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Abstract: Microbial contaminants are responsible for several infectious diseases, and they have
been introduced as important potential food- and water-borne risk factors. They become a global
burden due to their health and safety threats. In addition, their tendency to undergo mutations that
result in antimicrobial resistance makes them difficult to treat. In this respect, rapid and reliable
detection of microbial contaminants carries great significance, and this research area is explored as
a rich subject within a dynamic state. Optical sensing serving as analytical devices enables simple
usage, low-cost, rapid, and sensitive detection with the advantage of their miniaturization. From
the point of view of microbial contaminants, on-site detection plays a crucial role, and portable,
easy-applicable, and effective point-of-care (POC) devices offer high specificity and sensitivity. They
serve as advanced on-site detection tools and are pioneers in next-generation sensing platforms. In
this review, recent trends and advances in optical sensing to detect microbial contaminants were
mainly discussed. The most innovative and popular optical sensing approaches were highlighted,
and different optical sensing methodologies were explained by emphasizing their advantages and
limitations. Consequently, the challenges and future perspectives were considered.

Keywords: microbial contaminants; optical sensing; molecular imprinting; nanomaterials

1. Introduction

Bacteria are commonly distributed and diverse microorganisms that can be found
in fresh and salt water, sewage water, plants, animals [1], as well as human carriers not
showing any signs of disease [2], seafood [3], and fly and insect larvae [4]. In the meantime,
harmless bacterial strains, including Salmonella, Escherichia coli, Staphylococcus, etc., are
important pathogenic microorganisms, and their spread needs to be prevented in hospitals
and other healthcare settings [5,6]. On the other hand, the population of opportunistic
bacterial strains increases with the weakened immune systems of individuals under the
influence of some factors that result in increased susceptibility to infections [7]. After
a long period of time, resistance to antimicrobial agents seems to be on the rise due to
the accelerated number of patients hospitalized in intensive care units and the increasing
number of compromised patients with immune deficiency, along with the unnecessary
and inappropriate use of antimicrobial drugs [8]. Frequent usage of them, especially for
both inpatients and outpatients, contributes to the development of resistance [9]. In this
context, the data obtained from the U.S. Centers for Disease Control and Prevention shows
that 2.8 million infections are reported in the U.S. each year [10], and 1.27 million deaths
originated from antibiotic-resistant bacterial strains were reported around the world [11].
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In the meantime, failure of the treatment leads to an increase in both treatment time and
costs [12].

Food safety is one of the most significant and necessary public health problems world-
wide [13]. Food-borne diseases emerging from consuming contaminated foods/water and
food spoilage have been costly global troubles if necessary precautions are not taken [14].
Prevention of foodborne diseases relies on the careful processing of raw products; these
diseases commonly arise from non-followed safety rules at food processing stages, which
result in microbial contamination. Consumption of pathogenic microorganisms that con-
taminate food and/or intoxication with their toxic products are the origins of food-borne
diseases, which are characterized by gastrointestinal symptoms [15]. Among the bacterial
strains responsible for food-borne diseases that arise from milk, dairy, and meat products,
Staphylococcus aureus, Listeria monocytogenes, and Salmonella sp. can be indicated as major
examples [16]. From the point of rapid detection of these strains, it remains a challenge
because of the diversity of bacteria and their presence in the complex media of the envi-
ronment. It is necessary to detect these pathogenic microorganisms using a reliable, rapid,
and cost-effective technology. Water-borne diseases are another global threat, leading to
more than 2.2 million deaths per year, and their prevalence is increasing day by day [17].
In addition to deaths, morbidity is a significant result emerging from the consumption of
contaminated water [18]. Therefore, there is a growing need to take control precautions for
developing the security of drinking water, such as qualitative and quantitative microbial
risk assessments [19]. Water-borne pathogenic microorganisms cause diarrhea, gastroin-
testinal problems, and systematic problems. To give examples, Salmonella typhimurium,
Vibrio cholerae, Legionella, E. coli O157:H7, and Campylobacter jejuni are attributed to being
major agents responsible for water-borne diseases [17].

The widely applied traditional microbiological detection methods are based on mi-
crobial cultivation techniques, biochemical tests, and serological tests that rely on antigen-
antibody interactions, including enzyme-linked immunosorbent assay (ELISA), nucleic
acid hybridization, and amplification methods. Some of these tests are manual, and some
of them are semi-automatic or fully automatic. One of the most important points to be
made is that they have limitations, such as being time-consuming. The incubation period
changes according to the target bacterial strain and takes time (18–72 h) to determine the
cell concentration. On the other hand, some microbial contaminants such as V. cholerae and
Helicobacter pylori can be found in food, water, and the environment; they can be viable,
but they cannot be easily cultivated [20]. The other limitations of the methods mentioned
above can be listed as being open to contamination with other microorganisms, expensive,
non-specific, and non-sensitive, and giving false positive or negative results. In addition,
there is a necessity for trained personnel and pre-treatment stages [20,21].

Sensor technology looks forward to overcoming these drawbacks. Biosensors have
been defined as analytical devices that convert biological responses into measurable signals.
In this respect, firstly, the immobilization of ligands onto the sensor surface was performed
to detect the target molecule. Then the sensing platform converts the response, which is
produced by specific interactions carried out on the sensor surface, into physical signals.
Lastly, a signal detector offers the advantage of monitoring the sensing. This technology
plays a vital role in recognizing microbial contaminants with a rapid, sensitive, and selective
assay. The limits of quantification (LOQ) and detection (LOD) help to explain the sensitivity
of the sensing platform [20].

The use of optical sensing has recently gained great attention for chemical analysis [21],
especially environmental monitoring [20], biomedicine [22], clinical [23], and industrial
processes. This technology is frequently used to detect microbial contaminants in food [24],
water [25], and the environment [26]. One of the most desirable features of optical sensing
is obtaining stable measurements over a long period of time; therefore, they have been
constructed for several purposes in the last quarter of a century due to their remarkable
flexibility [27].
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Optical sensing platforms offer alternative approaches, and newly developed sensing
systems have focused on different types of optical sensors. Food-borne pathogens have
been detected using optical based sensing in many studies. An aptamer based colorimetric
biosensor was generated for the detection of S. aureus in a bacterial culture suspension
using DNA as a recognition element, and the LOD was found to be 81 CFU/mL in 5.5 h [28].
In another study, a magnetic DNAzyme-copper-based fluorescent biosensor was produced
for E. coli O157:H7 recognition in apple juice using protein as the recognition element,
and the LOD was reported as 1.57 CFU/mL in 1.5 h [29]. Masdor et al. conducted a
study aimed at detecting Campylobacter jejuni in chicken samples using antibody based SPR
sensors [30]. Raghu and Kumar fabricated a Surface Plasmon Resonance (SPR) sensor to
detect L. monocytogenes in milk samples using carbohydrate-lectin (Wheat germ agglutinin)
interactions [31]. Waterborne pathogen detection using optical sensors is another interesting
research area. Apart from these, cholera toxin, Lactobacillus sp., and S. aureus were detected
by nanoparticle based colorimetric sensors [32]. In a study, E. coli was detected by a
magnetic nanoparticle (MNP) based plasmonic sensor, and the LOD was found to be
3 × 103 CFU/L [33]. In another study, E. coli was detected with iron oxide MNPs integrated
with gold nanoparticles, and the LOD was reported as 8 × 103 CFU/L in 70 min [34].

The related literature shows that label-free methods are more advantageous in compar-
ison to labeled sensing methods, and label-free ones were preferred to obtain a quantifiable
signal in the detection of microbial contaminants. From this point of view, labeling process
is time-consuming and may have an effect on the physiological characteristics of microor-
ganisms. On the contrary, label-free sensing strategies offer rapid and low-cost detection,
simple preparation, and much more applicable assays on clinical and environmental plat-
forms [35].

Electrochemical sensing platforms have also gained great attention for the detection
of microbial contaminants. They offer relative simplicity, ease of design, low LOD, quick
response, high sensitivity, and enhanced selectivity [36]. From the perspective of optical
sensing, colorimetric sensing provides low-cost production, while plasmon sensing requires
relatively expensive and complicated equipment. They are usually relatively simple in their
construction. Besides they allow monitoring the target molecule with the help of visible
light, which is easier to use than a power supply [37].

Many attempts were made to detect microbial contaminants using optical sensing
such as colorimetric [38], fluorescence [39], interferometric [40], SPR [41], Raman spec-
troscopy [42], and SERS [43]. This area has taken on current interest and is attractive to
be explored by scientists. The receptors, ligands, nanomaterials, molecularly imprinted
polymers (MIPs), and hydrogels can be given as examples for the enhancement of the
sensing platform’s effectiveness by providing high exactness, specificity, sensitivity, cost-
effectiveness, low LOD, and rapid detection. In this review, the most promising strategies
for optical sensing and recent advances are described. Besides polymeric materials inte-
grated into the optical sensing platforms were discussed. In this respect, nanoparticle-based,
MIP-based, and hydrogel-based optical sensing methodologies applied for the detection of
microbial contaminants were explained. Representative, innovative, and popular examples
from the literature were considered.

2. Optical Sensing

Optical sensors are based on the measurement of changes in the optical properties of a
material. Binding of the target analyte with the recognition molecule causes a detectable
optical change, and then this optical change is converted into an electronic signal [44].
Transducers in optical biosensors can be fluorescence, colorimetric, interferometric, or
luminescent. Optical biosensors are promising technologies for detecting whole microbial
cells. Optical biosensors mainly include (i) fluorescence-based sensors using secondary
fluorescently labeled molecules that can bind bacteria specifically and (ii) label-free sensors
such as SPR, which are able to detect refractive index change on the sensor surface according
to bacteria amount [45].
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Optical biosensors offer some advantages, such as high sensitivity, reliability, rapid
measurement, direct measurement, and real-time measurement [46]. They are introduced
as attractive alternatives for the analysis of many analyte types with low-cost and minia-
turized sensing platforms. The response of the sensing system is related to the size of
the analytes. Label-free sensing platforms were developed for small molecules. There are
some limitations in this context, and immobilization methods were improved to overcome
these problems.

2.1. Colorimetric Optical Sensors

Colorimetric optical sensors are developed as a result of distinctive color changes
resulting from the reaction of the reagent and the analyte, which is selective to a specific
analyte. In this context, the reagent has to be fixed on a suitable matrix [47]. This approach
is promising for developing simple and low-cost microbial detection strategies and creating
POC devices that provide a sensitive and selective response [38]. However, their weak-
sensitivity property makes them poor tools. In a previous study, E. coli was detected with
the naked eye using colorless 3,5,3′,5′ tetramethyl benzidine (TMB). Its color changes to
blue from oxidized TMB in E. coli spiked medium [48]. Covalent binding, electrostatic
interactions, and nano-films can be good candidates for stable docking states [49,50].

A simple and sensitive colorimetric aptasensor was developed to detect Salmonella
enterica serovar typhimurium. ZnFe2O4-reduced graphene oxide nanostructures were pre-
pared as effective peroxidase mimetics. ZnFe2O4-reduced graphene oxide nanostructures
were conjugated with aptamers to obtain specific recognition elements. ZnFe2O4-reduced
graphene oxide nanostructures can catalytically oxidize 3,3′,5,5′-tetramethylbenzidine
(TMB) by H2O2 and produce a blue light that can be detected by a micro-reader at 652 nm.
The detection range of S. typhimurium in buffer solution was 11 to 1.10 × 105 CFU/mL, and
the LOD was 11 CFU/mL [51].

A novel paper-based biosensor was developed for the detection of S. aureus. The
mechanism originated from the proteolytic activity of S. aureus. S. aureus proteases showed
activity on a specific peptide substrate that was placed between magnetic nanobeads and
a gold surface on a piece of paper. The color change resulted from the dissociation of
magnetic nanobeads and could be detected by the naked eye. Detection limits with visual
observation were 7, 40, and 100 CFU/mL for S. aureus in broth culture and in inoculated
food samples and environmental samples, respectively [52].

2.2. Fluorescence Optical Sensors

Fluorescence techniques using many organic fluorescence probes are designed to
overcome the disadvantages of conventional microbial detection methods. Fluorescence-
based small organic probes are easily designed and can provide real-time imaging and
quantitative detection of bacteria cells in vitro and in vivo. Small organic probes can detect
bacterial concentration due to fluorescence intensity, are highly selective, and sensitive, and
can be applied to many applications. However, fluorescence probes are less biocompatible
due to dye use and require cumbersome spectrophotometers. Furthermore, fluorophores
have a short lifespan and may lose their photo-stability and recognition capability [53,54].

Elahi and his colleagues developed a fluorescent DNA sensor to detect Gram-negative
Shigella bacteria that cause diarrhea. They used DNA probes and combined AuNPs with
MNPs. The method detected low concentrations of bacteria (102 CFU/mL) [55]. Pathak and
his colleagues reported nitrogen-doped carbon-dot-based optical detection of pathogenic
bacteria such as E. coli, S. aureus, B. subtilis, and P. vulgaris. The interaction of nitrogen-
doped carbon dots with bacterial cells was pH-sensitive, and the best result was obtained at
pH 2. Nitrogen-doped carbon dots (CDs) exhibited an intense photoluminescent emission
at λex/λem = 340/435 nm, and their calculated quantum yield was 27.2% [56].

Acinetobacter baumannii was detected in a urine sample by a graphene oxide based
fluorescent aptasensor method developed by Bahari and his colleagues. A. baumannii
causes pneumonia and urinary and blood infections. This ratiometric fluorescent aptasen-
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sor method used o-CD/nitrogen-doped-CD as donors and graphene oxide as acceptors
in the FRET process. A. baumannii detection was applied in the concentration range of
2.0 × 103–4.5 × 107 CFU/mL, and a low detection limit (3.0 × 102 CFU/mL) was ob-
tained [57].

2.3. Interferometric Optical Sensor

Interferometric sensors are based on an optical method for measuring refractive
index changes. Biomolecular interactions such as antigen-antibody, enzyme-substrate, or
DNA hybridization and chemical reactions cause a change in refractive index [38]. An
interferometric sensor can be applied to detect bacterial cells by providing the right choice
of sensing film. The basic principle of an interferometer is that it uses two equivalent light
paths. One light gives the refractive index change caused by bioconjugate interaction, and
the other light acts as a reference that equalizes nonspecific interactions. Interferometers
are highly sensitive and can detect refractive index changes of 10−7. These refractive
index change values correspond to 100–1000 s of whole bacterial cells, viruses, pg/mL
concentrations of proteins, and ppb concentrations of small molecules [58].

A sensor platform was developed that relies on label-free long-period fiber gratings
for the recognition of S. aureus. In this respect, polyelectrolyte modification was performed
to create specificity for the target microorganism. The sensing system was evaluated
according to the time-resolved resonance wavelength shift, and the LOD was found to be
224 CFU/mL within 30 min [59].

Janik et al. developed a label-free and microcavity in-line MZI sensor for the detection
of E. coli O157:H7 with the use of peptide aptamers as bioreceptors. (3-Aminopropyl)
triethoxysilane was preferred for the functionalization of the sensor surface, and then,
aminosilane and peptide aptamers enabled detection of heat-treated E. coli. As a result,
LOD was found to be 10 CFU/mL [60].

2.4. Plasmonic Optical Sensors

Plasmon resonance-based biosensing and chemical sensing platforms utilize the prin-
ciple of forming plasmons with the interaction of light with electrons to create an electro-
magnetic wave on the surface. Surface plasmon resonance and localized surface plasmon
resonance (LSPR) can be used in harsh conditions and provide rapid and sensitive, label-
free detection of many types of bacteria. However, the large size of the SPR design and the
special algorithmic needs of the smartphone-based approach are some disadvantages of
plasmonic techniques [61,62].

SPR sensing systems include a polarized excitation light source, a prism, and a gold-
film-coated sensor. The principle of SPR is based on the conversion of the refractive index
change triggered by molecular binding into resonant spectral shifts. Polarized light passes
through a prism in a thin metal-film-covered sensor chip; the light is reflected by the metal
film, which acts like a mirror. The reflected light leads to a marked decline at a specific
angle. In this context, upon changing the angle and monitoring the reflected light intensity,
it is observed that the intensity of the reflected light passes through a minimum range. At
the incidence angle, the reflected light stimulates surface resonance and induces plasmon
resonance; therefore, the intensity of the reflected light decreases [63,64].

Bioreceptors such as antibodies, enzymes, nucleic acids, cells, bacteriophages, and
biomimetic tools [65] and different transducers, which include electrochemical, optical,
and mass-based detection, are widely applied for the recognition of microorganisms [66].
Nano-based optical sensing is another approach with desirable features such as rapid, easily
prepared, and inexpensive detection. Nanomaterials have been verified to be effectively
used in the functionalization of recognition surfaces to enhance the sensitivity of sensing
platforms [67].

Antibodies can be used as recognition elements and combined with SPR sensing. To
give an example, E. coli O157:H7 was detected with an antibody-based SPR system in
the milk, apple juice, and ground beef extract samples [68]. Besides it was reported that
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immunosensor systems were preferred to enzyme labels for the detection of microbial
contaminants in food. In this regard, L. monocytogenes, E. coli, and C. jejuni strains were
detected using horseradish peroxidase enzyme integrated into sandwich immunoassays,
including carbon particles [69]. In related literature, there are many publications indicating
the widespread usage of optical sensing systems. Representative examples of the plasmon-
based optical sensing platforms applied for the detection of microbial contaminants are
given in Table 1.

The localized surface plasmon resonance (LSPR) responds according to the diffraction
index change of the medium. In this context, sensing relies on the sum of the absorption
and reflection of light in metallic nanoparticles (i.e., silver and gold) showing a close field
at resonance wavelength. The responsible responses can be monitored by observing the
shift of the maximum peak wavelength using UV-Vis spectroscopy [70]. Gold nanoparticles
(AuNPs) are one of the most preferred materials to apply for LSPR-based sensing due to
their chemical stability and resistance to oxidation. Besides they provide an opportunity
to obtain high sensitivity by sensing refractive index changes [71]. LSPR has been widely
used in the fields of medicine, food and water safety, and environmental analysis due to
its advantages of low-cost preparation, label-free, real-time, and rapid detection. Nano-
structured molecules have great potential to enhance miniaturization, which enables the
creation of POC devices [72].

Table 1. Representative examples of the plasmon-based optical sensing platforms applied for the
detection of microbial contaminants.

Sensing
Platform

Microbial
Contaminant Ligand Sample Concentration Range LOD Ref.

SPR Brucella melitensis B70 aptamer Milk 102–106 CFU/mL 27 ± 11 cells [73]

SPR L. monocytogenes Wheat germ
agglutinin Milk 1–8 log CFU/100 µL 3.25 log CFU/100 µL [31]

SPR E. coli Polyclonal
antibodies Milk 105–108 CFU/mL 6.3 × 104 cells [74]

SPR

E. coli O157:H7
Salmonella
enteritidis,

L. monocytogenes

Polyclonal
antibodies Chicken 106 CFU/mL

14 CFU/25 mL,
6 CFU/25 mL,
28 CFU/25 mL

[75]

SPR Endotoxin - LAL test
reagent 50–0.0005 EU/mL <0.0005 EU/mL [76]

SPR E. coli Antibodies Aqueous
solution

3.8 × 106 to
9.76 × 108 CFU/mL 1.1 × 106 CFU/mL [77]

LSPR S. aureus Aptamer Milk 103–108 CFU/mL 103 CFU/mL [78]

LSPR E. coli O157:H7 Antibodies Fresh lettuce 101–106 cell/mL 10 cell/mL [79]

LSPR E. coli O157:H7 Antibodies Aqueous
solution 101–105 CFU/mL 10 CFU/mL [80]

LSPR E. coli O157:H7 Antibodies Aqueous
solution 101–105 CFU/mL 10 CFU/mL [81]

SPR: surface plasmon resonance; LSPR: localized surface plasmon resonance.

2.5. Raman Spectroscopy

When a high-energy light beam is sent onto a substance, it passes through this perme-
able medium, and a small part of the incident light is scattered in different directions. It
was discovered that the wavelength of a small amount of light scattered by some molecules
is different from the wavelength of the incident ray. These wavelength shifts are related to
the chemical structure of the molecules causing the scattering. In Raman scattering, results
were obtained from inelastic light scattering on vibrating molecular bonds. Raman spec-
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troscopy is defined as a powerful molecular fingerprinting technique that analyzes with the
help of a laser beam, the interactions of molecules of matter. Although this technique has
been widely used for the characterization of different materials, it has been rapidly found
in many biological applications to provide optical detection of microorganisms [42,82].

In a previous study, surface imprinting was applied with a glass-stamping approach to
covalently immobilize E. coli onto the poly(styrene-co-DVB). Confocal Raman Microscopy
was used for monitoring bacterial recognition regions. Imprinting efficiency and selectivity
of the proposed sensing platform depend on both Confocal Raman Microscopy and Partial
Least Squares Discriminant Analysis (PLS-DA). The Raman spectra of E. coli and Bacillus
cereus were obtained using E. coli-imprinted poly(styrene-co-DVB), and then a PLS-DA
model was formed to discriminate different microorganisms. The verification of the model
showed an accurate classification of 95% of Raman spectra, and therefore, selectivity exper-
iments were successfully performed. It was reported that discrimination of E. coli, B. cereus,
and Lactococcus lactis using E. coli-imprinted poly(styrene-co-DVB) was troublesome since
restricted depth resolution of the confocal Raman microscope leads to the emergence of
interfering signals originating from polymeric structures. It is considered that this problem
can be handled with the application of type-enhanced Raman spectroscopy [83].

Only one in a million photons sent to the system undergoes Raman scattering, and this
condition is not sufficient for the detection of target molecules at low concentrations. To
overcome this challenge, many attempts were made to improve the system on the surface,
such as the use of enhanced Raman spectroscopy (SERS). Since SERS allows the detection
of target molecules at low concentrations, it is a much more precise technique than classical
Raman. SERS is the form of Raman signals enhanced with SERS substrates [84]. It is a type
of Raman spectroscopy based on the interaction between the substance to be analyzed and
nano-scale gold or silver, copper surfaces, and/or colloids [85].

SERS is a spectroscopy technique that provides sensitivity to the single molecule
level and allows rapid identification of target analytes such as disease markers, chemicals,
and microorganisms [86]. Due to its high resolution, high sensitivity, and rapid data
acquisition, SERS has become a hot research field for bacteria detection in water and food.
The SERS technique allows the design of lab-based and portable instruments and can
be applied to any surface on account of the involvement of scattered light. SERS have
some disadvantages, such as unstable laser wavelength and intensity and/or interference
caused by fluorescence, turbidity, and other molecules in the environment. Label-free and
label-based SERS sensor strategies are used for bacteria detection [87]. Label-free methods
allow direct detection of the Raman signal of bacterial cells and/or bacterial metabolites
utilizing vibrational spectroscopy methods based on molecular fingerprints. The label-free
method is simple and easy to apply; however, the weakness of the original Raman signal of
the bacterial cell makes it a challenge to get highly reproducible spectral data. Label-based
bacteria detection methods use SERS tags, which are able to bind bacteria through specific
recognition sites and produce ultrasensitive and distinct signals. Thus, bacterial cells can be
detected indirectly by determining the Raman signal of the reporters. When compared to
the label-free method, the label-based SERS method is more sensitive and reproducible [88].

3. Material Used for Optical Sensing Platforms
3.1. Nanomaterial-Based Optical Sensing

Biosensors are divided into biocatalytic and bioaffinity-based platforms based on their
recognition mechanisms. In biocatalytic systems, after the receptor binds to the analyte,
it catalyzes the reaction that leads to its degradation. The bioaffinity system, the receptor,
binds to the analyte and triggers the detection and formation of a signal [89]. NPs are
materials that can be integrated into these sensing platforms. In recent years, the combined
use of optical sensors to improve the rapid and sensitive detection of pathogens has gained
momentum with the rapid developments in the field of nanotechnology. Nanomaterials
have been promising tools for sensitive detection with much lower detection limits due to
their large surface area. The large surface area provides a large surface for the binding of
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many biomolecules, such as enzymes, antibodies, or DNA sequences required for biological
recognition. Besides they can be easily modified to achieve the desired properties, which
makes them advantageous materials.

Noble metals such as gold, silver, platinum, and palladium are highly resistant to
oxidation and erosion caused by environmental factors [90]. Functional nanomaterials
can be obtained by integrating these metals or their alloys into NPs [91]. Thus, they can
remain stable in complex liquids in which microbial contaminants will be analyzed. These
materials can exhibit different optical, catalytic, and magnetic properties depending on
their different sizes and shapes. Thanks to their catalytic properties, noble metal NPs can
show enzyme-like activities depending on reaction conditions, such as peroxidase in an
acidic medium and catalase in a basic medium [92].

Noble metal NPs are used in detection platforms such as electrochemical, optical,
colorimetric, chemiluminescence, and fluorescence-based sensors [93]. In colorimetric
sensor applications, the color change during the detection of the target molecule can be
seen even with the naked eye without using a different device with the help of noble metal
NPs. Noble metal NPs also cause signal amplification and higher sensitivity in plasmonic
sensor systems. When the surface of the SPR sensor chip is replaced with the noble metal
NPs, light interacting with the noble metal NPs has dimensions much smaller than the
incident wavelength. Thus, it leads to a localized SPR plasmon that is released around the
nanoparticles [94].

Within the framework of this section, representative examples are given regarding opti-
cal sensor systems based on various nanomaterials such as AuNPs, magnetic nanoparticles
(MNPs), quantum dots (QDs), CDs, and nanofibers for the recognition of microbial contam-
inants [95–97]. All these nanomaterials can be used alone, or they could be integrated into
optical sensor platforms. Recent publications providing examples of nanomaterial-based
optical sensing for the detection of microbial contaminants are shown in Table 2.

Table 2. Recent publications providing examples of nanomaterial-based optical sensing for the
detection of microbial contaminants.

Composite
Nanomaterial Sensing Platform Microbial

Contaminant Concentration Range LOD Ref.

Au NPs/Silica NPs LSPR
Lactobacillus acidophilus,

S. typhimurium,
Pseudomonas aeruginosa

104–1012 CFU/L 104 CFU/L [98]

MnO2
Nanoflowers/QDs

Fluorescent
immunoassay

E. coli,
S. typhimurium.

1.5 × 101–1.5 × 106 CFU/mL,
4 × 101–4 × 106 CFU/mL

15 CFU/mL,
4 CFU/mL [99]

CDs/MNPs Fluorescent
detection

E. coli,
S. aureus 102–103 CFU/mL 3.5 × 102 CFU/mL

3 × 102 CFU/mL
[100]

GO/QDs
Photoluminescent

Lateral-Flow
Immunoassay

E. coli
10 CFU/mL (standard buffer)
100 CFU/mL (bottled water

and milk)
2–105 CFU/mL [101]

Ag/ZnO/rGO SERS E. coli 5 × 104–5 × 108 CFU/mL 104 CFU/mL [102]

Ag NPs/rGO SERS E. coli 1 × 105–2 × 108 CFU/mL 1 × 105 CFU/mL [103]

Au@Ag NP SERS S. typhimurium 101–105 cells/mL 15 CFU/mL [104]

CDs-microspheres Fluorescent
immunoassay

E. coli
O157:H7 2.4 × 102–2.4 × 107 CFU/mL 2.4 × 107 CFU/mL [105]

NBs/GNRs SERS aptasensor E. coli
O157:H7 10–10,000 CFU/mL 3 CFU/mL [106]

Dual-functional
metal complex-

AuNPs
SERS aptasensor Shigella sonnei 10–106 CFU/mL 10 CFU/mL [107]
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Table 2. Cont.

Composite
Nanomaterial Sensing Platform Microbial

Contaminant Concentration Range LOD Ref.

GQDs/GO FRET
immunosensor Campylobacter jejuni 10–106 cell/mL 10 cell/mL [108]

CQDs-MNPs Fluorescent
aptasensor E. coli O157:H7 500–106 CFU/mL 487 CFU/mL [109]

Rhodamine B
modified silica NP Fluorescent assay E. coli 10–105 CFU/mL 8 CFU/mL [110]

LSPR: localized surface plasmon resonance, NPs: nanoparticles, QDs: quantum dots, CDs: carbon dots, MNPs:
magnetic nanoparticles, GO: graphene oxide, rGO: reduced graphene oxide, SERS: surface enhanced Raman
scattering, NBs: gold nanobones, GNRs: gold nanorods, FRET: fluorescence resonance energy transfer, CQDs:
Carbon quantum dots.

3.1.1. Gold Nanoparticles (AuNPs)

AuNPs can emit bright resonance light scattering at various wavelengths due to
many properties, such as their size and degree of aggregation. The optical properties of
AuNPs have emerged from their surface plasmon resonance properties. These particles can
both absorb and scatter visible light. Along with the absorption of light, the light energy
causes the free electrons in the gold nanoparticles to oscillate. As the particle gets larger,
a greater proportion of the outgoing light is scattered compared to what is absorbed. As
a result, solutions of gold nanoparticles of different sizes and shapes appear in different
colors. AuNPs are frequently used as colorimetric sensors due to their optical properties.
Awwal et al. prepared fluorescently labeled AuNP functionalized with an anti-E. coli
O157:H7 antibody for the detection of E. coli O157:H7. They conjugated the antibody
with Tetramethyl Rhodamine Isothiocyanate and then labeled it with the aminated gold
nanoparticle. According to the results obtained from fluorimeter measurements in the
emission range of 555–650 nm, the detection was performed in 5 min. The detection range
of the immune-fluorescent biosensor was reported as 103–105 CFU/mL [111].

Endotoxins are in the class of lipopolysaccharides and are present on the surface of
the cell wall of Gram-negative bacteria. Endotoxins can be found in the blood circulation
system in severe bacterial infections. Thus, early diagnosis of septic shock is important,
and early detection of endotoxins in medical devices and/or in the blood can save lives.
Manoharan et al. used the plasmonic sandwich test with antibiotic conjugated AuNP
labeling to improve endotoxin detection with fiber optic plasmonic sensors. The endotoxin
is hydrophobically attached to the fiber optic probe. First, they prepared a U-bent fiber
optic probe (UFOB) with octadecyltrichlorosilanes (OTS) function for real-time endotoxin
detection. Then, they labeled the attached Endotoxin with Polymixin B-linked AuNP and
measured the plasmonic absorption response by the sandwich assay. In the last stage,
they enhanced the plasmonic sensor with silver to increase the sensitivity (Figure 1A). The
optical setup of the UPOF is indicated in Figure 1B. Consequently, they reported that the
sensitivity of the sensor was increased 36 times [112].
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Another antibiotic assisted AuNPs research project for the detection of bacteria was per-
formed by Song and coworkers. AuNPs were synthesized by the sodium citrate reduction
method and then functionalized by treating them with 11-mercaptodecanoic acid. After-
wards, they activated AuNPs using N-hydroxy succinimide and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride. Finally, they performed the colorimetric detection of
Pseudomonas fluorescens by binding amikacin to these AuNPs. According to the obtained
data, LOD was found to be 104 CFU/mL and 2.9 log CFU/mL with the naked eye and
spectral analysis, respectively [113].

Verdoot et al. prepared an immunosensor for the detection of S. aureus and Lactobacillus sp.
by immobilizing a monoclonal anti-Gram-positive bacterial antibody to the surface of
AuNPs. Target bacterial strains were detected by the change in color and the UV-vis spec-
trophotometer. They reported the LOD for Lactobacillus sp. and S. aureus as 105 CFU/mL
and 120 CFU/mL, respectively [114].

Sun et al. prepared a lateral flow strip for simultaneous detection of Gram-positive and
Gram-negative bacteria with AuNPs. In the first step, they attached the primary recognition
molecule, ampicillin antigens, to AuNPs. In the second step, they bond vancomycin and
aptamer, which are secondary recognition molecules. Here, vancomycin recognizes gram-
positive bacteria, and aptamer is specific for Gram-negative bacteria. They reported the
detection limit of this lateral flow strip as 4 CFU/mL [115].
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3.1.2. Magnetic Nanoparticles (MNPs)

Sensing platforms are based on signal generation depending on the interaction be-
tween the analyte in the sample solution and the sensing surface. MNPs enable the
collection of the analyte from the sample and provide mass transport to the sensing surface
under magnetic conditions. In this context, the application of magnetic particles facilitates
the pre-concentration of the sample, including the target analyte; therefore, a sensing re-
sponse will be obtained more rapidly along with increased sensitivity. Another advantage
is that MNPs provide the opportunity for temporal separation of the sample. Besides they
can be easily coated and functionalized to construct sensing systems. Apart from these, the
stability of the magnetic materials can be increased by preventing oxidation. Gold is one
of the most common coating agents for MNPs used in optical sensing due to its optical
properties [116].

Chattopadhyay et al. prepared a SERS-based immunosensor functionalized with
polymeric magnetic nanoparticles (PFMNPs) to detect S. typhimurium. AuNPs were pre-
ferred for use as signal probes. The signal properties of these two molecules were in-
vestigated by modifying AuNPs separately with 4-mercapto benzoic acid (MBA) and
5,5′-dithiobis succinimidyl-2-nitrobenzoate (DSNB), which are known as Raman reporter
molecules (Figure 2a). CSA-1-Ab, a specific antibody against Salmonella antigen, was used
to create specific recognition. CSA-1-Ab was bound to the PFMNP surface by the amino-
ketoenol chemistry method. Styrene (St), methyl methacrylate (MMA), acetoacetoxy ethyl
methacrylate (AAEM), and iron oxide nanoparticles were used for the synthesis of PFMNPs
(Figure 2b). In this report, LOD values were found to be 100 cells/mL and 10 cells/mL for
the MBA-based sensor and the DSNB-based sensor, respectively. The impressive property
of the resultant sensing system is that the magnetic character of the polymeric structure
enables the pre-enrichment step, and it could be an effective candidate to produce reliable
SERS signals (Figure 2c) [43].
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Wang et al. developed a smartphone-based fluorescence imaging system to detect
S. typhimurium. First, the magnetic nanoparticles (MNPs) were modified with monoclonal
antibodies and S. typhimurium attached to the nanoparticles. The bacterial and mag-
netic nanoparticle complexes were then labeled with fluorescent and polyclonal antibody-
modified microspheres (FMSs). A calibration curve was drawn with measurements at
concentrations in the range of 1.4 × 101–1.4 × 106 CFU/mL. The selectivity of the sensor
was verified by the examination of the sensing responses of four different bacterial strains
other than the target microorganism. In conclusion, LOD was reported as 8 CFU/mL for
S. typhimurium [117].

A SERS-based methodology was applied for the sensitive detection of S. typhimurium,
which was reported by Yang and coworkers. This developed method is based on a three-
dimensional DNA walker model using gold modified magnetic nanoparticles (AuMNPs).
In this context, the PolyA-DNA sequence was bound to AuMNPs and paired with the
complementary aptamer (cApt) sequence. Thus, the DNA walker reaction is triggered by
a nicking endonuclease. Next, the SERS tag specifically binds to DNA fragments on the
surface of AuMNPs. As a result, the LOD was found to be 4 CFU/mL for the proposed
SERS-based detection method for S. typhimurium detection [118].

3.1.3. Quantum Dots (QDs)

QDs are nano-sized semiconductor crystals. Depending on their size, they have an
adsorption spectrum at all visible wavelengths and even in the ultraviolet. These unique
optical properties of QDs make them suitable tools for their use as sensitive and selective
fluorescent probes and labels for many bioassays. Cui et al. designed a fiber optic probe
and QDs-based immunofluorescence sensor to detect S. aureus. First, the rabbit polyclonal
anti-S. aureus antibody was immobilized on the fiber probe surface. After the S. aureus
strains were bound to the antibody, the mouse monoclonal anti-S. aureus antibody was
bound to the captured S. aureus to form a sandwich structure. Then, the biotin-labeled
goat-anti-mouse IgG antibody bound to the detecting antibody. Finally, avidin-labeled QDs
were bound by biotin to receive signals, and LOD was reported as 1 × 103 CFU/mL for
S. aureus. The selectivity of the fiberoptic immunofluorescent sensor against S. aureus was
tested using other pathogenic bacterial strains such as Klebsiella pneumoniae, P. aeruginosa,
Acinetobacter baumannii, and E. coli [119].

Wu and coworkers prepared a fluorescent probe for the determination of E. coli by
modifying the ZnSe/ZnS QDs with 3-mercaptopropionic acid (MPA). A fluorescence exami-
nation was performed, and it was determined that the peak intensity increased with increas-
ing cell number in the range of 101–108 CFU/mL with a LOD value of 101 CFU/mL [120].

Xue et al. prepared a QDs-based fluorescent sensor for the detection of E. coli using
magnetic separation with a double-layer channel. The schematic illustration of a fluorescent
biosensor using MNPs and QDs bilayer channels is given in Figure 3. The double-layer
magnetic field generator consists of 96 ring magnets. The red rings, which are among the
magnets on the outside of the channel, represent the North (N) pole, and the black rings
the South (S) pole. There are 1.0 mm diameter iron balls in the inner capillary of the double-
layered channel. The second layer of the capillary is designed to pass the bacterial sample
and reagents. The iron balls were magnetized by the magnetic field generator, creating their
own magnetic field so that MNPs could be captured. Magnetic particles were modified
with protein G and QDs with biotinylated E. coli specific polyclonal antibodies (PAb). First,
modified magnetic particles were injected into the double-layer magnetic channel, and then
they adhered to the channel as a monolayer. Afterwards, an E. coli-specific monoclonal
antibody (MAb) was injected into the channel and bound to protein G. When the bacterial
contaminant was injected into the canal, the bacteria specifically bound, and the impurities
flowed away. Finally, the modified QDs were injected into the channel, and the resultant
fluorescent sensor was ready for detection. The measurements were carried out with the
optical detector, and the LOD was reported as 14 CFU/mL [121].
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Figure 3. Schematic presentation of the ultrasensitive fluorescent sensing system containing bilayer
channels with MNPs and QDs. Reproduced with permission from [121].

In another study, Hao and coworkers designed a microfluidic biosensor with a flu-
orescent probe for the detection of S. typhimurium. In this microfluidic sensor system,
QDs, MnO2 nanoflowers (NFs), and MNPs were used together. The MnO2-NFs were
modified with amino and the QDs with carboxyl, and they subsequently formed the
MnO2-QDs NF complex. This complex was functionalized by immobilizing PAb. Then,
MAb-immobilized MNPs and S. typhimurium were injected into the microfluidic channel to
form MNP-bacteria-QD-MnO2 complexes. They found an average recovery of 99.7% in
chicken meat samples containing S. typhimurium in the concentration range of 1.0 × 102 to
1.0 × 107 CFU/mL [122].

3.1.4. Carbon Nanomaterials

CDs, graphene oxide (GO), and carbon nanotubes (CNTs) are some of the carbon
nanomaterials. In addition to their advantages, such as their preparation by green synthesis,
low toxicity, water solubility, and biocompatibility, they have been frequently applied in
optical sensor platforms with high fluorescence stability due to their optical features [123].

Hiremath et al. developed a fluorescent detection system with carbon dots (CDs) and
MnO2 for the rapid detection of E. coli. This system is based on an enzymatic redox reaction.
This reaction was provided with a p-benzoquinone and hydroquinone redox couple. If
CDs-MnO2 is conjugated, it does not show the fluorescence characteristic of CDs. Enzy-
matic reactions during the respiration of E. coli convert p-benzoquinone to hydroquinone by
two-electron reduction, and CDs are released. Figure 4a indicates the fluorescence output
of the proposed sensing platform. The LOD was found to be 50 CFU/mL. The real sample
experiments were performed in rainwater, apple juice, and potato pulp. The selectivity of
the fluorescent sensor was clarified by evaluating the fluorescence obtained from the pro-
posed sensing using five different bacterial strains at a concentration of 5.0 × 108 CFU/mL
(Figure 4b). It can be concluded that the sensor shows high selectivity for E. coli. As a result,
blue fluorescence was observed in the aqueous solution (Figure 4c) [124].
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Hassan and coworkers reported the fluorescent lateral flow immunoassay (FLFIA)
with GO and QDs for the detection of E. coli O157:H7 in minced beef and river water.
The detection strip has a control line consisting of only QDs and a test line consisting
of antibody-QD complexes. They prepared the test line by binding biotinylated anti-
E. coli O157:H7 antibodies to streptavidin-conjugated CdSe@ZnS QDs. When the solution
containing the microorganism is dropped on the test strip, E. coli binds to the antibody
in the test line. GO is then added. The principle of the test is that GO extinguishes the
fluorescence of QDs when combined with QDs. E. coli interrupts the energy flow between
the QDs and the GO, so the glow continues. Consequently, LOD values were reported as
178 and 133 CFU/mL for minced meat and for river water samples, respectively [125].

Ondera and Hamme reported a SERS-based label-free detection method using carbon
nanotubes attached to single-walled gold nanopopcorns (AuNP@f3-SWCNTs) for the detec-
tion of E. coli. They immobilized monoclonal anti E. coli antibodies to AuNP@f 3-SWCNTs
and LOD was reported as 1 × 102 CFU/mL for E. coli 49979 in aqueous solution [126].

3.2. Molecular Imprinting-Based Optical Sensing

Molecular imprinting is the process of creating specific recognition sites for the tem-
plate molecule in a polymer. MIP-based synthetic sensors have advantages over natu-
ral/biological receptors, as they have properties such as high affinity, specificity, robustness,
and low cost of production. The number of scientific publications describing MIP-based
sensors has increased with the development of both polymer science and nanotechnology
in recent years. MIP-based sensors have been used in medicine, biotechnology, and forensic
science for diagnosing different kinds of molecules [44].

The molecule of interest is mixed with monomers, and monomers form a network
around each target molecule in a typical process for MIP preparation. Then, the target
molecule is removed, and polymeric cavities compatible with the target molecule are
formed. MIPs conform to the target molecule geometrically and in terms of charge dis-
tribution. Because MIPs require relatively little time to prepare and synthetic monomers
are inexpensive, the preparation of MIPs are low-cost, and Tan remains stable for a long
time even under harsh conditions. Thus, the obtained MIPs are able to catch the target
molecule in a complex environment. The high affinity and selectivity properties of MIPs
are similar to those of natural receptors, and these properties make them useful and reliable
in sensor-based assays. MIPs show superior properties to natural biomolecules due to their
improved stability and simplicity of preparation [127,128]. MIPs have been prepared for
many molecules and biological structures, such as nucleic acids [129], human cells [130],
viruses [131], bacteria [132], drugs, and inorganic ions [133]. MIP-based sensor assays create
an optical or electrochemical signal when they bind to the target molecule. Furthermore,



Micromachines 2023, 14, 1668 15 of 26

MIP-based sensor assays are becoming more common, and the detection of target molecules
in low concentrations provides advantages for diagnostic testing in real biological samples.

Optical MIP sensors can be evaluated in two categories: affinity-based MIP sensors
and optoelectronic MIP sensors. Affinity-based MIP sensors are based on the monitoring
of optical changes caused by the binding of target molecules to the MIP surface of a SPR.
Refractive index, fluorescence, or optical absorbance are natural optical properties that can
be used to detect analytes in an affinity-based MIP sensor approach [134]. Optoelectronic
MIP sensors use molecular reporters capable of producing an optical response according
to the concentration of the target molecule. In addition to being thermally and photo-
chemically stable, molecular reporters have to sense changes in their environment and
respond to the presence of target molecules. High quantum yields and high molecular
absorption are necessary for reporter monomers with optical properties [135]. Affinity and
optoelectronic MIP sensors have become prominent approaches to designing advanced and
highly accurate sensors in recent years. Nano-based materials such as carbon dots, carbon
nanotubes, nanoparticles, and graphene oxide can be used to enhance the sensitivity of
MIP-based sensors. Although it is a challenging process for MIP-based electrochemical and
optical sensors to commercialize and take place in the biotechnology market, including the
medical diagnosis field, studies in this field continue rapidly.

Fluorescence optical sensors have become advantageous among optical techniques
due to their simplicity and low detection limits. MIP technology provides reproducibility,
high sensitivity, and selectivity and has significant potential as an alternative to enzyme-
based approaches. CDs and QDs can be used to develop MIP based sensor surfaces.
CDs have unique photoluminescence properties and have great potential in biological
applications. Furthermore, they are biocompatible and show chemical stability. QDs have
wide absorption spectra and narrow emission, and they are also useful to be used with
MIP-based sensors for pharmaceutical, medical, and environmental analysis. Surface
modified QDs are able to interact with MIPs and can be used for the optical detection of
many molecules. MIP-based QD sensors have advantages over immunosensors as they
are chemically stable. In addition, surfaces, including NPs, are used to create MIP-based
sensors, which are able to detect small molecules and are useful in designing selective
sensors for environmental and pharmaceutical analysis [136].

Traditional culturing methods for the detection of microorganisms are time-consuming
and require a lot of laboratory equipment. Sensor technologies provide quicker and easier
methods for the identification of pathogenic microorganisms. MIP-based sensors were
applied for identification and/or detection of microorganisms in the literature. In our
research group, some microbial pathogens were detected with imprinting-based optical
sensing. In this regard, MAH (histidine containing specific monomer) was used as a
metal (Cu II)-complexing ligand. Therefore, functionalized sensing surfaces have specific
recognition sites to create selectivity for the amino acids present on the bacterial cell wall.
Besides complex-bound divalent heavy metal ions can easily interact with the -OH groups
found on the bacterial cell wall. Representative examples from our research group are
mentioned below [41].

Denizli and his colleagues developed a SPR sensor by creating a microcontact im-
printed sensor for Salmonella paratyphi detection. S. paratyphi is one of the major pathogenic
bacteria causing foodborne diseases. They utilized N-methacryloyl-L-histidine methyl
ester (MAH) as the functional monomer to prepare it. Ellipsometry and scanning electron
microscopy were used to characterize the microcontact S. paratyphi imprinted SPR chip.
S. paratyphi detection was performed in the range of 2.5 × 106–15 × 106 CFU/mL bacteria
concentration, and the LOD value was found to be 1.4 × 106 CFU/mL. The specific selec-
tivity of microcontact S. paratyphi imprinted SPR biosensor was verified against competing
bacterial strains; E. coli, S. aureus, and B. subtilis. Thus, a microcontact S. paratyphi imprinted
SPR sensor has great potential to be used for detecting S. paratyphi in contaminated food
or water [41]. In another study, Idil and co-workers developed biomimetic sensors for
S. aureus using a whole-cell microcontact imprinting approach. S. aureus imprinted SPR
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surfaces were prepared using MAH as the functional monomer by UV polymerization. The
detection limit was reported as 1.5 × 103 CFU/mL. Selectivity studies were performed
with B. subtilis, E. coli, and S. paratyphi bacterial strains in order to verify the selectivity of
the SPR sensor. The sensor responses obtained were negligible when compared to those
from S. aureus. In addition, S. aureus strains were spiked into milk samples, and successful
detection of the S. aureus in a real sample was performed [137]. In another study, Özgür
et al. prepared E. coli receptors using the microcontact imprinting technique. They achieved
label-free detection of E. coli cells on the SPR sensor in urine mimics and aqueous solutions.
They used MAH as the functional monomer and utilized Ag nanoparticles in order to
obtain low detection limits. Atomic force microscope (AFM), scanning electron microscope
(SEM), ellipsometer, and contact angle measurements were used to characterize polymeric
film. LOD was found to be 0.57 CFU/mL. As E. coli causes urinary tract infection, E. coli
detection in urine mimic was successfully performed to evaluate the applicability of a
microcontact E. coli imprinted SPR chip in a real biological sample [138].

Denizli and his colleagues developed a SPR nanosensor by using surface imprinted Au
nanoparticles in order to detect E. coli cells. They utilized copper ions and Au nanoparticles
to obtain cavities compatible with E. coli cells on the surface of the SPR nanosensor. AFM,
ellipsometry, and contact angle measurement were used to characterize the E. coli imprinted
SPR nanosensor. They obtained a very low detection limit of 1 CFU/mL by combining Au
nanoparticles with molecular imprinting techniques. The selectivity of the SPR nanosensor
was evaluated using S. aureus, K. pneumoniae, and P. aeruginosa. Moreover, the efficiency
of the SPR nanosensor was tested on an artificial urine sample. In conclusion, the devel-
oped SPR nanosystem provides fast, sensitive, effective, and real-time detection of E. coli
cells [139]. Çimen et al. prepared an endotoxin-imprinted poly(hydroxyethyl methacrylate-
N-methacryloyl-(L)-histidine methyl ester) based nanofilm on the SPR chip surface by UV
polymerization. Sensing studies were performed in the range of 0.5–100 ng/mL endotoxin
concentration. The LOD value was found to be 0.023 ng/mL. Cholesterol and hemoglobin
were used as competing molecules to evaluate the selectivity of the endotoxin imprinted
SPR sensor [140]. Ochratoxin A (OTA) is one of the mycotoxins that frequently contami-
nates food products. Denizli and co-workers designed a molecular imprinting-based SPR
sensor to detect OTA in dried figs. First, the gold chip surface was functionalized with allyl
mercaptan, and then a polymerization solution was added to the modified chip surface.
The polymerization solution contains OTA as the template molecule, N-methacryl-(L)-
phenylalanine (MAPA) as the functional monomer, 2-Hydroxyethyl methacrylate (HEMA)
as the monomer, Ethylene glycol dimethylacrylate (EGDMA) as the crosslinker and Azo-
bisisobutyronitrile (AIBN) as the initiator. The recognition of OTA by the molecularly
imprinted optical sensor has been reported to be based on the hydrophobic interactions
between OTA and MAPA. The LOD was reported as 0.028 ng/mL [141]. In the same
research group, a mycotoxin, aflatoxin B1 (AFB1), was detected in corn and peanuts with a
molecularly imprinted AuNPs-coated SPR sensor. The LOD was found to be 1.04 pg/mL.
The selectivity of the AFB1 imprinted sensor was verified by evaluating the sensing re-
sponses against Aflatoxin B2, aflatoxin M1, OTA, and citrinin at an initial concentration of
0.1 ng/mL, and the relative selectivity coefficients (k’) of the AFB1 imprinted SPR sensor
were calculated as 3.81, 2.89, 12.72, and 15.14, respectively [142]. Turkmen and his col-
leagues presented an alternative approach for bacterial growth control. Pseudomonas sp. is a
major cause of food contamination, especially in meat products. Thus, fast and reliable de-
tection of Pseudomonas sp. is important. They prepared Pseudomonas sp. imprinted nanofilm
on the SPR sensor surface and used functional monomers MAH and Cu ions to develop a mi-
crocontact imprinted nanofilm surface. The LOD value was reported as 0.5 × 102 CFU/mL.
Selectivity studies were performed with S. aureus, S. paratyphi, and E. coli cells, and the
SPR sensor showed high selectivity for Pseudomonas sp. cells. Pseudomonas-microcontact
imprinted SPR sensors were shown to be used five times efficiently [143].

Bezdekova and co-workers constructed a detection method based on molecular im-
printing and fluorescent microscopy for the detection of S. aureus found in milk and rice
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samples. Dopamine was applied as a functional monomer. After the extraction of the target
bacterial strains, they were imprinted on the surface of the magnetic particles (MIPs). The
proposed sensing method was reported as a good candidate for bacterial food control. The
LOD value was found to be 1 × 103 CFU/mL, conforming to the limit set in European
Union legislation for microbial control of food [144].

Zhao et al., prepared L. monocytogenes imprinted polymer with CdTe QDs by oil-in-
water Pickering emulsion polymerization. The authors utilized chitosan to create recog-
nition sites compatible with L. monocytogenes on the surface of microspheres loaded with
CdTe QDs. SEM characterization showed that the target bacteria cells adsorbed effectively
on the imprinted polymers. The authors achieved qualitative detection of L. monocytogenes
cells in food samples such as pork and milk. A developed fluorescence sensor provided
effective, reliable, and fast detection of L. monocytogenes cells [145].

Guo et al., presented a novel method for S. aureus detection. Since S. aureus can cause
food contamination, effective identification is needed. Guo and his colleagues combined
S. aureus imprinted polydimethylsiloxane film for specific recognition with a fluorescence
resonance energy transfer platform for fluorescence sensing. They used the stamp im-
printing method to get cavities complementary to S. aureus. They also developed turn-on
fluorescence, taking advantage of the electrostatic interaction between copper clusters and
dopamine-stabilized gold nanoparticles. They obtained a LOD of 11.12 CFU/mL with this
fast, sensitive, and label-free method [146].

3.3. Hydrogel-Based Optical Sensing

Hydrogels are hydrophilic, flexible, and porous materials that can be prepared as
natural or synthetic polymers. The porous and reticulated structures of hydrogels have
applications in different fields, such as tissue engineering, drug delivery, and detection
platforms. They can be easily incorporated with the particles due to their porous struc-
ture [147]. Hydrogel-based optical sensing platforms can be prepared by using fluorescent
nanoparticles and substrates of enzymes. This way, color change occurs in the presence of
an enzyme-substrate reaction. They can also be synthesized as super-flexible materials [148].
In recent years, it has been applied in the development of wearable electronics for motion
detection and biomedical monitoring due to its flexible and conductive structures [149,150].
Another advantage of hydrogels is that they can be easily functionalized with functional
molecules and can respond to stimuli. Thus, it becomes easier to prepare hydrogels as
target-specific materials. Apart from these, they can be designed to detect chemical (pH,
concentration, type of molecule) as well as physical (temperature, electric or magnetic field,
light, and pressure) changes [151,152]. Hydrogels have been widely preferred in many
different sensor applications due to their detectable chemical, electrical, and optical re-
sponses to external stimuli [153]. From the point of view of biocompatibility, biocompatible
hydrogels have also contributed to the emergence of new optical sensor technologies based
on in vivo measurements of physiological parameters [154]. Some examples from related
literature were given for microbial contaminant sensing applications using hydrogel-based
optical sensors in recent years.

Gunda et al. designed agarose hydrogels for the enzymatic reaction-based detec-
tion of E. coli from contaminated water. They impregnated substrates of enzymes found
in E. coli, such as bacteria protein extraction reagent (B-PER) and 6-chloro-3-indolyl-β-
D-galactopyranoside (Red-Gal), into the hydrogel solution. E. coli was quantitatively
determined by the degradation and color change of the substrates in the presence of
enzymes [155].

Junk et al. synthesized poly(N-isopropylacrylamide) (pNIPAM) based photonic crys-
tal hydrogel films to detect metabolic products such as alcohol and succinic acid using
Zymomonas mobilis and Actinobacillus succinogenes strains. Hydrogel films were synthesized
onto the surface of a 96 well plate. First, the wells were functionalized with methacrylate
groups. Hydrogels were synthesized by UV polymerization by adding negatively charged
polystyrene (PS) particles to the p(NIPAM) based polymer solution. The susceptibility
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of photonic crystal hydrogel films to various short-chain alcohols and organic acids was
determined using a microplate reader [156].

Hydrogels hybridized with DNA/aptamers have been frequently used in recent years
for the specific detection of biotoxins. Microcystin-LR is produced by cyanobacteria, and
according to the World Health Organization, the highest amount that can be found in
drinking water is 1.0 µg/L [157]. Wu et al. prepared a DNA hydrogel with Cu/Au/Pt
trimetallic nanoparticles (TNs) encapsulated for the sensitive detection of microcystin-
LR [158]. The DNA-hydrogel was designed to recognize MC-LR (Figure 5). Hydrogels
were synthesized on polyacrylamide using APS/TEMED as the initiator/activator pair.
Here, MC-LR aptamers are used as crosslinkers. As seen in Figure 5, strips were designed,
and then A and B strips were designated to complement two regions of the MC-LR aptamer.
By connecting these strands to the hydrogel, they prepared polymer strips A (P-SA) and
B (P-SB). Cu/Au/Pt TNs were embedded in the hydrogel. In the presence of MC-LR,
aptamers act as crosslinkers bound to MC-LR. When the MC-LR complex was formed
with the specific aptamer, the hydrogels were depredated, and Cu/Au/Pt TNs were
released. The released Cu/Au/Pt TNs catalyzed the TMB, and H2O2 was added to the
medium for the catalytic reaction. It results in color changes depending on the change in
MC-LR concentration.
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from [158].

Another application of the DNA aptamer cross-linked hydrogel optical sensor was
developed by Ma et al. for the determination of Aflatoxin B1 (AFB1). They loaded AuNP
on hydrogels for optical detection. AFB1 in the medium bound competitively with the
specific aptamer, and AuNP in hydrogels was revealed in red. AuNP-loaded hydrogels
had a color indicator in the 0.25–40 µM range to detect AFB 1 [159].

4. Conclusions and Future Perspectives

Potential microbial contaminants in food, water, and the environment have become a
problem of special importance worldwide. Culture-independent methods enable the devel-
opment of much more rapid, specific, sensitive, reusable, and convenient approaches for
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the detection of causative microbial strains. It is noteworthy to point out that discrimination
between dead and live microorganisms still remains a challenge, and non-culturable ones
can be overlooked. One of the most important points to be made is that commercializing
analytical tools makes them applicable in the fields of food, water, and the environment
to quantify microbial contaminants. Among optical sensing platforms, colorimetric and
fluorescence-based platforms have been introduced as commercialized sensing devices.
In this respect, the high cost of the establishment of these tools puts restrictions on their
applications for food safety and water quality. Optical sensing has complexity in terms
of the sources required for sensing and monitoring, such as light, fluorometers, and spec-
trometers. Another limitation is using denaturable ligand molecules with heat, including
enzymes and antibodies; therefore, the sterilization problem limits the ability to create
reusable sensing systems. From the point of view of aptamers, they are advantageous over
antibodies due to their improved stability, designable properties, and reusability for the
fabrication of sensors. On the other hand, they can be easily degraded in biological media
because they can interact with biomolecules.

Molecular imprinting technology is a promising approach that aims to overcome these
limitations and difficulties in microorganism detection in a simple way. MIPs have been
introduced as unique polymeric materials for the development of standardized, stable, and
practical detection devices that have been used in different applications. It is noteworthy to
indicate that the applicability of MIPs has been proven with many reports, and they will
shed light on future initiatives regarding sensor applications. The methodologies are still
needed to overcome challenges in terms of complexities in the discrimination of microbial
strains having similar size and shape. Recent advances show that paper-based colorimetric
approaches are successful in improving POC devices and have gained much more interest
due to their facile, low-cost preparation and the opportunity to obtain signals with the
naked eye.

Nanomaterials have been easily integrated into sensing systems due to their properties
of rapid, sensitive, and easy detection, along with enabling the construction of portable
devices. Their combination with sensing and potential applicability have been proven;
however, their usage in the medical field is still required to be clarified.

It is considered that it will be possible to create cost-effective, accurate, multiple-
functionalized, miniaturized, and integrated platforms for the detection of microbial con-
taminants by developing and commercializing sensor devices with different, much more
sensitive, selective, accurate, and successful approaches to be used in daily life. The text
continues here. SERS, interferometric, and plasmonic sensing systems are still improv-
ing. Small molecules are much more appropriate to be detectable by plasmonic sensors;
however, the larger dimensions of microorganisms and the smaller penetration depths
of the electromagnetic field limit the detection stage. The low refractive index restricts
the detection in aqueous solutions and the suitability and attainability of the recognition
elements in the microbial target regions. In light of these, optical sensing needs to be more
developed for the fabrication of POCs. There are some drawbacks to using them as clinical
diagnostic tools, and some key points are supposed to be appealed to in future strategies.
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Abbreviations

AAEM Acetoacetoxy ethyl methacrylate
AFB 1 Aflatoxin B 1
AFM Atomic force microscope
AIBN Azobisisobutyronitrile
AuNPs Gold nanoparticles
cApt Complementary aptamer
CDs Carbon dots
CFU Colony forming unit
DSNB 5,5′-dithiobis succinimidyl-2-nitrobenzoate
EGDMA Ethylene glycol dimethylacrylate
ELISA Enzyme-linked immunosorbent assay
FMSs Polyclonal antibody-modified microspheres
FRET Fluorescence resonance energy transfer
GNRs Gold nanorods
GO Graphene oxide
HEMA 2-Hydroxyethyl methacrylate
LAMP loop-mediated isothermal amplification
LOD Limit of detection
LOQ The limit of quantification
LSPR Localized surface plasmon resonance
MAH N-methacryloyl-L-histidine methyl ester
MAPA N-methacryl-(L)-phenylalanine
MBA 4-mercapto benzoic acid
MC-LR Microcystin-LR
MIP Molecularly imprinted polymer
MMA Methyl methacrylate
MNPs Magnetic nanoparticles
MPA 3-mercaptopropionic acid
NBs Nanobones
NPs Nanoparticles
OTA Ochratoxin A
OTS Octadecyltrichlorosilanes
PFMNPs Polymeric magnetic nanoparticles
PLS-DA Partial least squares discriminant analysis
pNIPAM poly(N-isopropylacrylamide)
POC Point-of-care
QDs Quantum dots
rGO Reduced graphene oxide
SEM Scanning electron microscope
SERS Surface enhanced Raman scattering
SPR Surface plasmon resonance
St Styrene
TMB 3,5,3′,5′ tetramethyl benzidine
UFOB U-bent fiber optic probe
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