
found to possess catalytic abilities. They function by lowering the activation energy of the
reaction as they stabilize the transition state. Some enzymes rely on other small non-protein
molecules called coenzymes to function fully. Enzymes are far more efficient than most
of the inorganic catalysts available. This is seen in their impressive specificity. Inorganic
catalysts increase the rate of a bunch of chemical reactions in the system while enzymes
target specific reactions. Even when they target more than one reaction, the reactions
are usually of the same type and their reactants have similar structural traits. Because of
the specificity of enzymes, they are able to selectively differentiate between substances
(substrates or analytes), even those that are optical isomers.

As per the International Union of Biochemistry and Molecular Biology’s proposal,
enzymes are classified into six primary groups, which include oxidoreductases that catalyze
redox reactions, transferases that facilitate the transfer of atoms from a donor substrate
to an acceptor, hydrolases that catalyze the breaking of bonds through the addition of
water, lyases that cause the cleavage of bonds through methods other than hydrolysis,
isomerases that catalyze the conversion of isomers, and ligases that catalyze the binding
of molecules [26–28]. During a reaction, the enzyme binds to the substrate at a specific
location to form a complex. These locations in the enzyme’s structure, called the active
binding sites, take up only a small portion of the enzyme’s total size and are mostly filled
with water in the absence of binding. They are often grooves and crevices that the substrate
binds to in order for the reaction to be accelerated. Since enzymes are mostly proteins, they
are made up of amino acids which form the primary, secondary, tertiary, and quaternary
structures. The conformation of amino acids within the active sites plays a crucial role
in stabilizing the specific binding of substrates and thereby determining the enzyme’s
specificity [27,29,30]. Enzymes are isolated traditionally from natural sources; that is, from
the organisms that provide an abundant or easily isolated source [31].

The unique characteristics of enzymes, that is, their ability to specifically recognize
substrates and catalyze their transformation, giving rise to a signal, make enzymes a perfect
bioaffinity probe, fit for use in a biosensor or nanosensor. Biosensors using enzymes as
bioaffinity probes were the earliest biosensors to be developed. The amperometric enzyme
electrode for glucose sensing utilizing a soluble enzyme electrode was first designed by
Clark and Lyons in 1962 [32]. Since then, scientists have grown keen on the use of enzymes
as bioaffinity probes in sensing even for the detection of foodborne pathogens. In the use
of enzymes as bioaffinity probes, the analyte, specifically the foodborne pathogen, can be
recognized by three means.

• The first option is that the concentration of the enzyme can be estimated by measuring
the catalytic transformation of the analyte, which is metabolized by the enzyme.

• Secondly, the enzyme is inhibited or activated by the analyte, hence the concentration
of the analyte is proportional to the decrease in enzymatic product generation.

• The last option is by tracking the alteration in the characteristics of the enzyme.

The catalytic impact of the enzyme, upon which the theory of analyte detection is
based, is also dependent on multiple characteristics, inclusive of the concentration of the
analyte, pH, temperature, and the presence of either a competitive or non-competitive
inhibitor [31]. The success of an enzyme in a nanosensor depends on its ability to be held
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on tightly or carried by a solid surface. The process of attaching the enzyme to the solid
surface is referred to as immobilization. Just like antibodies, enzymes can be immobilized
through entrapment, affinity attachment, and nonspecific covalent attachment [31]. Aside
from using enzymes as the main bioaffinity probe in a sensor, they can also serve as labels
in immunoassays (antibody-based biosensing), as in the case of alkaline phosphatase and
horseradish peroxidase (HRP) [31,33]. Enzymes as bioaffinity nanoprobes have applications
in several fields, including food safety, environmental monitoring, heavy metal detection,
and health, and can be used for so long as they are not consumed.

Even though enzymes have excellent specificity and are perfect as nanoprobes, they
have their own limitations which include it being expensive and difficult to find new active
and efficient enzymes and difficulty in improving the sensitivity and adaptation to other
functions [34].

2.3. Aptamers

The origin of the term “aptamer” can be traced back to the Latin word “aptus”, mean-
ing “to fit”, and the Greek word “meros”, meaning “part” [35]. Aptamer is used to describe
DNA or RNA oligonucleotides that are short and single-stranded, as well as peptides
that can recognize their targets with exceptional affinity, selectivity, and specificity [36].
DNA and RNA aptamers were first unearthed in the year 1990 by two independent teams:
Ellington and Szostak in the preparation of RNA molecules that targeted organic dyes [37]
and Tuerk and Gold in T4 DNA polymerase [38]. In 1996, Colas et al. also introduced
peptide aptamers, as they reported short structures of peptides with the ability to detect
cyclin-dependent kinase 2 [39]. Aptamers are selected through a meticulous, repetitive
procedure, consisting of a series of selection and amplification, popularly known as “Sys-
tematic Evolution of Ligands by Exponential Enrichment (SELEX).” This process involves
three main stages, and they are shown in Figure 1.
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Figure 1. Schematic illustration of the SELEX process [40]. Reproduced with permission from
Hays et al. (2017), © MDPI, 2014 (Open access).

The first step is the incubation of the target molecule with the library. In this step, the
target is incubated into a large, random pool of about 1015 single-stranded nucleic acid
sequences where there is an interaction between the target and nucleic acids [41].
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The next step is the segregation of the nucleic acid–target complexes from the unbound
sequences and the discarding of the unbound sequences [42].

The final step is the amplification of the sequences that formed the complexes by
polymerase chain reaction (PCR) in the case of DNA or reverse transcription PCR (RT-PCR)
for RNA. This amplified group of sequences becomes the new initial library for the next
cycle [35].

The selection method is repeated until some oligonucleotide sequence(s) with excep-
tional specificity and selectivity are obtained. These become the selected aptamers, and it
usually takes at least 8–15 rounds of SELEX to achieve, yet the whole process takes a few
weeks [42]. Aptamers can be selected to detect a wide variety of targets including proteins,
bacteria, viruses, protozoa, small chemicals, metal ions, antibiotics, parts of cells, and even
whole cells [43]. They are also applied in so many fields such as the medical sector for diag-
nosis and therapy, food quality, environmental safety, research, and bioanalysis. Aptamers
have become a highly sought-after choice in the development of biosensors due to the
mouthwatering advantages they possess. Some of these advantages are excellent affinity,
sensitivity, and selectivity towards targets, low cost of production, shorter production time,
low toxicity, easy modification, ability to easily permeate tissues due to small size, stability
in extreme conditions, and the ability to retain their original conformation when favorable
conditions are restored [44–46]. Aptamers can be described as a prominent successor of
antibodies in bioanalytics and nanosensor development as they provide solutions for most
of their limitations and a competitive affinity and limit of detection of targets.

2.4. Other Bioaffinity Nanoprobes
2.4.1. Non-Antibody Binding Proteins

Non-antibody binding proteins, also known as synthetic binding proteins, are proteins
with a non-immunoglobulin fold generated by non-antibody scaffolds. These scaffold
domains are obtained by creating a random library through targeted mutagenesis in a
loop region or another acceptable surface area. Variants are then selected against a specific
target using phage display or other molecular selection methods [47]. While several
protein scaffold options have been proposed, only a few have been proven to provide
specificities for various target types and offer practical advantages. The scaffold domains
that have been found to produce these proteins include Anticalins, Lipocalin, Sso7d protein,
Darpins, Fibronectin type 3, Affibodies, and ankyrin repeat protein [47,48]. Non-antibody
binding proteins offer advantages such as low molecular weight, which facilitates tissue
penetration; high thermal stability, with approximately 70% of the available scaffolds
having denaturation temperatures between 37 and 120 ◦C; ease and cost-effectiveness of
production compared to antibodies; longer shelf life; and robustness [49]. These scaffold
proteins enable the generation of chemically consistent proteins that can be tailored to detect
various analytes without significantly affecting the biosensor configuration, while also
enhancing the packing density of the recognition element [50]. These benefits, combined
with their ease of expression, justify their use as a viable alternative to traditional antibodies
or their recombinant fragments [47].

2.4.2. Molecularly Imprinted Polymers

Molecular imprinting is a template-guided process that creates selective pockets within
a three-dimensional polymeric matrix. By removing the template from the polymer, func-
tional porous materials with high-affinity binding sites, known as molecularly imprinted
polymers (MIPs), are obtained. These binding pockets have configurations and functional-
ities that match those of their target molecules [51,52]. The synthesis of MIPs involves a
three-step process:

• Incubation: Monomers are incubated with a dummy, epitope, or template molecule,
which facilitates the formation and stabilization of non-covalent interactions between
the functional monomers and the template.
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• Polymer Formation: The polymer is formed around the template with the help of
cross-linkers, resulting in the creation of a network structure.

• Template Removal: Suitable solvents are used to remove the templates, leaving behind
specific binding sites that are complementary to the template molecule [53,54].

MIPs offer several advantages over antibodies, making them a promising alternative.
These advantages include structure predictability, chemical and thermal stability, longer
shelf life, cost-effectiveness and ease of production, minimal batch-to-batch variation during
mass production, and high sensitivity. Due to these properties, MIPs find applications in
various fields such as food safety, environmental science, therapeutics, and more [51,53,55].
The ongoing research and development in molecular imprinting techniques continue to
enhance the selectivity, stability, and sensitivity of MIPs, further expanding their potential
applications in various scientific and technological fields.

3. Analytical Approaches for the Assessment of Bioaffinity Nanoprobes
3.1. SPR

Surface plasmon resonance (SPR) is one of the most prominent sensitive and quali-
tative, label-free techniques used to monitor binding events and to measure the relations
between biomolecules such as protein and protein, protein and DNA/RNA, enzyme–
substrate/inhibitor, and receptor–drug [56,57]. It is a spectroscopic method that measures
the refractive index changes very at the surface of thin metals such as gold, silver, and
aluminum films as a result of biomolecular interactions. Generally, when incident light
strikes the metal surface at a given angle (incidence angle), the photons induce an excitation
of the free electrons in the surface coating of the metal, causing them to oscillate. The
movement of the electrons is called plasmon and it is always parallel to the surface of the
metal [56]. A typical SPR equipment comprises a source of monochromatic polarized light
and a thin film of metal (most often gold) supported by a glass prism in combination with
a photodetector, which is represented in Figure 2.
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with permission from Yanase et al. (2014), © MDPI, 2014 (Open access).

When the polarized light goes through the glass prism, an evanescent wave that passes
through the thin film of metal is generated from the internally reflected light. If the intensity
of the reflected light is monitored with time in relation to the angle of incidence, a minimum
reflected light will be achieved at an incident angle referred to as an SPR angle. This SPR
angle depends on certain optical characteristics of the system such as the refractive index
within close proximity of the metal film surface [59]. The sample solution, containing the
target molecule most of the time, flows across the SPR surface after the bioaffinity probe
(antibodies, aptamers, enzymes) has been immobilized unto the solid surface [60]. When
there is any form of interaction at the surface of the metal, an alteration in the refractive
index will be triggered, resulting in a change in the SPR angle and producing a signal that
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can be detected [61,62]. The amount of analyte that is bound to the bioaffinity probe is
measured by observing the intensity of the reflected light or the shifts in the resonance
angle, making it a real-time analysis method [63]. The gold metal and its glass support
make up the SPR sensor chip and it is upon this chip that ligands, which in this sense are
the bioaffinity probes, are immobilized, sometimes with the help of a polymer matrix.

There are so many different chemical mechanisms that are used for immobilization.
Some of them are aldehyde, amino, carboxyl, hydroxyl, and thiol group coupling. Some-
times immobilization cannot be performed directly; hence, certain molecules can be used as
capture surfaces to enhance the immobilization process. These are biotin, histidine-tagged,
and glutathione-S-transferase fusion proteins [57,61]. Immobilization of the bio affinity
probe on the sensor surface is by far the most important step of the SPR analysis since the
success of the binding analysis somewhat depends on the response generated by the immo-
bilized ligand [64]. The SPR equipment generates output data in the form of a sensorgram,
which is a plot of response units (RU) with respect to time, and Figure 3 gives a pictural
view of what a typical sensorgram looks like.
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The sensorgram starts with a baseline, indicative of the response before the start of
any form of interaction. When the analyte solution flows close to the surface of the sensor,
the analysis enters an association phase which shows the binding of the analyte to the
immobilized ligand. This is seen in the steady rise in response on the sensorgram to a
point where the complex attains equilibrium and the curve flattens out. Right after the
equilibrium phase, a drop in response is observed, which indicates the dissociation phase.
This is the stage where the ligand–analyte complex separates, as the SPR system stops
the flow of the analyte solution and switches to the flow of a running buffer. More often
than not, the complex does not dissociate completely and a regeneration solution, which
is usually a mild alkaline or acidic solution, is used to regenerate the sensor surface for
subsequent analysis [57,66,67]. Most of the SPR equipment available, such as the Biacore
equipment, is able to generate a table of the raw data, the association constant (ka), the
dissociation constant (kd), and, most importantly, the equilibrium dissociation constant
(Kd), together with some statistical models to fit the data. The equilibrium dissociation
constant is, however, the star of the show, because it gives a clear picture of the kinetics of the
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interaction and binding affinity of the bioaffinity nanoprobe used as the ligand [68]. A very
small value of Kd, recorded in the nanomolar to picomolar range, shows that the ligand has
a high affinity towards its target and hence will be an excellent bioaffinity probe when used
as a biosensor for the detection of pathogens. It shows how easily the ligand detects the
analyte in low concentrations, how tightly the ligand binds to the analyte, and how difficult
it is to separate the complex [69]. These are the qualities required in a great bioaffinity
nanoprobe. The SPR has the advantages of providing an automated and rapid alternative
to cell-based assays, the lack of a need for reporter molecules such as fluorochromes or
radioisotopes for a binding signal to be recorded, hence the biomolecular interaction is
evaluated in real-time, and the ligand and analyte involved in the interaction do not lose
their conformational integrity [70]. There are also a few limitations which include degrading
the sensor surface due to harsh conditions of regeneration, and the immobilization of a
sufficient amount of ligand on the sensor surface must also be successful [71].

3.2. FRET

Förster resonance energy transfer (FRET), which is also widely known as fluorescence
resonance energy transfer, is a technique whereby excited state fluorophores non-radiatively
transfer electromagnetic energy to other fluorophores which are about 1–10 nm away. The
fluorophore involved in the transfer is termed the donor, and the one receiving the energy
(often ground state level), is termed the acceptor [72–75]. Energy transfer is facilitated
through the energetic coupling of transition dipoles between the two fluorophores and can
only occur when there is a spectral overlap between the emission spectrum of the donor
and the excitation spectrum of the acceptor [74,76,77]. The transfer eventually leads to
the donating fluorophore entering the ground state level and the fluorophore accepting
becomes excited [77]. During FRET, the likelihood of an excited donor fluorophore return-
ing to the ground state is commonly known as the transfer efficiency (E). This efficiency
is dependent on the physical distance from the center of the donor to the center of the
acceptor of the FRET pair, “r”, as well as the characteristic Förster distance, also known
as the quenching radius, “Ro”. Ro is typically in the range of 2–8 nm and it is bound by
several factors shown by Equation (2). The connection between the transfer efficiency and
the two important distances is shown in Equation (1) [75,78,79].

E =
R6

o

R6
o + r6

, (1)

R6
o = 8.79× 10−25k2η−4 J(λ)φ, (2)

Looking at the first equation, it can be inferred that at r = Ro, E = 1
2 and Ro defines the

tiny distance (nm) that exists between the two fluorophores at the point where half of the
entire donor relaxation processes occur by transferring energy to the acceptor [77,80]. The
magnitude of Ro depends on the orientation (k2), the medium’s refractive index (η), and
the donor’s quantum yield (φ), in addition to the degree at which the spectra of the donor
and acceptor overlap (J(λ)). The number of unquenched donor fluorophores represents the
rate at which energy is transferred between the donor and acceptor [75,77]. Figure 4 shows
a schematic diagram of the fundamentals of FRET.



Micromachines 2023, 14, 1122 10 of 26
Micromachines 2023, 14, x FOR PEER REVIEW 10 of 27 
 

 

 

Figure 4. Förster resonance energy transfer (FRET) fundamentals: (a) A graphical illustration of 

FRET: An energized donor (D) employs a non-emissive method to relay its energy to an adjacent 

acceptor (A), prompting it to fluoresce. The gap between the fluorophores should be no more than 

10 nm. (b) The emission peak of the donor must coincide with the excitation spectrum of the accep-

tor. The overlap region is indicated by the grey area. (c) The efficiency of FRET, represented as a 

function of the distance separating the donor and acceptor fluorophores (rDA) [81]. Reproduced 

with permission from Simkova et al. (2012), © MDPI, 2012 (Open access). 

FRET is preferred over other options of interaction analysis because it has very min-

imal restrictions and can even be used within a living cell. The major requirement is the 

ability of light to be delivered to and collected from the sample, but generally, only simple 

benchtop equipment is needed [74]. It is perfect for biomolecular interaction analysis be-

cause the majority of the biomolecules are in the nanoscale range and FRET is also viable 

in that same range. The nanometric distance measurements can also serve as a ‘molecular 

gauge’ for biomolecular structure analysis [82]. FRET is versatile enough to be applied in 

diverse areas of biomolecular research, but it is also sensitive to environmental conditions 

such as solvent pH, viscosity, polarity, and many others [83]. FRET analysis can be carried 

out either with a single FRET or the multiplexed FRET methods. Multiplexed FRET meth-

ods offer much more advantages including simultaneous analysis of multiple analytes, 

analysis of intermolecular and intramolecular interactions, and monitoring of coinciding 

biomolecular events [84]. 

The major disadvantage of FRET is that it does not report directly and specifically on 

the interactions between biomolecules, it only measures the donor–acceptor proximity 

and stoichiometry, hence the conclusions drawn are not strong enough without additional 

data or information [74]. 

  

Figure 4. Förster resonance energy transfer (FRET) fundamentals: (a) A graphical illustration of FRET:
An energized donor (D) employs a non-emissive method to relay its energy to an adjacent acceptor
(A), prompting it to fluoresce. The gap between the fluorophores should be no more than 10 nm.
(b) The emission peak of the donor must coincide with the excitation spectrum of the acceptor. The
overlap region is indicated by the grey area. (c) The efficiency of FRET, represented as a function of
the distance separating the donor and acceptor fluorophores (rDA) [81]. Reproduced with permission
from Simkova et al. (2012), © MDPI, 2012 (Open access).

FRET is preferred over other options of interaction analysis because it has very minimal
restrictions and can even be used within a living cell. The major requirement is the ability of
light to be delivered to and collected from the sample, but generally, only simple benchtop
equipment is needed [74]. It is perfect for biomolecular interaction analysis because the
majority of the biomolecules are in the nanoscale range and FRET is also viable in that
same range. The nanometric distance measurements can also serve as a ‘molecular gauge’
for biomolecular structure analysis [82]. FRET is versatile enough to be applied in diverse
areas of biomolecular research, but it is also sensitive to environmental conditions such as
solvent pH, viscosity, polarity, and many others [83]. FRET analysis can be carried out either
with a single FRET or the multiplexed FRET methods. Multiplexed FRET methods offer
much more advantages including simultaneous analysis of multiple analytes, analysis of
intermolecular and intramolecular interactions, and monitoring of coinciding biomolecular
events [84].

The major disadvantage of FRET is that it does not report directly and specifically on
the interactions between biomolecules, it only measures the donor–acceptor proximity and
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stoichiometry, hence the conclusions drawn are not strong enough without additional data
or information [74].

3.3. CD

Circular dichroism (CD) is an absorption spectroscopy used to investigate optical
isomerism and secondary structures of molecules by taking the difference in absorptions
of the left and right lights that are circularly polarized by chiral molecules [85,86]. Chiral
molecules are those that are not superimposable on their mirror images and hence exhibit
optical activity as an effect [87]. Upon the passage of light through a chromophore solution,
the light may either be absorbed or refracted. Absorption is quantified by the molar extinc-
tion coefficient, ‘epsilon’. Molecules that are active optically have unique molar extinction
coefficients for the two different circularly polarized lights. The deviation between the
absorbance of the two different circularly polarized lights can be represented by a constant
described by the Lambert–Beer law as delta A. The difference between the delta A of the two
components or molecules is the measure of the Circular Dichroism. Numerous articles have
extensively explained the calculations involved [88]. Electronic CD is produced mainly
by molecules whose chromophores can absorb light in the ultraviolet (UV) and also the
visible spectral territories and is used to study charge transfer transitions in metal–protein
complexes. Vibrational CD, on the other hand, is generated in the infrared (IR) spectral
region and it is useful in the analysis of the structure of organic molecules of relatively
small size, such as proteins and DNA [86,87]. Figure 5 is a schematic representation of the
arrangement in a CD equipment.

Micromachines 2023, 14, x FOR PEER REVIEW 11 of 27 
 

 

3.3. CD 

Circular dichroism (CD) is an absorption spectroscopy used to investigate optical 

isomerism and secondary structures of molecules by taking the difference in absorptions 

of the left and right lights that are circularly polarized by chiral molecules [85,86]. Chiral 

molecules are those that are not superimposable on their mirror images and hence exhibit 

optical activity as an effect [87]. Upon the passage of light through a chromophore solu-

tion, the light may either be absorbed or refracted. Absorption is quantified by the molar 

extinction coefficient, ‘epsilon’. Molecules that are active optically have unique molar ex-

tinction coefficients for the two different circularly polarized lights. The deviation be-

tween the absorbance of the two different circularly polarized lights can be represented 

by a constant described by the Lambert–Beer law as delta A. The difference between the 

delta A of the two components or molecules is the measure of the Circular Dichroism. 

Numerous articles have extensively explained the calculations involved [88]. Electronic 

CD is produced mainly by molecules whose chromophores can absorb light in the ultra-

violet (UV) and also the visible spectral territories and is used to study charge transfer 

transitions in metal–protein complexes. Vibrational CD, on the other hand, is generated 

in the infrared (IR) spectral region and it is useful in the analysis of the structure of organic 

molecules of relatively small size, such as proteins and DNA [86,87]. Figure 5 is a sche-

matic representation of the arrangement in a CD equipment. 

 

Figure 5. Schematic representation of the circular dichroism instrument configuration [89]. Repro-

duced with permission from Pignataro et al. (2020), © MDPI, 2020 (Open access). 

Applications of CD in Biomolecular studies are vast, but it is mostly used for the 

comparison and characterization of protein secondary structures. It provides an efficient 

method to study the effect a mutation or change in environmental conditions of the pro-

tein may have on the overall structure [90]. CD can also be applied in the analysis of the 

interaction between molecules such as DNA and DNA-binding ligands. Many ligands 

that can bind to DNA are not chiral, and hence, are not active optically. However, when 

they interact with DNA, an induced CD (ICD) signal can be achieved by the ligand by 

virtue of the joining of the moments of electric transition of the ligand to that of the bases 

of the DNA. When ICD signals are observed within the absorption bands of the non-chiral 

ligand, it is a clear indication of binding between the ligand and the DNA [91]. Even 

though CD provides much lower resolution than other analysis methods such as X-ray 

crystallography and nuclear magnetic resonance, it has certain advantages that cannot be 

overlooked. Analysis can be very rapid and inexpensive, only small amounts of sample 

are required; CD is not affected by the molecule’s molecular weight [91,92]. 

Beyond the advantages of CD, it has a few limitations. For example, specifying the 

ideal parameters necessary for great CD results in the instrument or experimental proce-

dure is quite challenging and the data obtained are difficult to interpret or make sense of 

[87]. 

  

Figure 5. Schematic representation of the circular dichroism instrument configuration [89]. Repro-
duced with permission from Pignataro et al. (2020), © MDPI, 2020 (Open access).

Applications of CD in Biomolecular studies are vast, but it is mostly used for the
comparison and characterization of protein secondary structures. It provides an efficient
method to study the effect a mutation or change in environmental conditions of the protein
may have on the overall structure [90]. CD can also be applied in the analysis of the
interaction between molecules such as DNA and DNA-binding ligands. Many ligands
that can bind to DNA are not chiral, and hence, are not active optically. However, when
they interact with DNA, an induced CD (ICD) signal can be achieved by the ligand by
virtue of the joining of the moments of electric transition of the ligand to that of the bases
of the DNA. When ICD signals are observed within the absorption bands of the non-chiral
ligand, it is a clear indication of binding between the ligand and the DNA [91]. Even
though CD provides much lower resolution than other analysis methods such as X-ray
crystallography and nuclear magnetic resonance, it has certain advantages that cannot be
overlooked. Analysis can be very rapid and inexpensive, only small amounts of sample are
required; CD is not affected by the molecule’s molecular weight [91,92].

Beyond the advantages of CD, it has a few limitations. For example, specifying the
ideal parameters necessary for great CD results in the instrument or experimental procedure
is quite challenging and the data obtained are difficult to interpret or make sense of [87].
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3.4. FC

Flow cytometry (FC) is a rapid detection and characterization technique used for
biomolecules in a salt-dominated solution as they flow through either single or multiple
lasers [93]. The word cytometry in the name literally means “cell measurement”, as it
was originally designed to measure mammalian cells suspended in a flowing stream [94].
FC is able to provide information on the cell number, type, cell physiology, cell viability,
susceptibility, genetic identity, and important metabolic parameters on the level of a single
cell, and even whole eukaryotic cells across large populations [95]. A flow cytometer
basically comprises a source of light, an optical bench, a fluidic system, electronics, and
a computer to control the equipment [96]. The sample flows in single file by the action
of isotonic sheath fluid in the fluid system and is exposed to a light source or sources.
Light signals generated by the light sources are guided by the optical system towards
photodetectors, which then transform the light into electronic signals that are stored for
later analysis. Because the fluidic system is in the middle of the cytometer, the cell streams
are centrally placed, ensuring that the brightness of all the cells is similar. This way,
any variation in the value of signals emitted from the cells will reflect actual biological
differences [97]. The illumination process produces both fluorescent and non-fluorescent
signals. These signals are analyzed by optically joining the signal to a system of detection,
which is made up of filters that are linked to a photodetector. The photodetectors’ number
and configuration permit the concurrent evaluation of many different parameters for a
given cell. The electronics part of the cytometer provides a system that converts the analog
light signals coming through the photodetectors to digital signals that can be read and
stored in the computer [97]. Most flow cytometers available for commercial use have
a principal laser, which is an argon-ion laser set at 488 nm. Modern lasers at different
wavelengths comprising ultraviolet (350 nm), red (635 nm), violet (405 nm), blue (488 nm),
yellow (560 nm), and green (532 nm) allowing the instantaneous use of several fluorophores,
with varying excitation needs, are becoming common as well [93,98,99].

Flow cytometers could be either imaging flow cytometers (IFC), which combine the
conventional FC and fluorescence microscopy for sample morphology analysis, along with
multi-parameter fluorescence [100], or mass cytometers, which integrate time-of-flight
mass spectroscopy with FC [101,102]. The advantages of FC that make them so attractive
to biosensing are the facts that they are rapid, they can probe a huge number of cells
(up to 106–108 cells per sample), they can measure fluorescence intensity quantitatively,
they can identify pathogens in complex matrices such as food without target enrichment
or isolation [103,104]. There are certain limitations of FC that impede the full-scale use of
the technique in biomolecular assays; the samples need to be in a single-cell suspension,
it is difficult to find the right combinations of antibodies and fluorophores with minimal
spectral overlapping, and extra care is needed in the interpretation of FC data. Figure 6
shows a graphical representation of how flow cytometers function.
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Figure 6. Components of a flow cytometer. Inside the flow cell (1), the fluid containing the cell
sample is introduced at the center of the sheath fluid stream. To prevent mixing, these two fluids
maintain a significant difference in velocity. This setup allows the cells to align in a single line, a
process called hydrodynamic focusing. The aligned cells then pass through a laser and a series of
detectors (2) that measure cell size using forward scatter (FSC), cell complexity using side scatter
(SSC), and fluorescence. Before exiting the flow cell as individual droplets (3), the cells are selectively
charged with electricity. Electromagnets (4) divert the droplets containing the targeted cells with a
charge away from the main stream, guiding them into collection tubes positioned on the side (5).
On the other hand, cells without a charge simply fall directly into a waste collection container [105].
Reproduced with permission from Bleichrodt and Read (2019), © Elsevier, 2019.

4. Application of Bioaffinity Nanoprobes in Food Biosensing
4.1. Electrochemical Sensors

Electrochemical biosensors are a product of biological and electronic technology, whereby
a biological recognition element is coupled with conducting and/or semi-conducting materials
known as electrodes. Some of the biological recognition elements have been discussed
extensively in the bioaffinity nanoprobes section, including antibodies, aptamers, enzymes,
and other peptides. Figure 7 is a schematic representation of an electrochemical biosensor.



Micromachines 2023, 14, 1122 14 of 26Micromachines 2023, 14, x FOR PEER REVIEW 14 of 27 
 

 

 

Figure 7. Schematic diagram of an electrochemical biosensor [106]. It consists of the sensing element 

(bio–recognition element), the transducer element, and the signal processor. The sensing element 

detects and binds to the target analyte, initiating a biochemical reaction. The transducer element 

converts this reaction into an electrochemical signal and the signal processor analyzes and interprets 

the signal, providing a measurable output. Reproduced with permission from Zhang et al. (2019), 

©MDPI, 2014 (Open access) 

In an electrochemical biosensor, an electrochemical method, usually involving an 

electrode and an electrolyte solution containing the analyte, transforms the chemical en-

ergy corresponding to the binding activity between the target and bioaffinity nanoprobe 

into electrical energy [107,108]. Electrochemical biosensors utilize different transduction 

methods which include electrochemical impedance spectroscopy (EIS), amperometry (I-

t), and voltammetry (cyclic, differential pulse, linear sweep, square wave) [109,110]. Vol-

tametric electrochemical biosensors have become one of the most versatile detection meth-

ods due to their lower noise tendency. These biosensors measure current in a steady po-

tential, controlled by the working electrode, and the target concentration is obtained by 

observing the highest current intensity. 

EIS is a frequency domain system that can measure a wide range of frequencies, 

providing more kinetic and structural information about the electrode interface than tra-

ditional electrochemical biosensors. In this type of biosensor, the interaction between the 

target and bioaffinity nanoprobe causes changes in the electric field, affecting the imped-

ance values [110]. Electrochemical biosensors are such an attractive choice of pathogen 

detection technique, especially in food, because they offer a rapid, accurate, sensitive, in-

expensive detection mechanism, requiring very small sample quantities. Nanomaterials 

and nanocomposites are commonly used to enhance the sensitivity of electrochemical bi-

osensors. Additionally, these biosensors can be integrated with microfluidic systems to 

create compact and efficient devices with multiple functionalities in a single platform. 

Electrochemical biosensors have proven to be successful in detecting a wide range of path-

ogens and disease biomarkers. Their applications span research, diagnostics, therapeutics, 

food safety, and environmental monitoring [111–113]. 

Bekir et al. introduced a highly sensitive electrochemical immunosensor for detecting 

stressed and resuscitated pathogenic Staphylococcus aureus. The interaction was described 

by voltammetry, along with impedance spectroscopy. In the dynamic concentration span 

of 101 to 107 CFU/mL, an incredible linear response in addition to a low detection limit 

was recorded. The results were reproducible, indicating the viability of the system [114]. 

A label-free EIS was designed by Dong et al. based on gold nanoparticles and a 

poly(amidoamine)-multiwalled carbon nanotube-chitosan (AuNPs/PAMAM-MWCNT-

Chi) nanocomposite film-altered glass carbon electrode for detecting Salmonella typhi-

murium. Bacteria in the linear range of 103 to 107 CFU/mL were recognized by the sensor, 

recording a limit of detection (LOD) of 5.0 × 102 CFU/mL [115]. 

Figure 7. Schematic diagram of an electrochemical biosensor [106]. It consists of the sensing element
(bio–recognition element), the transducer element, and the signal processor. The sensing element
detects and binds to the target analyte, initiating a biochemical reaction. The transducer element
converts this reaction into an electrochemical signal and the signal processor analyzes and interprets
the signal, providing a measurable output. Reproduced with permission from Zhang et al. (2019),
© MDPI, 2014 (Open access).

In an electrochemical biosensor, an electrochemical method, usually involving an
electrode and an electrolyte solution containing the analyte, transforms the chemical energy
corresponding to the binding activity between the target and bioaffinity nanoprobe into
electrical energy [107,108]. Electrochemical biosensors utilize different transduction meth-
ods which include electrochemical impedance spectroscopy (EIS), amperometry (I-t), and
voltammetry (cyclic, differential pulse, linear sweep, square wave) [109,110]. Voltametric
electrochemical biosensors have become one of the most versatile detection methods due
to their lower noise tendency. These biosensors measure current in a steady potential,
controlled by the working electrode, and the target concentration is obtained by observing
the highest current intensity.

EIS is a frequency domain system that can measure a wide range of frequencies, pro-
viding more kinetic and structural information about the electrode interface than traditional
electrochemical biosensors. In this type of biosensor, the interaction between the target
and bioaffinity nanoprobe causes changes in the electric field, affecting the impedance
values [110]. Electrochemical biosensors are such an attractive choice of pathogen detection
technique, especially in food, because they offer a rapid, accurate, sensitive, inexpen-
sive detection mechanism, requiring very small sample quantities. Nanomaterials and
nanocomposites are commonly used to enhance the sensitivity of electrochemical biosen-
sors. Additionally, these biosensors can be integrated with microfluidic systems to create
compact and efficient devices with multiple functionalities in a single platform. Electro-
chemical biosensors have proven to be successful in detecting a wide range of pathogens
and disease biomarkers. Their applications span research, diagnostics, therapeutics, food
safety, and environmental monitoring [111–113].

Bekir et al. introduced a highly sensitive electrochemical immunosensor for detecting
stressed and resuscitated pathogenic Staphylococcus aureus. The interaction was described
by voltammetry, along with impedance spectroscopy. In the dynamic concentration span
of 101 to 107 CFU/mL, an incredible linear response in addition to a low detection limit
was recorded. The results were reproducible, indicating the viability of the system [114].

A label-free EIS was designed by Dong et al. based on gold nanoparticles and a
poly(amidoamine)-multiwalled carbon nanotube-chitosan (AuNPs/PAMAM-MWCNT-
Chi) nanocomposite film-altered glass carbon electrode for detecting Salmonella typhimurium.
Bacteria in the linear range of 103 to 107 CFU/mL were recognized by the sensor, recording
a limit of detection (LOD) of 5.0 × 102 CFU/mL [115].
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In 2018, a technique was presented by Helali et al. for detecting Escherichia coli in
chicken by EIS and SPR imaging techniques. The detection limit obtained was
103 CFU/mL [116].

Shimaa et al. also documented a new electrochemical biosensor for the concurrent
detection of Listeria monocytogenes, as well as Staphylococcus aureus. They recorded out-
standing sensitivities with LODs of 9 CFU/mL in the case of Listeria monocytogenes and
3 CFU/mL for Staphylococcus aureus [117].

4.2. Colorimetric Sensors

Colorimetry is the quantification of ultraviolet-visible (UV-vis) light that is being
absorbed or reflected by a medium [118]. Colorimetric sensors are described as a class
of optical sensors (sensors that use light in the infrared, visible, or ultraviolet region to
analyze chemical or biological interactions), that show a single, double, or multiple change
of color when a target molecule is recognized. They are easy to use, portable, cheap, and
offer sensitive and selective on-site or in situ applications [119]. Colorimetric biosensors
can be used for the detection of a specific analyte in a liquid sample through color changes
that occur as a result of the interactions between the target and the bioaffinity nanoprobe,
usually with the assistance of a color reagent, and this change in color is observable with the
human eye or with very simple, compact optical detectors for quantitative analysis [120].

A colorimetric sensor consists of a source of light, a device for the selection of wave-
lengths such as filters or monochromators, a cell in which variations in the light absorbed
or emitted in the presence of the target molecule can happen, and a sensitive detector [121].
Different types of colorimetric assays have been developed over the years for the appli-
cation of pathogen detection and these include loop-mediated isothermal amplification
(LAMP), polymerized polydiacetylene, gene expression reaction, and so on [120]. Several
colorimetric sensors rely on the traditional three-channel visible range, which corresponds
to the wavelength ranges partially overlapping with red, green, and blue. The use of
many different channels with a smaller spectral range for every one of them is referred
to as hyperspectral imaging. This approach can also be employed in colorimetric sensors.
Colorimetric sensors can incorporate a broad range of wavelengths, including non-visible
wavelengths, starting from near-infrared to ultraviolet, by using hundreds of color channels.
This is known as full spectrophotometry.

In order to make the data analysis and instrumentation easier, the analysis of spectra
is performed mostly at only a few discrete wavelengths or just by choosing the maximum
points in the UV-vis spectra [121]. Figure 8 is a graphical representation of a colorimetric
assay for the detection of staphylococcus aureus.
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I complex. This process begins with the coating of a 96-well plate with streptavidin. To prevent
non-specific adsorption, bovine serum albumin (BSA) is used. Following this, a biotin-labeled
capture probe is anchored to the plate surface via the streptavidin–biotin interaction. The SA-specific
aptamer is then immobilized onto the 96-well plate via hybridization with the capture probe. When
SA is present, the aptamer disengages from the capture probe–aptamer double strand due to a
stronger interaction with SA. The resulting single-strand capture probe can hybridize with a DNA
nanostructure, a three-way junction (TWJ), which consists of three detection probes (P1, P2, P3).
Upon the addition of SG I, a dsDNA-SG I complex forms and catalyzes the oxidation of 3,3′,5,5′-
tetramethylbenzidine (TMB) under LED photo-irradiation. The intensity of the resulting catalytic
color is directly related to the number of bacteria present [122]. Reproduced with permission from
Yu et al. (2020), © Springer Nature, 2020 (Open access).

The major limitation of simple colorimetric sensors is low sensitivity, as it is difficult
to transform detectable signals into specific color readouts. To overcome this limitation,
a couple of nanomaterials such as graphene oxide (GO), gold nanoparticles (AuNPs),
magnetic NPs, carbon nanotubes (CNTs), conjugated polymers, and cerium oxide NPs,
have been developed and incorporated into the colorimetric assays [123].

Zhang et al. created a rapid, specific colorimetric biosensor for detecting
Listeria monocytogenes, by using a vancomycin-conjugated, Fe3O4 NP cluster-improved
aptamer as the bioaffinity nanoprobe. The system was a success, with a wide linear range
given as 5.4 × 103–108 CFU/mL and a 5.4 × 103 CFU/mL visible detection limit [124].

A specific, rapid, colorimetric aptasensing method for detecting Salmonella (S.)
typhimurium was designed by Yuan et al. The sensitivity reached 7 CFU/mL using the
human eye. The system could be adjusted for the concurrent recognition of S. Typhimurium
and other foodborne pathogens [125].

Ren et al. described the development of a lateral flow sensor that utilizes plasmonic
enhancement to significantly increase the colorimetric signal. The sensor relies on liposome-
encapsulated reagents that induce the aggregation of gold nanoparticles (AuNPs). The
procedure optimized the performance of the system for detecting Escherichia coli O157:H7
and made it better by 1000-fold. This led to a sensitivity of 600 CFU/mL with the naked
eye in apple juice [126].

4.3. Optical Sensors

Optical sensors quantify the interaction between a receptor and an analyte by assessing
a specific aspect of the reaction as an observable optical signal [127]. The majority of optical
sensors measure changes in the sensor’s surface properties when the analyte binds to the
sensing layer through adsorption or complex formation [127]. Optical biosensors combine
biological selectivity with modern micro- and optoelectronics, finding applications in areas
such as food safety, therapeutics, and environmental monitoring [128]. There are various
types of optical sensors, including colorimetric, chemiluminescence, Fourier-transform
infrared (FTIR) spectroscopy, matrix-assisted laser desorption ionization time-of-flight mass
spectroscopy (MALDI-TOF-MS), fluorescence, surface plasmon resonance (SPR), Raman
spectroscopy, and evanescent field optical fiber [127,129]. Optical sensors are preferred
for foodborne pathogen detection due to their ability to detect targets in complex food
matrices with minimal sample treatment. They offer high sensitivity and specificity, ease of
use, cost-effectiveness, label-free detection, compactness, and minimal invasiveness [128].

Masdor et al. developed three distinct immunoassays, that is, direct, sandwich with
gold nanoparticles (AuNPs) and sandwich for the detection of Campylobacter (C.) jejuni on
the SPR equipment. In the direct analysis, the polyclonal antibody against C. jejuni was
initially attached to the surface to serve as the capturing antibody. C. jejuni cells in different
concentrations were subsequently introduced to the ligand, and the resulting response
from the interaction was documented in response units (RU). The maximum response
was observed at a concentration of 1 × 109 CFU/mL and a response of 144.34 RU. The
determined limit of detection (LOD) value was 8 × 106 CFU/mL. In the sandwich assay,
a capture antibody and a mouse control antibody were used. The greatest response was
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achieved at a concentration of 1 × 109 CFU/mL, with a binding response of 131.5 RU. The
calculated limit of detection (LOD) value was 4 × 104 CFU/mL, and a strong coefficient
of correlation of 0.997 was observed. This represents a notable improvement compared
to the previous direct format, which had an LOD of 8 × 106 CFU/mL. In the case of the
sandwich assay with amplification of signal using AuNPs, the antibody-linked AuNPs were
introduced over the detected bacteria, which increased the refractive index and, in turn,
enhanced the binding response. The maximum response was observed at a concentration
of 1 × 109 CFU/mL, with an interaction response of 96.6 RU. The calculated LOD was
8 × 105 CFU/mL, and a satisfactory coefficient of correlation of 0.998 was noted. The
sandwich assay outperformed the others, while the direct assay was the least effective.
Comprehensive cross-reactivity studies against various foodborne pathogens revealed
minimal non-specific binding, making this assay even more specific than the other available
methods [130].

Sanati and colleagues used an asymmetric, Vernier-type double-stage ring resonator
(DSRR) integrated with a plasmonic slot waveguide for the identification of Escherichia (E.)
coli K12 bacteria in potable water. The efficiency of the sensor was evaluated across a range
of liquid environments, and the capacity of the DSRR sensor for the label-free identification
of E. coli K12 at visible wavelengths was established. The suggested sensor delivers a high
sensitivity value of 480 nm/RIU and an impressively low detection limit reaching down to
3.33 × 10−5 RIU. This makes the sensor a strong contender for swift and high-definition
identification of E. coli bacteria in food items [131].

Kim and colleagues developed a Salmonella sensing platform utilizing retroreflective
Janus microparticles (RJP) along with a simple optical system. In contrast to traditional
fluorescence-based Salmonella detection methods, the RJP-based platform does not necessi-
tate intricate optical tools, as RJPs can be visualized using a CMOS camera and a standard
white LED. The system allows for highly sensitive and quantifiable detection of Salmonella.
Moreover, the system exhibited high selectivity for invA by employing oligonucleotides
with mismatched sequences. The invA gene encodes a protein that facilitates Salmonella
invasion via a type 3 secretion system. Utilizing this system, concentrations of Salmonella
varying from 0 to 100 nM were scrutinized with exceptional selectivity and sensitivity,
achieving a detection limit of 2.48 pM [132].

4.4. Piezoelectric Sensors

Piezoelectric sensors are mass-sensitive sensors that are able to detect targets or an-
alytes using a transduction mechanism that depends on small changes in mass. The
technique employed for pathogen detection in this approach is contingent on mass eval-
uation via piezoelectric crystals. These crystals have the capacity to vibrate at a specific
frequency when subjected to an electrical signal of a corresponding frequency. As a result,
the vibration frequency is determined by both the crystal’s mass and the frequency of
the electrical signal applied [133,134]. In the case of foodborne pathogen detection, when
the mass increases due to the interaction with target pathogens, the crystal’s oscillation
frequency changes, and the resulting shift can be measured electrically. This measurement
is then used to calculate the additional crystal mass [135]. The two primary categories
of mass-sensitive biosensors include surface acoustic wave devices and quartz crystal
microbalance devices, which are also known as bulk wave devices [133]. Piezoelectric
biosensors offer advantages such as low cost, simplicity, user-friendliness, and direct
label-free analysis while maintaining consistent reliability and improved sensitivity [134].
Piezoelectric biosensors utilizing quartz crystal microbalance being the most common type
have been customized with various antibodies and other bioreceptors for the recognition of
foodborne and waterborne pathogens. These include Salmonella, Escherichia coli, protozoa,
Shigella, influenza A and B viruses, Campylobacter, Yersinia, and Vibrio [136].

In a study by Lian and colleagues, they engineered an innovative sensor that integrates
graphene, an aptamer, and interdigitated gold electrode (IDE) for the rapid and targeted
recognition of Staphylococcus aureus (S. aureus). The biological recognition element in this
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process is the S. aureus aptamer. A compound known as 4-Mercaptobenzene-diazonium
tetrafluoroborate (MBDT) salt served as the molecular bridge, chemically binding graphene
to the IDE. These electrodes were, in turn, linked to a series electrode piezoelectric quartz
crystal (SPQC). The S. aureus aptamers were then affixed onto the graphene via π–π stacking
of DNA bases. When S. aureus is present, it specifically binds to the aptamer, leading to an
interaction of the DNA bases with the aptamer and its subsequent release from the graphene
surface. This action modifies the electrical characteristics of the electrode surface, thereby
leading to a shift in the SPQC’s oscillator frequency. The detection process takes only 60 min
to complete. The sensor displayed a proportional correlation between shifts in resonance
frequency and the range of bacterial concentrations from 4.1 × 101 to 4.1 × 105 cfu/mL.
Moreover, it demonstrated a sensitivity with a lower detection limit at 41 cfu/mL [137].

Sharma et al. were able to detect Listeria monocytogenes (LM), an infectious bacterium,
at the infection dose threshold of 103/mL within an hour in both a buffer solution and
milk. This was achieved using a unique asymmetrically anchored cantilever sensor and
a commercially procured antibody. To validate the responses of the sensor, a secondary
antibody-binding phase, akin to sandwich ELISA tests, was utilized for signal boost and the
minimization of false negatives. Through the incorporation of a tertiary antibody-binding
phase, the team was successful in detecting LM at concentrations as low as 102/mL, a level
significantly below the infection dose (<1000 cells) for LM [138].

Table 2 summarizes more of the applications of nanoprobes, taking into consideration
the sensor types, targets, limits of detection, and samples tested.

Table 2. Summary of some examples of nanoprobe applications in foodborne pathogen detection.

Pathogen Sample Detection Method Nanoprobe Analysis
Time (min)

LOD
(CFU/mL) Reference

Salmonella typhymurium Milk
Electrochemical

Impedance
Spectroscopy (EIS)

Monoclonal
antibodies 20 21 [139]

Escherichia coli O157:H7 Beef Surface enhanced
Raman spectroscopy Aptamer 20 102 [140]

Vibrio parahaemolyticus Shrimp
Nuclear magnetic

resonance
spectroscopy

DNA 10 105–108 [141]

Salmonella enterica Chicken Differential pulse
voltammetry Aptamer 5 10 [142]

Pseudocercospora fijiensis Banana Surface plasmon
resonance Antibody 40 11.7 µg/mL [143]

Listeria Smoked salmon,
milk, duck leg

Surface plasmon
resonance Antibody 60 10 [144]

Campylobacter jejuni
Staphylococcus aureus

Chicken meat
surface Colorimetric Antibody 120 10

100 [145]

Escherichia coli Milk, water Fluorescence Nucleic acid 2.25 3.7 × 102 [146]

Norovirus Lettuce Cyclic voltammetry Concanavalin A - 60 copies/mL [147]

Diazinon Chinese cabbage,
tomato, apple Fluorescence DNA aptamers - - [148]

4.5. Newer Technologies—Microfluidic Detection Methods

The cutting-edge approach to pathogen detection utilizes compact, integrated biosens-
ing technologies, delivering dependable, sensitive, economical, and quick detection without
the necessity for intricate equipment. Microfluidics is a versatile platform engineered for
the streamlining, consolidating, and miniaturizing of devices, making it particularly well-
suited for electrochemical, biomedical, and biochemical applications. It is the basis of
point-of-care (POC) detection, of which paper-based and lab-on-chips (LOC) are the most
outstanding technologies. Several applications of LOCs or microfluidics in foodborne
pathogen detection have been covered extensively in the literature.
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Sun et al. developed a micro-spot paper-based analytical device (µPADs) by the com-
bination of a PVC pad and filter paper. The detection method relied on the observation of a
color shift (from colorless to indigo) upon the interaction of a unique enzyme linked to the
Cronobacter spp. under examination with a chromogenic substrate. By fine-tuning the
enrichment steps, the technique permits an analysis duration of 10 h or fewer and is
able to identify living bacteria on the injected sample surface in concentrations as low as
101 CFU/cm2. This work showed that the production technique is innovative, straightfor-
ward, highly reproducible (having an RSD below 5%), and inexpensive (below $0.15 for
every micro-spot) [149].

A colorimetric paper-based analytical device (PAD) combined with immunomagnetic
separation (IMS) was developed for recognizing Salmonella (S.) typhimurium by Srisa-Art et al.
IMS utilized coated anti-Salmonella magnetic beads to detect, separate, and preconcentrate
bacteria from samples before testing on paper. A sandwich antibody-based assay was in-
tegrated into the process, employing β-galactosidase (β-gal) to be the enzyme of detection
for direct S. Typhimurium detection after IMS. The antibody and enzyme complex enabled
a colorimetric assay using chlorophenol red-β-d-galactopyranoside (CPRG) for bacteria de-
tection. The procedure showed high specificity to S. Typhimurium with no interference from
other pathogens such as E. coli. Without pre-enrichment, the detection limit of S. Typhimurium
in culture solution was found to be 102 CFU/mL. The developed system was put to use to
identify S. Typhimurium in fecal samples from starlings that had been inoculated, as well as
in whole milk. The system showed detection thresholds of 105 CFU/g in the bird feces and
103 CFU/mL in the milk. Notably, this represents the first documented use of a paper-based
technique for detecting S. Typhimurium in such samples [150].

Smartphones have become valuable and readily available tools for diagnostics, removing
the need for costly signal readers. Combining biosensing technology and digital commu-
nication systems, these devices offer immense potential for detecting pathogens in various
areas, such as water, food, plant nurseries, medical, environmental, and wastewater. The data
collected from the analysis can be easily stored, compared, and transferred between systems,
making smartphones an efficient and affordable solution for diagnostics [151].

Cheng et al. reported a nanosensor that employed platinum–palladium (Pt-Pd)
nanoparticles as signal boosters in a dual lateral flow immunoassay (LFIA) system, which
was combined with a device based on smartphones, for the concurrent detection of
Salmonella Enteritidis and Escherichia coli O157:H7. Following optimization, the detec-
tion limits were found to be around 20 CFU/mL for Salmonella Enteritidis and roughly
34 CFU/mL for E. coli O157:H7. The recovery rates for the dual LFIA method ranged from
91.44% to 117.00%, indicating its effectiveness in identifying live bacteria present in food
samples [152].

Jung and colleagues also utilized the high-resolution camera, steady source of light,
and computational aptitude of a smartphone to devise a method that objectively and
accurately determines bacterial cell concentrations in food samples, using a regression
model based on the intensity of the color of the test lines. They designed a 3D-printed
sample container compatible with standard lateral flow assays and developed a custom
Android app to extract cell concentration data from color intensity measurements. Tests
using Escherichia coli O157:H7 as a representative organism showed that the smartphone-
based procedure could detect concentrations between 104 and 105 CFU/mL in both spinach
and ground beef samples [153]. Many examples of the applications of these newer detection
techniques have been mentioned extensively in various articles [151,154–156].

5. Future Perspective

It is a fact that a broad range of bioaffinity nanoprobes have been selected or pro-
duced for foodborne pathogen detection and with that, many modes of analysis for the
success or progress of these nanoprobes have been reported or enhanced. These bioaffinity
nanoprobes, especially aptamers, have made great strides in research into biosensing,
diagnostics, and therapeutics but have gained very little success in commercialization. The
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future for bioaffinity nanoprobes, in general, is focusing on modifying them to meet these
criteria: cost-effectiveness, accuracy and precision, sensitivity and selectivity, as well as
operation [157].

In the context of developing biosensors for the recognition of foodborne pathogens, it is
essential to ensure that biosensors have the capability to specifically detect the target pathogen
and provide explicit results that give the analyst or user certainty or confidence in the results,
as pathogens in food are usually in trace amounts. This depends largely on the selectivity,
sensitivity, and specificity of the bioaffinity nanoprobes. Many nanomaterials have been in-
corporated into biosensing to assist with this aspect, and many more will be developed in the
future. Given the complexity of food structures, there is a need to look into the development of
novel bioaffinity probes and the enhancement of the existing options to achieve the ultimate
goal of high sensitivity and efficiency in the detection (LOD < 102 CFU/mL) of pathogens even
with the ever-changing trends in food processing, distribution, and consumption.

One of the key challenges of foodborne pathogen detection methods that currently
exist is the need for specific sample preparation protocols which require sample purification
and enrichment prior to the analysis. To be able to use biosensors effectively for rapid, point-
of-care, or in situ applications, there is a need to develop analysis methods that can function
with extremely small sample quantities and minimal sample preparation. The microfluidic
chip technology has been a great innovation in miniaturized detection systems, offering
the advantages of consumption of minimal samples and reagents, simultaneous analysis,
controllable liquid flow, and an incredibly decreased analysis time. This technology, when
improved and incorporated into detection techniques, will be helpful in the future [157].
Another reason why the commercialization of systems of analysis utilizing bioaffinity
nanoprobes is lagging is the cost associated with the development of the sensors and the
display platforms.

Paper-based biosensors have been introduced as the alternative to traditional biosensors
because they are cheap, portable, and simple to use. This is very good for in situ pathogen
detection even in developing countries that have limited resources. Smartphones, as display
platforms for the analysis of detection results, have also been suggested by researchers for the
sensing of foodborne pathogens. Given the portability, high camera quality, and availability
of smartphones, they will be an effective tool if incorporated into biosensing on a larger scale
together with cheaper sensing techniques such as paper-based biosensors.

Multimodal detection, offering a promising strategy for the comprehensive and reliable
identification of foodborne pathogens, is a vital future research endeavor. By combining
multiple sensing modalities, such as optical, electrochemical, and molecular techniques,
a synergistic effect can be achieved, leading to enhanced sensitivity and specificity. For
instance, a multimodal biosensor can integrate optical detection methods, such as surface
plasmon resonance or fluorescence, with electrochemical transduction for simultaneous
measurement of multiple target analytes. This multimodal approach enables the detection
of pathogens through different recognition mechanisms, increasing the likelihood of accu-
rate identification even in complex food matrices. Moreover, the combination of different
techniques can provide complementary information, allowing for improved discrimination
between specific pathogens and reducing false positives. Multimodal detection systems
hold great potential in advancing food safety measures by offering robust, rapid, and
accurate pathogen detection in a single integrated platform.

6. Conclusions

Ensuring the safety of food is of utmost importance, considering its significance to
human existence and quality of life. Over time, pathogen detection in food has evolved
from conventional methods such as culture-based techniques to more advanced approaches
including PCR, ELISA, and antibody-based biosensors. The introduction of bioaffinity
nanoprobes, particularly aptamers, has revolutionized biosensing due to their high sen-
sitivity. The development of bioaffinity nanoprobes has also led to the emergence of
technologies aimed at evaluating and analyzing their efficiency. Techniques such as SPR,
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FRET, and CD have proven valuable in assessing the performance of bioaffinity nanoprobes.
Various biosensing technologies such as optical, colorimetric, and MIPs have emerged to
detect foodborne pathogens and ensure food safety. Ongoing research and development in
these fields aims to enhance their performance, sensitivity, and specificity, enabling more
effective monitoring and ensuring the safety of our food supply. Advancements in biosen-
sor technologies continue to play a crucial role in addressing the challenges associated with
food safety and pathogen detection.

Author Contributions: Conceptualization, M.K.D.; Writing—original draft, T.A.B.-T.; Writing—review
& editing, T.A.B.-T.; Supervision, M.K.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

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

References
1. Bintsis, T. Foodborne pathogens. AIMS Microbiol. 2017, 3, 529–563. [CrossRef] [PubMed]
2. Zhao, X.; Lin, C.W.; Wang, J.; Oh, D.H. Advances in rapid detection methods for foodborne pathogens. J. Microbiol. Biotechnol.

2014, 24, 297–312. [CrossRef] [PubMed]
3. Gao, D.; Ma, Z.; Jiang, Y. Recent advances in microfluidic devices for foodborne pathogens detection. TrAC—Trends Anal. Chem.

2022, 157, 116788. [CrossRef]
4. Inbaraj, B.S.; Chen, B.H. Nanomaterial-based sensors for detection of foodborne bacterial pathogens and toxins as well as pork

adulteration in meat products. J. Food Drug Anal. 2016, 24, 15–28. [CrossRef]
5. Zaid, M.H.M.; Saidykhan, J.; Abdullah, J. Nanosensors based detection of foodborne pathogens. In Nanotechnology: Applications in

Energy, Drug and Food; Springer International Publishing: Cham, Switzerland, 2019; pp. 377–422. [CrossRef]
6. Manoj, D.; Shanmugasundaram, S.; Anandharamakrishnan, C. Nanosensing and nanobiosensing: Concepts, methods, and

applications for quality evaluation of liquid foods. Food Control. 2021, 126, 108017. [CrossRef]
7. Adam, T.; Dhahi, T.S. Nanosensors: Recent perspectives on attainments and future promise of downstream applications. Process.

Biochemistry 2022, 117, 153–173. [CrossRef]
8. Javaid, M.; Haleem, A.; Singh, R.P.; Rab, S.; Suman, R. Exploring the potential of nanosensors: A brief overview. Sens. Int. 2021,

2, 100130. [CrossRef]
9. Gatoo, M.A.; Naseem, S.; Arfat, M.Y.; Dar, A.M.; Qasim, K.; Zubair, S. Physicochemical properties of nanomaterials: Implication

in associated toxic manifestations. Biomed. Res. Int. 2014, 2014, 498420. [CrossRef]
10. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1. [CrossRef]
11. Kaur, R.; Tripathy, S.K.; Sharma, S.K. Advantages and Limitations of Environmental Nanosensors. In Advances in Nanosensors for

Biological and Environmental Analysis; Elsevier: Amsterdam, The Netherlands, 2019; pp. 119–132. [CrossRef]
12. Gaudin, V. Advances in biosensor development for the screening of antibiotic residues in food products of animal origin—A

comprehensive review. Biosens. Bioelectron. 2017, 90, 363–377. [CrossRef]
13. Sharma, S.; Byrne, H.; O’Kennedy, R.J. Antibodies and antibody-derived analytical biosensors. Essays Biochem. 2016, 60, 9–18.

[CrossRef]
14. Aziz, M.; Iheanacho, F.; Hashmi, M.F. Physiology, Antibody. StatPearls. May 2022. Available online: https://www.ncbi.nlm.nih.

gov/books/NBK546670/ (accessed on 6 March 2023).
15. Forthal, D.N. Functions of Antibodies. Microbiol. Spectr. 2014, 2, 25–48. [CrossRef]
16. Weiner, L.M.; Surana, R.; Wang, S. Monoclonal antibodies: Versatile platforms for cancer immunotherapy. Nat. Rev. Immunol.

2010, 10, 317–327. [CrossRef] [PubMed]
17. Conroy, P.J.; Hearty, S.; Leonard, P.; O’Kennedy, R.J. Antibody production, design and use for biosensor-based applications. Semin

Cell Dev. Biol. 2009, 20, 10–26. [CrossRef]
18. Hopkins, N.A.E. Antibody engineering for biosensor applications. In Recognition Receptors in Biosensors; Springer:

Berlin/Heidelberg, Germany, 2010; pp. 451–529. [CrossRef]
19. Singh, A.; Chaudhary, S.; Agarwal, A.; Verma, A.S. Antibodies: Monoclonal and Polyclonal. In Animal Biotechnology Models in

Discovery and Translation; Academic Press: Cambridge, MA, USA, 2014; pp. 265–287. [CrossRef]
20. Byrne, B.; Stack, E.; Gilmartin, N.; O’Kennedy, R. Antibody-based sensors: Principles, problems and potential for detection of

pathogens and associated toxins. Sensors 2009, 9, 4407–4445. [CrossRef]
21. Leonard, P.; Hearty, S.; Brennan, J.; Dunne, L.; Quinn, J.; Chakraborty, T.; O’kennedy, R. Advances in biosensors for detection of

pathogens in food and water. Enzym. Microb. Technol. 2003, 32, 3–13. [CrossRef]
22. Rudenko, N.; Fursova, K.; Shepelyakovskaya, A.; Karatovskaya, A.; Brovko, F. Antibodies as Biosensors’ Key Components:

State-of-the-Art in Russia 2020–2021. Sensors 2021, 21, 7614. [CrossRef] [PubMed]

https://doi.org/10.3934/microbiol.2017.3.529
https://www.ncbi.nlm.nih.gov/pubmed/31294175
https://doi.org/10.4014/jmb.1310.10013
https://www.ncbi.nlm.nih.gov/pubmed/24375418
https://doi.org/10.1016/j.trac.2022.116788
https://doi.org/10.1016/j.jfda.2015.05.001
https://doi.org/10.1007/978-3-319-99602-8_19/FIGURES/30
https://doi.org/10.1016/j.foodcont.2021.108017
https://doi.org/10.1016/j.procbio.2022.03.024
https://doi.org/10.1016/j.sintl.2021.100130
https://doi.org/10.1155/2014/498420
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1016/B978-0-12-817456-2.00007-3
https://doi.org/10.1016/j.bios.2016.12.005
https://doi.org/10.1042/EBC20150002
https://www.ncbi.nlm.nih.gov/books/NBK546670/
https://www.ncbi.nlm.nih.gov/books/NBK546670/
https://doi.org/10.1128/microbiolspec.AID-0019-2014
https://doi.org/10.1038/nri2744
https://www.ncbi.nlm.nih.gov/pubmed/20414205
https://doi.org/10.1016/j.semcdb.2009.01.010
https://doi.org/10.1007/978-1-4419-0919-0_12/FIGURES/19_12
https://doi.org/10.1016/B978-0-12-416002-6.00015-8
https://doi.org/10.3390/s90604407
https://doi.org/10.1016/S0141-0229(02)00232-6
https://doi.org/10.3390/s21227614
https://www.ncbi.nlm.nih.gov/pubmed/34833687


Micromachines 2023, 14, 1122 22 of 26

23. Peltomaa, R.; Barderas, R.; Benito-Peña, E.; Moreno-Bondi, M.C. Recombinant antibodies and their use for food immunoanalysis.
Anal. Bioanal. Chem. 2022, 414, 193–217. [CrossRef]

24. Plückthun, A.; Skerra, A. Expression of functional antibody Fv and Fab fragments in Escherichia coli. Methods Enzym. 1989,
178, 497–515. [CrossRef]

25. Trilling, A.K.; Beekwilder, J.; Zuilhof, H. Antibody orientation on biosensor surfaces: A minireview. Analyst 2013, 138, 1619–1627.
[CrossRef]

26. Naresh, V.; Lee, N. A Review on Biosensors and Recent Development of Nanostructured Materials-Enabled Biosensors. Sensors
2021, 21, 1109. [CrossRef] [PubMed]

27. Biochemistry, Proteins Enzymes—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/32119368/ (accessed on 7 March 2023).
28. Blanco, A.; Blanco, G. Chapter 8—Enzymes. In Medical Biochemistry; Academic Press: Cambridge, MA, USA, 2017; pp. 153–175.

[CrossRef]
29. Robinson, P.K. Enzymes: Principles and biotechnological applications. Essays Biochem. 2015, 59, 1–41. [CrossRef] [PubMed]
30. Cutlan, R.; De Rose, S.; Isupov, M.N.; Littlechild, J.A.; Harmer, N.J. Using enzyme cascades in biocatalysis: Highlight on

transaminases and carboxylic acid reductases. Biochim. Biophys. Acta Proteins Proteom. 2020, 1868, 140322. [CrossRef] [PubMed]
31. Cass, T. Enzymology. In Handbook of Biosensors and Biochips; John Wiley & Sons: Hoboken, NJ, USA, 2008. [CrossRef]
32. Turner, A.; Malhotra, B.D. Advances in Biosensors: Perspectives in Biosensors; JAI Press: Stamford, CT, USA, 2003.
33. Perumal, V.; Hashim, U. Advances in biosensors: Principle, architecture and applications. J. Appl. Biomed. 2014, 12, 1–15.

[CrossRef]
34. Liu, H.; Ge, J.; Ma, E.; Yang, L. Advanced biomaterials for biosensor and theranostics. In Biomaterials in Translational Medicine;

Academic Press: Cambridge, MA, USA, 2019; pp. 213–255. [CrossRef]
35. Zhuo, Z.; Yu, Y.; Wang, M.; Li, J.; Zhang, Z.; Liu, J.; Wu, X.; Lu, A.; Zhang, G.; Zhang, B. Recent Advances in SELEX Technology

and Aptamer Applications in Biomedicine. Int. J. Mol. Sci. 2017, 18, 2142. [CrossRef]
36. Villalonga, A.; Pérez-Calabuig, A.M.; Villalonga, R. Electrochemical biosensors based on nucleic acid aptamers. Anal. Bioanal.

Chem. 2020, 412, 55–72. [CrossRef]
37. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818–822. [CrossRef]
38. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase.

Science 1990, 249, 505–510. [CrossRef]
39. Colas, P.; Cohen, B.; Jessen, T.; Grishina, I.; McCoy, J.; Brent, R. Genetic selection of peptide aptamers that recognize and inhibit

cyclin-dependent kinase 2. Nature 1996, 380, 548–550. [CrossRef]
40. Hays, E.M.; Duan, W.; Shigdar, S. Aptamers and glioblastoma: Their potential use for imaging and therapeutic applications. Int. J.

Mol. Sci. 2017, 18, 2576. [CrossRef]
41. Gan, Z.; Roslan, M.A.M.; Shukor, M.Y.A.; Halim, M.; Yasid, N.A.; Abdullah, J.; Yasin, I.S.M.; Wasoh, H. Advances in Aptamer-

Based Biosensors and Cell-Internalizing SELEX Technology for Diagnostic and Therapeutic Application. Biosensors 2022, 12, 922.
[CrossRef]

42. Zou, X.; Wu, J.; Gu, J.; Shen, L.; Mao, L. Application of aptamers in virus detection and antiviral therapy. Front. Microbiol. 2019,
10, 1462. [CrossRef]

43. Mehlhorn, A.; Rahimi, P.; Joseph, Y. Aptamer-Based Biosensors for Antibiotic Detection: A Review. Biosensors 2018, 8, 54.
[CrossRef]

44. Wang, Q.L.; Cui, H.F.; Du, J.F.; Lv, Q.Y.; Song, X. In silico post-SELEX screening and experimental characterizations for acquisition
of high affinity DNA aptamers against carcinoembryonic antigen. RSC Adv. 2019, 9, 6328–6334. [CrossRef]

45. Sun, H.; Zhu, X.; Lu, P.Y.; Rosato, R.R.; Tan, W.; Zu, Y. Oligonucleotide aptamers: New tools for targeted cancer therapy. Mol. Ther.
Nucleic Acids 2014, 3, E182. [CrossRef]

46. Yoo, H.; Jo, H.; Oh, S.S. Detection and beyond: Challenges and advances in aptamer-based biosensors. Mater. Adv. 2020,
1, 2663–2687. [CrossRef]

47. Skerra, A. Alternative non-antibody scaffolds for molecular recognition. Curr. Opin. Biotechnol. 2007, 18, 295–304. [CrossRef]
48. Yasui, N.; Nakamura, K.; Yamashita, A. A sweet protein monellin as a non-antibody scaffold for synthetic binding proteins. J.

Biochem. 2021, 169, 585–599. [CrossRef]
49. Wang, X.; Li, F.; Qiu, W.; Xu, B.; Li, Y.; Lian, X.; Yu, H.; Zhang, Z.; Wang, J.; Li, Z.; et al. SYNBIP: Synthetic binding proteins for

research, diagnosis and therapy. Nucleic Acids Res. 2022, 50, D560–D570. [CrossRef]
50. Estrela, P.; Ferrigno, P.K. Non-antibody protein-based biosensors. Essays Biochem. 2016, 60, 19–25. [CrossRef]
51. Crapnell, R.D.; Hudson, A.; Foster, C.W.; Eersels, K.; van Grinsven, B.; Cleij, T.J.; Banks, C.E.; Peeters, M. Recent Advances in

Electrosynthesized Molecularly Imprinted Polymer Sensing Platforms for Bioanalyte Detection. Sensors 2019, 19, 1204. [CrossRef]
[PubMed]

52. Uzun, L.; Turner, A.P.F. Molecularly-imprinted polymer sensors: Realising their potential. Biosens. Bioelectron. 2016, 76, 131–144.
[CrossRef]

53. Hasseb, A.A.; Ghani, N.D.T.A.; Shehab, O.R.; El Nashar, R.M. Application of molecularly imprinted polymers for electrochemical
detection of some important biomedical markers and pathogens. Curr. Opin. Electrochem. 2022, 31, 100848. [CrossRef]

https://doi.org/10.1007/s00216-021-03619-7
https://doi.org/10.1016/0076-6879(89)78036-8
https://doi.org/10.1039/c2an36787d
https://doi.org/10.3390/s21041109
https://www.ncbi.nlm.nih.gov/pubmed/33562639
https://pubmed.ncbi.nlm.nih.gov/32119368/
https://doi.org/10.1016/B978-0-12-803550-4.00008-2
https://doi.org/10.1042/bse0590001
https://www.ncbi.nlm.nih.gov/pubmed/26504249
https://doi.org/10.1016/j.bbapap.2019.140322
https://www.ncbi.nlm.nih.gov/pubmed/31740415
https://doi.org/10.1002/9780470061565.HBB006
https://doi.org/10.1016/j.jab.2013.02.001
https://doi.org/10.1016/B978-0-12-813477-1.00010-4
https://doi.org/10.3390/ijms18102142
https://doi.org/10.1007/s00216-019-02226-x
https://doi.org/10.1038/346818a0
https://doi.org/10.1126/science.2200121
https://doi.org/10.1038/380548a0
https://doi.org/10.3390/ijms18122576
https://doi.org/10.3390/bios12110922
https://doi.org/10.3389/fmicb.2019.01462
https://doi.org/10.3390/bios8020054
https://doi.org/10.1039/C8RA10163A
https://doi.org/10.1038/mtna.2014.32
https://doi.org/10.1039/D0MA00639D
https://doi.org/10.1016/j.copbio.2007.04.010
https://doi.org/10.1093/jb/mvaa147
https://doi.org/10.1093/nar/gkab926
https://doi.org/10.1042/EBC20150003
https://doi.org/10.3390/s19051204
https://www.ncbi.nlm.nih.gov/pubmed/30857285
https://doi.org/10.1016/j.bios.2015.07.013
https://doi.org/10.1016/j.coelec.2021.100848


Micromachines 2023, 14, 1122 23 of 26

54. Crapnell, R.D.; Dempsey-Hibbert, N.C.; Peeters, M.; Tridente, A.; Banks, C.E. Molecularly imprinted polymer based electrochemi-
cal biosensors: Overcoming the challenges of detecting vital biomarkers and speeding up diagnosis. Talanta Open 2020, 2, 100018.
[CrossRef]

55. Cui, B.; Liu, P.; Liu, X.; Liu, S.; Zhang, Z. Molecularly imprinted polymers for electrochemical detection and analysis: Progress
and perspectives. J. Mater. Res. Technol. 2020, 9, 12568–12584. [CrossRef]

56. Nguyen, H.H.; Park, J.; Kang, S.; Kim, M. Surface plasmon resonance: A versatile technique for biosensor applications. Sensors
2015, 15, 10481–10510. [CrossRef] [PubMed]

57. Vachali, P.P.; Li, B.; Bartschi, A.; Bernstein, P.S. Surface Plasmon Resonance (SPR)-Based Biosensor Technology for the Quantitative
Characterization of Protein-Carotenoid Interactions. Arch. Biochem. Biophys. 2014, 572, 66–72. [CrossRef]

58. Yanase, Y.; Hiragun, T.; Ishii, K.; Kawaguchi, T.; Yanase, T.; Kawai, M.; Sakamoto, K.; Hide, M. Surface Plasmon Resonance for
Cell-Based Clinical Diagnosis. Sensors 2014, 14, 4948–4959. [CrossRef]

59. Schasfoort, R.B.M. (Ed.) Handbook of Surface Plasmon Resonance; The Royal Society of Chemistry: London, UK, 2017. [CrossRef]
60. Drescher, D.G.; Drescher, M.J.; Ramakrishnan, N.A. Surface plasmon resonance (SPR) analysis of binding interactions of proteins

in inner-ear sensory epithelia. Methods Mol. Biol. 2009, 493, 323–343. [CrossRef]
61. Real-Time and Label-Free Bio-Sensing of Molecular Interactions by Surface Plasmon Resonance: A Laboratory Medicine

Perspective—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/23267248/ (accessed on 9 March 2023).
62. Puiu, M.; Bala, C. SPR and SPR imaging: Recent trends in developing nanodevices for detection and real-time monitoringof

biomolecular events. Sensors 2016, 16, 870. [CrossRef]
63. Xu, J.; Wang, L. Carbon Nanomaterials. In Nano-Inspired Biosensors for Protein Assay with Clinical Applications; Elsevier: Amsterdam,

The Netherlands, 2018; pp. 3–38. [CrossRef]
64. Kooyman, R.P.H.; Corn, R.M.; Wark, A.; Lee, H.J.; Gedig, E.; Engbers, G.; Walstrom, L.; de Mol, N.J.; Hall, D.R.; Yager, P.; et al.

Handbook of Surface Plasmon Resonance; The Royal Society of Chemistry: London, UK, 2008. [CrossRef]
65. Boutilier, J.; Moulton, H.M. Surface plasmon resonance-based concentration determination assay: Label-free and antibody-free

quantification of morpholinos. Methods Mol. Biol. 2017, 1565, 251–263. [CrossRef]
66. Önell, A.; Andersson, K. Kinetic determinations of molecular interactions using Biacore—Minimum data requirements for

efficient experimental design. J. Mol. Recognit. 2005, 18, 307–317. [CrossRef]
67. Bakhtiar, R. Surface plasmon resonance spectroscopy: A versatile technique in a biochemist’s toolbox. J. Chem. Educ. 2013,

90, 203–209. [CrossRef]
68. Visser, N.F.C.; Heck, A.J.R. Surface plasmon resonance mass spectrometry in proteomics. Expert Rev. Proteom. 2014, 5, 425–433.

[CrossRef]
69. Kuroki, K.; Maenaka, K. Analysis of Receptor–Ligand Interactions by Surface Plasmon Resonance. Methods Mol. Biol. 2011,

748, 83–106. [CrossRef]
70. Thillaivinayagalingam, P.; O’Donovan, K.; Newcombe, A.R.; Keshavarz-Moore, E. Characterisation of an industrial affinity

process used in the manufacturing of digoxin-specific polyclonal Fab fragments. J. Chromatogr. B Analyt. Technol. Biomed Life Sci.
2007, 848, 88–96. [CrossRef]

71. Thillaivinayagalingam, P.; Gommeaux, J.; McLoughlin, M.; Collins, D.; Newcombe, A.R. Biopharmaceutical production: Applica-
tions of surface plasmon resonance biosensors. J. Chromatogr. B 2010, 878, 149–153. [CrossRef]

72. Sustarsic, M.; Kapanidis, A.N. Taking the ruler to the jungle: Single-molecule FRET for understanding biomolecular structure and
dynamics in live cells. Curr. Opin. Struct. Biol. 2015, 34, 52–59. [CrossRef]

73. Okamoto, K.; Sako, Y. Recent advances in FRET for the study of protein interactions and dynamics. Curr. Opin. Struct. Biol. 2017,
46, 16–23. [CrossRef]

74. Algar, W.R.; Hildebrandt, N.; Vogel, S.S.; Medintz, I.L. FRET as a biomolecular research tool—understanding its potential while
avoiding pitfalls. Nat. Methods 2019, 16, 815–829. [CrossRef]

75. Obeng, E.M.; Dullah, E.C.; Danquah, M.K.; Budiman, C.; Ongkudon, C.M. FRET spectroscopy-towards effective biomolecular
probing. Anal. Methods 2016, 8, 5323–5337. [CrossRef]

76. Kaur, A.; Dhakal, S. Recent applications of FRET-based multiplexed techniques. TrAC Trends Anal. Chem. 2020, 123, 115777.
[CrossRef]

77. Sanders, J.C.; Holmstrom, E.D. Integrating single-molecule FRET and biomolecular simulations to study diverse interactions
between nucleic acids and proteins. Essays Biochem. 2021, 65, 37–49. [CrossRef] [PubMed]

78. ATTO-TECGmbh: Fluorescent Labels and Dyes—Google Scholar. Available online: https://scholar.google.com/scholar_lookup?
title=Fluorescent%20labels%20and%20dyes&author=A.-T.%20Gmbh&publication_year=2009&book=ATTO-TEC%20Gmbh%
20Fluorescent%20Labels%20and%20Dyes%20Catalogue (accessed on 21 March 2023).

79. Son, H.; Mo, W.; Park, J.; Lee, J.-W.; Lee, S. Single-Molecule FRET Detection of Sub-Nanometer Distance Changes in the Range
Below a 3-Nanometer Scale. Biosensors 2020, 10, 168. Available online: https://www.mdpi.com/883394 (accessed on 21 March 2023).
[CrossRef]

80. Lakowicz, J. Principles of Fluorescence Spectroscopy; Springer: Berlin/Heidelberg, Germany, 2006; Available online: https://link.
springer.com/chapter/10.1007/978-0-387-46312-4_2 (accessed on 21 March 2023).
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