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ABSTRACT: Ensuring a rapid and accurate identification of harmful bacteria
is crucial in various fields including environmental monitoring, food safety, and
clinical diagnostics. Conventional detection methods often suffer from
limitations such as long analysis time, complexity, and the need for qualified
personnel. Therefore, a lot of research effort is devoted to developing
technologies with the potential to revolutionize the detection of pathogenic
bacteria by offering rapid, sensitive, and user-friendly platforms for point-of-
care analysis. In this light, biosensors have gained significant commercial
attention in recent years due to their simplicity, portability, and rapid analysis
capabilities. The purpose of this review is to identify a trend by analyzing
which biosensor technologies have become commercially successful in the
field of bacteria detection. Moreover, we highlight the characteristics that a
biosensor must possess to finally arrive in the market and therefore in the
hands of the end-user, and we present critical examples of the market applications of various technologies. The aim is to investigate
the reason why certain technologies have achieved commercial success and extrapolate these trends to the future economic viability
of a new subfield in the world of biosensing: the development of biomimetic sensor platforms. Therefore, an overview of recent
advances in the field of biomimetic bacteria detection will be presented, after which the challenges that need to be addressed in the
coming years to improve market penetration will be critically evaluated. We will zoom into the current shortcomings of biomimetic
sensors based on imprinting technology and aptamers and try to come up with a recommendation for further development based on
the trends observed from previous commercial success stories in biosensing.

Bacterial contamination poses a significant risk to both
healthcare and food safety, with a variety of dangerous

bacteria capable of causing serious illnesses and diseases, that
can eventually lead to death. Exposure to pathogenic bacteria
can occur via different sources, including contaminated food
and water, contact with animals, and contact with other people.
Some of the most common dangerous bacteria that can be
found in food or biological samples include Salmonella species,
Escherichia coli, Listeria monocytogenes, Campylobacter species,
Clostridium botulinum, and Pseudomonas aeruginosa.1 A more
comprehensive list of pathogens was published in an open-
access database, which also includes the specificities of the
microorganisms such as their strains, infectious rates, places
where they can be found, and common therapies.2 These
bacteria can cause a range of illnesses, including food
poisoning, diarrhea, urinary tract infections, and respiratory
infections. As estimated by the U.S. Center for Disease Control
and Prevention (CDC), more than 48 million people are
infected annually by different pathogens, developing dangerous
diseases resulting in more than 128,000 hospitalizations in the
USA.3 Furthermore, an issue that has become increasingly
important in recent years is the increasing resistance that

bacteria are developing toward antibiotics, leading to the so-
called Antimicrobial Resistance (AMR), thus increasing the
urgency of finding novel alternatives to detect the presence of
pathogenic bacteria in different types of samples.4

In order to prevent infectious illnesses, both industry and
academia put a lot of effort and investments into bacterial
detection, with a particular focus devoted to developing
innovative ways to detect contaminations using devices that
allow for direct assessment. Several benchtop technologies
have therefore been developed to detect bacterial contami-
nation, many of which have become standard analytical
laboratory techniques. This category is occupied by well-
established methods such as gas chromatography (GC), high-
pressure liquid chromatography (HPLC), and UV−vis-based
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technologies for the detection of chemical markers for
contamination, but also other platforms based on specifically
detecting (part of) the pathogens directly such as polymerase
chain reaction (PCR), or loop-mediated isothermal amplifica-
tion (LAMP).5 These technologies possess the advantage of
being highly specific but require expensive equipment that has
to be operated in a lab environment by technically trained and
qualified personnel. In addition, detailed analysis of samples
and regulatory certification still require bacterial culture
analysis in a microbiological lab. This process is very time-
consuming and expensive, and routine analysis of samples is
not possible since the standard procedure relies on taking
samples at regular time intervals and sending them off to
external laboratories for analysis.6

Technologies that would enable direct point-of-care (PoC)
detection of pathogens could increase the number of
measurements per unit of time and reduce cost, thereby
decreasing the number of infections that go unnoticed leading
to a positive impact on the healthcare system and making them
highly interesting from a commercial point of view. Therefore,
numerous researchers worldwide have developed a wide
variety of low-cost, user-friendly, and rapid sensor technologies
in the last two decades.7−9 A key driver of these developments
is placed on pursuing innovative techniques that offer a valid
alternative to conventional testing procedures that are
frequently labor- and time-intensive. One of the most
promising approaches investigated in the past few years is
the development of biosensors. These devices couple a
receptor material to a variety of transducers, facilitating the
detection of various molecular and biological species.10,11 The
recognition element is typically of biological origin, ranging
from enzymes or antibodies to small molecules and even whole
microorganisms. In this way, these sensors exploit the natural
affinity and specificity the receptors have for their target.

This review aims to provide an inventory of lab-based and
point-of-care biosensor technologies for the detection of
pathogenic bacteria that have made it to the diagnostic market
in the past few decades. We will analyze the technical benefit
these technologies offer over traditional culture-based
approaches and study the commercial aspects of their success
in terms of scalability, ease of use, and market penetration. The
final goal of this study is to identify trends in these commercial
success stories and apply potential trends to a relatively nascent
field in bacteria detection: biomimetic sensor platforms. In
recent years, multiple reviews have been written that
specifically address a subfield of biomimetic pathogen
detection but a complete overview of various technologies
and a comparison between these technologies and to existing
commercial success stories is missing.12−15 Therefore, this
research aims to summarize the potential advantages of various
biomimetic sensing approaches and frame them within the
commercial trends observed in the first part of the study. In

this way, this review aims to provide a roadmap to assess the
commercial viability of novel biomimetic detection technolo-
gies and provide recommendations to guide future research
lines on these technologies.

■ COMMERCIALLY AVAILABLE BIOSENSOR
TECHNOLOGIES FOR THE DETECTION OF
BACTERIA

Traditionally, the identification of bacteria in medical, food,
and environmental samples is achieved by culture-based
techniques in a microbiology laboratory. This approach is
very specific and sensitive and is therefore still the gold
standard, but it is also time-consuming, requires transport of
samples to a lab environment, and the analysis is performed by
highly educated staff members.16 To speed up the process and
enable point-of-care identification of the presence of bacteria,
several technologies have been developed and successfully
commercially implemented in standard routine practice in the
past few decades (Table 1). To provide meaningful
recommendations about the research direction that nascent
biomimetic technologies should adopt in the coming years, it is
essential to analyze the commercial success of the different
technologies summarized in this chapter. Potential trends that
facilitate market penetration into the PoC market for bacteria
detection are highly relevant to guide future research on
emerging technologies and maximize the chance of imple-
mentation.17

Lateral Flow Assay. In several domains, lateral flow assays
(LFAs) have become a popular and efficient biosensing tool
for the quick identification of microorganisms, including
dangerous bacteria.18 Due to their extensive use and well-
established methodology, LFAs are regarded as conventional
biosensors. These types of tests depend on the precise
interaction between immobilized antibodies and target bacteria
to identify bacterial species with high specificity and
sensitivity.19 More precisely, in a typical LFA, specific
antibodies that are exclusive to the target bacteria of interest
are coated on a porous strip. The sample, typically a liquid
such as urine, blood, or water, is applied to the strip and flows
along the strip by capillary action.20 There are multiple LFA
constructs possible but the most widely used is a sandwich-like
assembly (Figure 1) in which the liquid sample (potentially
after extraction by enzymes) is loaded onto a conjugate pad
containing antibodies for a biomarker of interest, conjugated
with a label, typically gold nanoparticles. If the target is present
in the sample, it will form a complex with the antibody-label
conjugate.21 The sample complex moves to the detection line
through capillary force. Capture antibodies bind the antigen−
antibody-label conjugate, causing a visible color change in the
refractive index. Any unbound antibody-label conjugate will be
transported to the “control line”, where they will bind to
capture antibodies that specifically bind the antibodies in the

Table 1. Comparison of Commercial Biosensor Technologies for the Detection of Bacteria

Technology Principle
Detection

Time Sensitivity Cost Applications

Lateral Flow Assays Antibody−antigen
interaction

Minutes Variable, generally
high

Low Point-of-care diagnostics

Enzyme-Linked Immunosorbent Assay
(ELISA)

Antibody−antigen
interaction

Hours High Moderate Clinical diagnostics

ATP Sensors ATP bioluminescence Minutes High Moderate Hygiene monitoring
Polymerase Chain Reaction (PCR) Amplification of DNA Hours Extremely high High Clinical diagnostics,

research
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test solution. This will lead to the appearance of a colored line
in this zone. The absence of this line indicates an issue with
antibodies or their label conjugate.22

In the last years, several research groups have fabricated
lateral-flow assays for the detection of different pathogenic
bacteria. In a recently published work, Song et al. developed a
lateral flow colloidal gold immunoassay strip for the
simultaneous detection of two different pathogenic bacteria,
Shigella boydii and Escherichia coli.24 The strip was constructed
as a sandwich-like assembly using two types of antibodies,
selective for the two different bacteria, respectively (Figure 2).
The test strip exhibited excellent sensitivity and selectivity
toward the two different bacteria. Moreover, the assay

demonstrated its full potential as a PoC tool for the prevention
and control of food-borne pathogen diseases by evaluating the
strip’s response in bread, milk, and jelly samples with a
sensitivity of 4 CFU/mL.

Lateral flow assays have become ubiquitous in modern-day
diagnostics where they are typically used for diagnosing
patients with virus-induced infectious diseases. More recently,
several companies such as Hydrosense, Cytiva Life Sciences,
and InvivoGen have successfully implemented lateral flow
assays for the detection of bacteria and endotoxins in a wide
range of applications.26−28 For instance, Hydrosense offers the
Legionella Test, designed specifically for detecting Legionella
bacteria in water samples. On the other hand, Cytiva Life
Sciences provides Lateral Flow Assay Development Tools,
allowing researchers to customize lateral flow assays, including
those for bacteria detection. Furthermore, many other
companies have presented strip-based immunoassays, includ-
ing Sigma-Aldrich, Thermo Fisher Scientific, Creative Diag-
nostics, and Rapid Microbiology. These industries offer Lateral
Flow Assay Kits designed to detect microbial contaminants in
various sample types and with limited costs, thus presenting
the best example of PoC devices for the fast detection of
pathogens. However, when analyzing the success of these LFAs
in pathogen detection by means of (RE)ASSURED criteria it is
clear that they mainly excel in providing an affordable, user-
friendly, rapid, equipment-free, and deliverable tool for end-
users that offers a benefit over fast lab-based technologies such
as ELISA and PCR.29 This makes them more suitable for PoC
applications, especially in resource-limited settings where a
quick, on-site diagnosis is more important than a full
microbiological profile of the contamination. Nevertheless,

Figure 1. Application of lateral flow assay for the detection of
pathogenic bacteria. Reproduced from ref 23. Copyright 2022
American Chemical Society.

Figure 2. (A−E) Schematic diagram of the lateral flow colloidal gold immunoassay strip for the detection of two different pathogenic bacteria,
Shigella boydii, and Escherichia coli. Reproduced from ref 25. Copyright 2016 American Chemical Society.
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the drawback is that their sensitivity and specificity are limited,
and the use of biological receptor elements limits their
robustness, as they are vulnerable to changes in temperature
and pH and have a limited shelf life. Furthermore, LFAs
typically provide the end-user with a 1−0 signal to the
presence of a single type of bacterium, which is enough when it
comes to diagnosing a patient with infection but for application
in environmental screening, hygiene monitoring, and food
safety it is often necessary to quantify the amount of bacteria
present in a sample.30 It is possible to couple the LFAs to
readout with a plate reader but this will rapidly decrease the
affordability and user-friendliness of the technology that made
it a commercial success in the first place.

From a market and commercial perspective, LFAs are highly
dynamic as they can easily be modified to suit approximately
any situation. The ease with which this can occur is highly
attractive for rapid development and manufacturing times,
meaning that LFAs can quickly be tailored to suit various
scenarios. This facilitates great market penetration, primarily
due to the fact that the approach is easy to pivot and can be
placed accordingly. Another strong factor to consider is the
simplistic design, with this being a consistent element across all
lateral flow assays. This is highly beneficial when considering
both the scaling and the usability of the methodology, with the
aspect being one of the main drivers of its success. This main
drawback is regarding the accessibility of target-specific
antibodies and their relative price. In particular, the approach
only works if there is already a receptor available for the
detection of a specific pathogenic target because without one
the method simply does not function.

Overall, this technology has been proven to be versatile,
relatively cheap, and extremely user-friendly, allowing for fast,
PoC detection of bacteria which is particularly useful in
resource-limited settings or urgent situations where a 1/0
response offers adequate information to the end-user.
Limitations surrounding specificity and sensitivity are less
important in these circumstances. However, the limited
thermal stability of the antibodies and their storage conditions
are drawbacks even in these specific, niche applications.
Enzyme-Linked Immunosorbent Assay. The enzyme-

linked immunosorbent assay (ELISA) is a widely used
technique in immunology and molecular biology that allows
the detection and quantification of several targets including
proteins, antibodies, and other biological molecules.31 ELISA
can also be used for the detection of bacteria in a wide variety
of samples by means of antigens or antibodies specifically
produced in response to bacterial infections.30 There are
multiple approaches to ELISA but all these rely on the same
working principle that involves the use of antibodies that
present specific regions able to bind to the target antigen and
an enzyme that functions as an optical transducer. In the most
widely used approach, the sandwich ELISA protocol, a sample
containing the target antigen is added to a 96-well plate where
the antibody was previously immobilized, allowing for the
antigen to bind to the immobilized antibody. A secondary
antibody, which is connected to an enzyme, that catalyzes the
conversion of a colorless substrate into a colored product, is
then added to the well to visually confirm the target presence
in the analyzed sample (Figure 3). This assay offers the
possibility to detect antigens related to bacteria by using a very
small amount of sample, which represents a great advantage of
this highly specific technique.32 Moreover, the detection of

bacteria via ELISA can be performed in challenging matrices,
such as biological or food samples.33

The increased versatility and faster throughput time of
ELISA have led it to become an increasingly popular
technology in microbiology laboratories. It is often used in
parallel to traditional culture-based methods to obtain a first,
fast answer to a microbiological challenge. The field of ELISA-
based bacteria detection is evolving fast, with ready-to-use
cartridges coupled to benchtop readout devices such as Bio-
Techne’s Ella, enabling automated sample analysis.

The observed trend in this subfield of the market is that
most companies try to occupy a specific niche in the market.
Abcam for instance, offers monoclonal antibodies that
laboratories can implement into their existing ELISA’s. They
offer, for instance, antibodies for enterotoxin A and B of S.
Aureus. They can develop additional antibodies upon request,
tailoring their performance to the application’s needs.43 Other
companies such as Biocompare, HycultBiotech, Cygnus
Technologies, and Creative Diagnostics tend to provide
integrated kits coupled to a readout platform for the fast and
ultrasensitive detection of specific bacterial strains.44−52 The
main trend in the market, is to gradually miniaturize the
technology and try to provide easy-to-use kits and gradually try
to work toward PoC versions of the technology.

This is also the main drawback associated with the current
state-of-the-art ELISA technologies. The technology is faster
but less sensitive and specific than microbiological culturing. It
can, therefore, never truly replace it. On the other hand, even
the benchtop ELISA devices are still relatively big and
expensive. This limits their use in PoC settings and commercial
competitiveness with truly low-cost assays such as LFAs. In
addition, they suffer from the same stability issues as LFAs and
their use in resource-limited settings with e.g. limited
temperature control remains challenging. Therefore, the
commercial success of ELISA is still mainly confined to
analytical and microbiological laboratories where they offer a
faster or less expensive alternative to traditional culture or
chromatographic approaches.
ATP Sensors. Adenosine triphosphate (ATP) biosensors

have emerged as valuable tools for the detection of bacteria,
offering a rapid PoC detection method. ATP is a fundamental
molecule present in all living cells, including bacteria. ATP-
based sensors typically utilize the enzymatic activity of firefly
luciferase, which catalyzes the conversion of ATP to produce

Figure 3. Illustration of the DNA-ELISA method for the detection of
bacteria. Reproduced from ref 34. Copyright 2006 American
Chemical Society.
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light.35 Several studies have demonstrated the effectiveness of
ATP sensors in detecting dangerous bacteria. For instance,
researchers have developed ATP-based assays for the detection
of foodborne pathogens, including Salmonella species, Escher-
ichia coli, and Listeria monocytogenes.36 These assays showed
high sensitivity and specificity, with detection limits as low as
10−100 colony-forming units per milliliter (CFU/mL).

In addition to food safety applications, ATP sensors have
also been employed for the detection of bacterial contaminants
in healthcare settings. In one study, an ATP-based rapid
hygiene monitoring system was used to detect pathogens, such
as methicillin-resistant Staphylococcus aureus (MRSA), in
hospital environments.37 The system allowed for a quick
assessment of bacterial contamination, facilitating timely
intervention and infection control measures. By measuring
the emitted luminescence, ATP sensors are able to provide
real-time, qualitative, and semiquantitative information about
the bacterial load.38 This technology offers several advantages,
such as speed, simplicity, and portability, making it particularly
suitable for on-site testing, environmental monitoring, and
healthcare settings. Furthermore, ATP sensors can be easily
integrated with automated systems, facilitating high-through-
put screening and analysis. For example, researchers have
developed microfluidic platforms that combine ATP sensing
with sample processing and analysis, enabling rapid and
automated detection of dangerous bacteria.39 The application
of ATP sensors in the detection of dangerous bacteria
therefore represents a noteworthy tool for improving public
health and safety, enabling timely interventions and effective
control measures against bacterial infections.

In fact, a wide variety of commercial applications based on
ATP-sensing technology are spreading on the market. For
instance, Charles River introduced Celsis, a rapid microbial
detection system based on ATP monitoring that can detect the
presence or absence of microbiological contaminations.40 In
addition, the company Hygiena has recently introduced on the
market the system MicroSnap, a compact and portable
detection and incubation device that allows the detection of

microorganisms such as E. coli, Coliforms, or Enterobacteriaceae
in less than 8 h.41,42 The EnSURE Touch monitoring platform
that can be coupled with the MicroSnap system allows reliable
and fast environmental monitoring, thanks to an intuitive
luminometer interface with compatibility across several
Hygiena test devices (Figure 4 − a mock-up of a similar
hand-held readout device).

The rapid and sensitive nature of ATP-based detection
systems allows for quick identification of contaminated
samples, reducing the risk of disease outbreaks and trans-
mission. Additionally, the portability and ease of use of ATP
sensors make them suitable in resource-limited settings, where
access to sophisticated laboratory facilities is limited. To this
end, Abcam presented the RubyGlow bacterial assay, a system
based on the detection of ATP sensors that can provide an easy
and quick method to detect and quantify bacterial cells
through the luminescent detection method.43 It is also
important to mention that BioThema presented a microbial
ATP kit on the market for bacteriological control of liquids, for
instance, drinking water, beverages, or beer, but also in
pharmaceuticals and cosmetics.44 This system is particularly
effective also to determine the antibiotic effects on bacteria
since the determination of intracellular ATP in bacterial cells
can also prove the efficacy of antibiotic treatments. Moreover,
the company Isogen Life Science introduced on the market an
ATP assay system that can be used to estimate biomass. In
particular, if the amount of ATP per cell is known,
consequently the cell number may be estimated.45 The range
of ATP detection for this product is 10−12 to 10−6 mol L−1, and
it can be used for 200−100 assays depending on the assay
volume. The response time is fast (minutes), but the half-life
does not exceed 1 h. Numerous other companies offer the
possibility of purchasing an ATP kit for the detection of
pathogens, including GLbiocontrol, Rapid Microbial Diag-
nostics, Sigma-Aldrich, Rawlins, Accepta, ThermoFisher
Scientific, and many others, allowing this way the detection
of contaminations in a wide variety of samples in a limited
amount of time.46−48

Figure 4. Artistic representation of a handheld readout device that can currently be used for the rapid sensing of ATP.
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While the sensitivity and efficacy of the ATP-based sensors
are proven by the fact that these devices are the most used
biosensor-based devices on the market for bacteria detection,
innovations are always investigated due to the drawbacks
related to this technology. For instance, when analyzing the
PoC use of the technology it is clear that it offers similar
advantages as LFAs in terms of being more affordable, user-
friendly, rapid, equipment-free, and deliverable than the more
expensive lab-based techniques, making them more suitable for
PoC application.49 Nonetheless, their specificity and sensitivity
are even worse than those of LFAs as they only indicate that
there is some organism present in the sample that produces
ATP. For most applications, this makes them useless as further
analysis using traditional methods would still be necessary to
identify the nature of the microbial contamination.50 However,
this main drawback is at the same time their main advantage
over LFAs. Many hygiene applications require a quick
prescreening tool to determine if there is any form of microbial
contamination present. The ATP meter is the only
technological solution that can provide a PoC answer to this
question, which enables it to quickly occupy a nice subfield in
the area of microbial sensing.
Polymerase Chain Reaction. The polymerase chain

reaction (PCR) is a diffused biological technique based on
the amplification of specific DNA sequences of a sample, to
allow their analysis and identification. PCR presents a variety
of applications, including the detection of bacteria, which has
gained more and more importance in fields such as medicine,
food safety, and environmental monitoring.51 The working
mechanism is based on the amplification of a specific region of
DNA, involving three main steps: denaturation, annealing, and
extension.52 In the denaturation step, the DNA sample is
heated up to separate the two strands of the DNA itself. In the
annealing step, DNA primers that are complementary to the
chosen DNA strain are added to the sample, giving the
possibility to the primer to bind the target sequence, and
providing a starting point for the DNA polymerase enzyme to
start the amplification. In the extension step, the enzyme adds
nucleotides to the primer, thus expanding the DNA strand.
The PCR mechanism discussed is then repeated multiple
times, and every time the DNA present in the sample doubles.
As mentioned, PCR can be used to detect bacteria by targeting
unique DNA strains uniquely present in the microorganism of
interest.53 Once the DNA has been amplified using the PCR,
the presence of the target bacteria can be determined using

various methods, for instance with fluorescence probes or
electrophoresis

Efforts to accurately detect and identify various pathogens
have encouraged innovation in the scientific and diagnostic
industries. For instance, ThermoFisher Scientific offers a
flexible alternative to accurately detect and identify different
types of pathogens.54 In particular, the company introduced a
real-time PCR instrument that can expand the testing
processes performed in a laboratory thanks to an innovative
technology that can also detect slow-growing, difficult-to-
cultivate, or uncultivable microorganisms with high sensitivity.
Other companies, such as Bio-Rad, Roche, and Qiagen are also
pioneers of cutting-edge instrumentations for PCR and real-
time PCR applications. Renowned for their commitment to
innovation, these industries continually introduce state-of-the-
art technologies that not only enhance the precision and
sensitivity of PCR assays but also contribute to the growing
field of molecular diagnostics. Their comprehensive product
portfolios include a wide array of solutions, from high-
throughput automated systems to robust multiplexing
capabilities, making laboratory-based research faster and
more accurate. Moreover, The company Quidel Ortho
introduced on the market the Solana Molecular Testing
Platform, equipment that combines helicase-dependent
amplification (HAD) with fluorescence detection to improve
the detection of contaminants in a short time (30 min).55 On
the other hand, industries started to develop custom-made
approaches for the detection of pathogens through PCR-based
alternatives. In particular, the so-called PCR kits have been
recently introduced on the market and present an easy-to-use
alternative for pathogen detection. An example of this effort is
presented by Meizheng, a PerkinElmer company, that officially
offers pathogen real-time PCR kits to detect pathogens in food
and environmental samples. This kit can detect different
bacteria, including Salmonella, Listeria monocytogenes, Bacillus
cereus, and E. coli O157.56 However, the samples that can be
analyzed do not involve clinical samples. Other companies,
including Canvax, Hygiena, Sigma-Aldrich, Invitek Diagnostics,
and Biovalley have also introduced in the market PCR kits
designed for the detection of pathogens that are compatible
with most commercially available PCR detection systems
(Figure 5).57−60

PCR-based bacterial recognition systems are becoming
increasingly popular, and industries and academia are investing
in these alternatives thanks to their high reliability. Despite the

Figure 5. Artistic representation of a PCR Kit for the detection of bacteria with the corresponding legend for results interpretation.
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great advantage of its accurate sensitivity and the possibility of
obtaining a strain identification for bacteria, PCR can present
weaknesses such as the need for qualified personnel to execute
the analysis, or the time and costs needed to perform the
studies. To date, only a few PoC devices have been developed
and are currently monitored before being officially introduced
as detection equipment, but the main drawback always remains
the cost for the implementation of such devices in multiple
locations.61 Therefore, PCR-based technologies mainly attrib-
ute their commercial success in this field, as they can provide a
faster, almost equally reliable alternative to traditional culture-
based methods. However, this limits their use in PoC settings.

In summary, PCR, ELISA, LFAs, and ATP meters have all
significantly changed and improved the diagnostic market
when it comes to pathogenic detection. They offer faster,
sometimes almost equally reliable results and have therefore
turned into lab-based analysis tools that are utilized in addition
to the traditional culture-based methods. On top of that, they
are very versatile and can be applied to multiple analytes.
Other technologies have adopted a place in the market due to
their ease of use and affordability rather than their perform-
ance. LFAs are often used when a fast answer is needed, while
ATP meters are used to assess general hygiene levels. Although
these technologies serve their purpose, they also have their
limitations. Emerging technologies that want to take up their
niche in the PoC market should offer an alternative that is
equally as good in terms of usability, deliverability, and
affordability but at the same time overcomes the drawbacks
associated with existing technologies. The limited stability of
biological receptors, for instance, limits the use of these devices
in resource-limited settings. Besides, niche single-use devices
do not tend to be as commercially successful as they rely on
very specific needs and uses, and unless they have a huge
market request (e.g., glucose sensors) it is unlikely that they
meet the market needs.

■ EMERGING BIOMIMETIC SENSOR TECHNOLOGIES
FOR BACTERIA DETECTION

In addition to research focusing on the continuous develop-
ment of already existing biosensor technologies for pathogen
detection, new technologies are continuously being developed
in academic research. Most of these technologies are well
established and many of them are unlikely to reach the market
due to limiting factors, often related to scalability. Often
biosensor applications also suffer from stability issues relating
to the nature of the biological receptors that are inherently
unstable when used under nonphysiological conditions, which
is a problem for PoC applications, especially in resource-
deprived settings.62

Therefore, several interesting emerging technologies are now
focusing on developing so-called biomimetic sensor platforms
based on synthetic, bioinspired receptors such as aptamers or
imprinted polymers. Implementing these receptors into sensor
applications will further decrease the cost price of these devices
and increase their robustness, making them interesting for PoC
applications. In this chapter, we will therefore summarize the
most recent advances in this field but also analyze the current
market. As these technologies are less established, smaller
companies and spin-offs typically occupy the market and
champion them. The goal is to identify niche applications to
enable market penetration. It is important to identify these
trends to come up with recommendations for future research
and business development.
Aptamers. Aptamers are synthetic receptors that have been

developed for the detection of bacteria in biomimetic sensor
platforms.63 Briefly, aptamers are short single-stranded
oligonucleotides capable of binding to a target molecule of
interest with high affinity (Figure 6).

The synthesis of aptamers is based on an iterative selection
process called SELEX (systematic evolution of ligands by
exponential enrichment). This synthetic process involves the

Figure 6. Schematic representation of aptamer−target interaction.
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incubation of the target molecule with a nucleic acid library
consisting of 1014 - 1015 oligonucleotides. Subsequently, the
target-bound oligonucleotide DNA or RNA strands are
separated from the unbound strands and then replicated via
PCR to start a new pool of nucleic acids. This whole process is
repeated for up to 15 cycles thereby increasing the separation
accuracy, ensuring that the obtained nucleic acid has the
highest possible affinity with the chosen target molecule.64,65

In order to sense Gram-negative and Gram-positive bacteria,
these synthetic receptors can be tuned to specifically bind to
bacterial proteins, nucleic acids, and other relevant molecules
present in the bacterial cell.66 These synthetic recognition
elements exhibit several advantages over traditional antibodies
for bacteria detection, namely they are smaller in size, have
higher specificity and affinity, and can be generated quickly and
cost-effectively. Aptamers also have the potential to be used in
multiplexed assays, which can allow for the simultaneous
detection of multiple bacterial species.67 More critically,
aptamers can be produced to detect bacterial antigens that
are not accessible to antibodies, opening the possibility for the
detection of pathogenic bacterial species that have proteins or
other molecular targets that are not accessible on the surface of
the bacteria.68

One of the most effective ways to use aptamers for bacterial
identification is to implement them as recognition elements in
biomimetic sensor platforms analogous to the biosensor
platforms previously discussed. Aptasensors can be used with
different readout methods, which in general depend on the
transducing element chosen, and on the analyte. Such methods
include electrochemical,69,70 fluorometric,71 or optical sys-
tems.62,72 It is therefore understandable that the use of
aptamers has been extensively studied in both laboratory and
clinical settings, proving their applicability for fast and reliable
bacteria detection. Recent academic studies further explain and
demonstrate that aptamers can be used to detect bacterial
species such as Escherichia coli,73 Staphylococcus aureus,74

Pseudomonas aeruginosa,75,76 and Salmonella spp.77

Evidently, aptamers have emerged as promising molecular
recognition tools for various applications, including bacteria
sensing. An example of the huge application potential of
aptasensors is portrayed in a study presenting an aptamer-
based colorimetric assay for S. aureus detection.78 In this
research, Yu et al. designed an S. aureus-specific aptamer that
exhibited high affinity and selectivity toward the target bacteria.
The assay utilized a biotin-labeled captured probe anchored on
a 96-well plate through a streptavidin−biotin system. The S.
aureus-aptamer complex was therein detected through
colorimetric readout, and the color released is proportional
to the added bacteria concentration. This study exhibited a
wide linear range, high specificity, and remarkable sensitivity,
with a LoD of 81 CFU mL−1 in PBS buffer solutions.
Moreover, the sensor’s potential for the detection of S. aureus
in real-life samples was demonstrated by analyzing the

colorimetric response in milk samples. The approach is
straightforward and can be coupled to a plate reader to
provide a high throughput alternative for ELISA, omitting the
need for using less stable natural receptors. However, the
concept offers a high degree of sensitivity and can therefore
also be combined with hand-held readout technologies, such as
miniaturized spectrophotometers, for PoC application.79

Similar aptasensor platforms were developed for the detection
of other bacterial strains based on electrochemical, gravi-
metrical, and optical transducer technologies, an overview of
which can be found in Table 2.

The studies summarized in Table 2 illustrate the potential
use of aptamers in diagnostic applications, where they can
serve as sensitive and specific probes for the detection of
various bacteria and other pathogens.85 These results show
that aptasensors have the technical potential to become a
commercially successful product as several platforms reach low
detection limits and can perform in challenging matrices. As
mentioned earlier, aptamers offer several advantages over
antibodies that might lead them to replace their unstable
natural counterparts that require biological hosts for their
production.

When considering the commercial viability of the technol-
ogy, currently, the main limitation for market penetration is the
affordability and scalability of their synthesis process, which in
most cases has been an academic exercise. However, numerous
companies are attempting to upscale the synthesis process and
develop large batches of aptamers toward the commercial
sensing of bacterial pathogens. Base Pair Biotechnologies is
one such company, specializing in the development of
aptamer-based solutions for bacterial detection and diagnos-
tics.86 Their platform utilizes aptamers to specifically capture
and identify bacteria from complex samples. Likewise, Apto-
gen is a company founded in 2019 that is also utilizing
aptamers for bacterial detection, and they offer an array of
molecular tools to perform this task.87 This vision is also
shared by many other companies such as Optimer, BasePair,
Bioaptus, Novaptech, and Achiko AG, offering clear examples
of the effective implementation of aptamer technology for food
production and diagnostics applications.86,88−91

In conclusion, the aptasensor market is currently mainly
dominated by companies that are trying to focus on creating
industrial processes that allow for the mass production of
aptamers. Once that has been achieved, aptamers can start to
compete with antibodies in terms of commercial implementa-
tion, and technology companies can start implementing them
into biosensor production lines. However, several other pitfalls
still have to be addressed to achieve market penetration. The
stability of aptamers, especially in challenging circumstances
would make them theoretically advantageous over their natural
counterparts but in practice, they suffer from degradation by
nucleases. An issue that needs to be overcome before
successful implementation can occur. Even more important is

Table 2. Further Examples of Aptamer-Based Sensors for the Detection of Bacteria

Target Application Readout LoD Linear Range Reference

Escherichia coli Buffer solution Gravimetric (QCM) 1.46 × 103 CFU/mL 102 to 107 CFU/mL 80
Salmonella enteritidis Environmental samples Colorimetric N/A 101 to 107 cells 81
Staphylococcus aureus Milk, urine, wastewater, tap water, and lake water

samples
Colorimetric 10 CFU/mL 10 to 106 CFU/mL 82

Pseudomonas
aeruginosa

Serum samples Electrochemical
(EIS)

33 CFU/mL 102 to 107 CFU/mL 83

Legionella pneumophila Aqueous medium Optical (SPR) 104 cells/mL 104 to 108 CFU/mL 84
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market need, several biosensor technologies have been
demonstrated in academic literature but never reached the
market because they do not address any pressing market need.
Companies that design aptamers should focus first on trying to
replace antibodies in LFAs but should also look for
applications in which they can occupy a niche in the field
similar to ATP meters. These sensors offer the benefit of being
able to quantify the amount of target present in a sample
(which typical LFAs struggle with) while offering superior
selectivity to ATP meters.
Molecularly Imprinted Polymers. An alternative ap-

proach to creating synthetic receptors that overcome the
drawbacks typically associated with biological affinity reagents
lies in the development of so-called Molecularly Imprinted
Polymers (MIPs). These polymeric materials are essentially
molds formed around a target containing highly specific
cavities tailored toward the recognition of an analyte of
interest, including molecules related to the metabolism or the
quorum sensing of bacteria.92 In addition to unique binding
properties, the highly cross-linked polymeric nature of these
receptors yields highly desirable physical characteristics (e.g.,
resistance to high temperature/pH) enabling them to
effectively function in challenging PoC environments. MIPs
have been effectively coupled with different cost-effective
readout technologies, and it is possible to produce them on a
large scale in a low-cost manner. Therefore, they are excellent
candidates to replace biological recognition elements in PoC
detection platforms.93,94

The working principle of these materials relies on the
formation of a polymeric network around a template, forming
specific cavities that mimic the analyte shape and provide
complementary interactions to the chosen target molecule
(Figure 7). Generally, this is facilitated by the use of one or
more functional monomers and a functional cross-linker
dispersed in a porogenic solvent, which is subsequently
polymerized by means of a photo/thermal initiator that yields
the network. As MIPs intrinsically focus on molecular targets,
the most effective technologies developed for applications in
this field confirm the presence of bacteria inside a sample by
the indirect detection of a specific toxin, metabolite, or

autoinducer molecule associated with a specific pathogen of
interest.95

Once the MIP has been obtained, it can be coupled with a
variety of readout methods, including electrochemical,96,97

thermal,98,99 colorimetric,100 chromatographic,101 and piezo-
electric.102 The research in the field of bacterial detection has
yielded both positive and negative outcomes, showcasing novel
technologies with potential while also facing certain
limitations. For instance, some studies have focused on the
detection of Gram-negative bacteria by targeting quorum-
sensing molecules produced by the bacteria, particularly N-
acyl-homoserine-lactones (AHLs).103 This approach shows
promise in achieving highly specific and sensitive detection,
providing a valuable tool for the early identification of bacterial
infections. Similarly, another noteworthy advancement in-
volves the indirect detection of Pseudomonas aeruginosa, a
notorious pathogen, through its main toxin, pyocyanin.104 The
sensor is capable of detecting pyocyanin in biological samples
at medically relevant concentrations at a fraction of the cost
price of current lab analysis tools that make use of expensive
chromatographic techniques to detect this biomarker for P.
aeruginosa infection in cystic fibrosis (CF) patients. This sensor
could therefore be very interesting as a prescreening tool in CF
patients, leading to faster results and a more adequate
treatment, prior to meticulous lab analysis. Several other
MIP-based sensors have been developed for detecting
important toxins secreted by various species of Aspergillus,
Byssochlamys, and Penicillium as summarized in Table 3.

The results summarized in the table above show that MIPs,
very much like aptamers, are able to drive the molecular
recognition in relatively simple electrochemical and thermal
sensor applications that achieve competitive LoDs in medical,
food, and environmental samples. They achieve this by
detecting bacterial toxins rather than the entire microbiological
entity, which allows them to compete with commercial
endotoxin sensors when it comes to performance.

It is for these reasons commercially MIPs are an extremely
interesting prospect when it comes to PoC endotoxin (and
hence micro-organism) detection. Their low-cost nature is
especially interesting in resource-limited settings, where their

Figure 7. Schematic representation of the concept behind molecularly imprinted polymers.

Table 3. Further Publications That Utilize MIPs for Bacterial Detection

Target Application Readout LoD Linear Range Reference

Listeria monocytogenes Detection in buffer solutions Electrochemical (PAD) 70 CFU/mL 300 to 6700 CFU/mL 105
Klebsiella pneumonia Detection in human urine Electrochemical (DPV) 1.352 CFU/mL 1 to 105 CFU/mL 70
Staphylococcus aureus Detection in lettuce and shrimp Electrochemical (EIS) 4 CFU/mL 10 to 107 CFU/mL 106
Salmonella spp. Detection in aqueous media Electrochemical (EIS) 23 CFU/mL 103 to 107 CFU/mL 107
Pseudomonas aeruginosa Biofilm inhibition Culture-based - - 108
Pseudomonas aeruginosa Detection in saliva Thermal (HTM) 0.569 ± 0.063 μM (PYO) 0.05−2 mM (PYO) 109
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stability makes them additionally advantageous over natural
receptors. However, the main challenge lays in the batch-to-
batch variation observed in the traditional bulk polymerization
methods. Alternative approaches give producers more control
over the production process, but these are more expensive and
therefore less desirable. Therefore, the current market in MIP-
based PoC applications is currently focusing on creating spin-
off companies that aim to create scalable, affordable
approaches for creating large batches of homogeneous MIP
particles.110 MIP Diagnostics Ltd. was a such spin-off company
of Leicester University that is currently focusing on industrial-
grade MIP synthesis.111 They have developed a method for the
automated production of MIPs in solid-phase extraction (SPE)
columns. The method separates high- and low-affinity MIPs
from each other, thereby diminishing the batch-to-batch
variation. The company has developed MIP-based products
for the detection of bacterial pathogens such as Campylobacter
spp. and Salmonella spp. in food samples. In 2019, MIP
Diagnostics signed a licensing agreement with AgPlus
Diagnostics to develop a range of MIP-based lateral flow
assays (LFAs) for the detection of bacterial infections.112 The
company solely focuses on MIP production and has strategic
partnerships with universities all over the world that bench-
mark the reliability of their MIP products and demonstrate

their integration into sensor platforms not only for diagnostics
but also for food safety and environmental safety. This has
inspired them to rebrand the company in 2022 to MIP
Discovery Ltd. In addition to academic spin-offs, other
companies such as Biotage and Sigma-Merck are also showing
great interest in MIPs with their MIP Technologies subsidiary
and Supelco Analytical Products branches, respectively.113

However, this focus on MIP production requires other
companies to utilize these synthetic reagents and integrate
them into their biosensor platforms instead of antibodies,
increasing market penetration and enabling the MIP
technology to get a foothold in the market as it becomes
more prevalent. The license agreement with AgPlus
Diagnostics is a first step in the right direction, but convincing
key players in the diagnostic market to do so will require time
and a lot of scientific evidence that confirms the commercial
benefit of MIPs over their natural counterparts. Therefore, it is
of the uttermost importance that academic research efforts
continue to explore and understand the working principles of
MIPs and demonstrate their potential application in various
industrial fields and for different applications. Private-public
collaboration will continue to play a vital role in maximizing
the chance of penetration into the diagnostic market in the
coming decades. Additionally, MIP discovery is still relatively

Figure 8. Schematic representation of different methods for the preparation of SIPs. Reproduced from ref 116. Copyright 2021 American Chemical
Society.
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young, and the technology is still in the scaling phase. Current
procedures generate MIPs on the mg scale, whereas for true
market acceptance, these volumes need to be much larger. This
sentiment is also reflected in the price of these receptors, with
current pricing proving much more costly than their biological
counterparts.

It is essential to address these issues in the coming few years
for MIPs to fully achieve their potential and replace natural
receptors in biosensing solutions creating sensors that are more
affordable and robust than the current PoC biosensor
solutions. Their stability will allow them to be used in certain
niche applications, particularly in challenging conditions where
natural receptors, and probably aptamers, fall short. In
addition, MIPs can be tailored to be very selective or, similar
to an ATP meter, less selective in the targets they detect.
Therefore, they can offer PoC alternatives to both high-end lab
devices such as HPLC or ELISA as well as current commercial
PoC products that are less specific, qualitative, and display
limited robustness.

It is therefore clear that the reason why MIPs are still an
emerging technology is because of the inherent inconsistencies
with the scaling of the technology. When considering market
penetration, usability, and cost, MIP technology is highly
competitive and could compete with some of the technologies
currently accepted onto the market.
Surface Imprinted Polymers. Akin to MIPs, Surface

Imprinted Polymers (SIPs) are polymeric-based materials
developed and used for a wide range of applications, including
the detection of proteins and antibodies, but they are
particularly interesting for the detection of cells and micro-
organisms.114 The working principle of SIPs for bacterial
detection relies on the possibility to form whole bacterium cell
imprint on the surface of a polymer, in order to allow the
bacterium’s shape and functionalities to be captured. The most
common way of achieving this to date is microcontact
imprinting (stamping), where the cells are introduced to the
softened polymer and physically forced into the surface.
Nonetheless, alternative approaches have been developed in
recent years, for instance, the interfacial imprinting method.115

This approach entails the deposition of a drop of buffer
solution containing the target bacteria on a polymeric matrix,
allowing this way the bacteria to deposit in the polymeric layer,
thus imprinting their functionalities (Figure 8). This novel
approach allows to achieve of a SIP without the need for a
template-immobilized substrate, thus yielding a straightforward
and more reproducible SIP platform. The fabricated
biomimetic platform showed excellent sensitivity (LoD = 80
± 10 CFU/mL) and specificity toward E. coli. Moreover, the
potential of this biomimetic platform in detecting E. coli

contaminations in food samples was demonstrated by
analyzing the response in fruit juice samples.

Once the bacteria are imprinted on the surface, they can be
washed away in order to leave microcavities able to selectively
detect the same bacteria inside a sample.117 This washing step
is usually performed using a medium that is able to denature
the template bacteria, thereby breaking the bonds between
them and the polymer. For this purpose, various solvents have
been used ranging from hot water to ethanol, methanol, or a
sodium dodecyl sulfate (SDS) solution. Once the SIPs are
synthesized, they can be coupled with a variance of read-out
methods, including electrochemical, optical, or thermal
methods for the creation of sensors that are able to directly
detect a wide range of pathogenic bacteria (Table 4).118,119 All
these sensors allow for the direct identification of bacterial
strains and quantification of the bacterial load in liquid
samples. As these devices are typically very easy to use, deliver
fast results, and are very cheap, they have a lot of potential for
PoC bacteria detection when compared to the gold-standard
culture-based methods.

Considering the potential of this technology from a
commercial perspective, the drawbacks of SIPs are very
much parallel to that of MIPs. Likewise, it is therefore
understandable why there are companies actively pursuing the
development of industrial processes to mass produce
homogeneous batches of SIPs. In contrast to the MIP-based
LFAs being developed by MIP discovery, companies such as
the Dutch SME Sensip Dx B.V. are seeking to detect bacteria
directly utilizing SIPs. This spin-off from Maastricht University
aims to couple SIP technology with their proprietary thermal
sensing technology (coined the “Heat-Transfer Method”
(HTM)) for the rapid analysis of bacterial contaminations of
biological and food samples.125 A lot like MIP Discovery,
Sensip Dx is currently focusing on the scalability of their
receptors, mainly by investigating stamp-free production
methods in the short term themselves, while focusing on the
promise of template-free methods in the longer run by
partnering up with various universities.

The added benefit is that they are working in parallel on
their direct integration into sensing platforms, which makes
them independent of major diagnostic companies and allows
them to create industrial prototypes to attract market
attention.126 As they are one of the few companies working
on the scaling and synthesis of SIPs, alongside working on their
integration, this puts them in a unique position where they can
be genuinely unique and lead the advancements in the field.
The downside to this approach is that all sensor and SIP
development is in-house, leading to long development times
and a limited team working on the SIPs progression. This said,
if successful, this SIP-based sensing technology has the

Table 4. Further Publications That Utilize SIPs and Their Associated Readout Technologies for Bacterial Detection

Target Application Readout LoD Linear Range Imprinting method Reference

Klebsiella
pneumoniae

Detection in
hospitals

Electrochemical (CV) 0.012 CFU/mL 101−105

CFU/mL
Self-assembly 120

Escherichia coli Detection in milk Thermal and Electrochemical
(HTM and EIS)

1070 CFU/mL (HTM) and 120
CFU/mL (EIS)

102−105

CFU/mL
Microcontact
imprinting

121

Listeria
monocytogenes

Detection in milk
and pork

Optical 103 CFU/mL 103−105

CFU/mL
Pickering emulsion 122

Staphylococcus
aureus

Detection in milk
and rice

Optical 103 CFU/mL 102−106

CFU/mL
Imprinting on
magnetic particles

123

Escherichia coli Detection in water Plate culturing 103 CFU/mL 103−104

CFU/mL
Bulk polymerization 124
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potential to generate a huge impact and change the face of
bacterial detection in numerous fields. The main bottleneck,
however, like with MIPs, remains that SIP materials also show
high heterogeneity, and thus newer optimized imprinting
techniques need to be established to address some of the
currently associated drawbacks. Currently, there is limited
control over imprint distribution, depth, and reproducibility.
Tackling all these issues is tedious, but Sensip Dx states that
they will have a SIP-based product on the market within the
coming few years due to their unique position in the market,
the adaptability of their sensor strategy, and their continuous
focus on improving SIP production and integration in sensing
technologies.

SIP-based sensing is the youngest alternative of all the
proposed biomimetic alternative receptor technologies and is
therefore clearly the furthest away from the market. However,
the field can benefit from the same biosensor market lessons;
they have a unique selling point in that they target the whole
bacterium. This has drawbacks when comparing it to the ATP
sensor, but the selectivity can also be lowered to create a more
generic bacterial detection platform. On the other hand, SIP-
based sensors can also be aimed at very selectively targeting
specific pathogenic strains rather than providing a false positive
signal when a harmless species is encountered. This illustrates
that these sensors could have their own set of niche
applications in the very broad field of bio(mimetic) bacteria
detection. It is important to work on improving the mechanical
part of the technology but at the same time evaluate where this
technology can be optimally positioned in the market.

Synthetic receptors represent a novel frontier in biosensing,
offering distinct advantages over natural counterparts, partic-
ularly in robustness and scalability in challenging environ-
ments, such as extremely warm or cold countries or zones
where it is hard to properly store pathogen detection kits.
Furthermore, their tunable properties allow for precise
customization, which is still a challenge for natural receptors
that can be stable only in specific conditions of temperature,
pressure, or pH. The durability of synthetic receptors ensures
extended operational lifetimes, crucial for maintaining
consistency in industrial processes. Finally, reduced environ-
mental impact thanks to straightforward production processes
and scalability are an additional benefit. The optimization of
production processes contributes to a more sustainable
approach compared to the extraction or production of natural
receptors which need to be performed in controlled and
qualified environments, thus aligning with the growing
emphasis on environmental-friendly practices.
Recent Innovations in Other Types of Biomimetic

Sensors for Bacterial Detection. Due to the increasing need
for the identification of infected samples in a wide variety of
environments, novel technologies have been introduced to
present preliminary proofs of application for the detection of
pathogens. In this section, it is possible to identify interesting
research based on Metal−Organic Frameworks (MOFs).127

These structures present a novel sensing approach, offering
tailored receptivity toward specific targets, akin to Molecularly
Imprinted Polymers (MIPs). The technology of MOFs lies on
a specific synthetic pathway: a template-driven polymeric
network formation, able to form cavities that mirror the target
analyte’s geometry and promote specific interactions.128 It was
also shown that it is possible to couple MOFs and MIPs
technologies for the efficient detection of bacteria.129 On the
other hand, MOFs can also be coupled with aptamers to

enhance their sensitivity to detect bacteria like S. aureus or
Acinetobacter baumannii reaching a very low limit of detection
in the range of 5−7 CFU/mL.130,131 By encapsulating target
molecules within their framework, MOFs have highly precise
cavities, finely tuned for recognizing key bacterial elements.
Moreover, their robust polymeric composition confers good
stability to harsh environmental conditions, rendering them
adept for Point-of-Care (PoC) applications. MOFs seamlessly
integrate with diverse, cost-effective readout technologies,
promising scalability at an economical cost.132 Another
innovation for the rapid and sensitive detection of bacteria is
presented by Bacterial Rapid Detection using Optical
Scattering Technology (BARDOT), namely a method that
couples the culture-based detection methods with imaging
performed through a laser, thus able to discriminate the
presence of bacteria, and also understanding specific
information about the colonies present within the sample.133

Applications of this technology have shown to be effective for
the detection of bacteria like Salmonella species or Pseudomonas
aeruginosa.134,135 Moreover, the high interest in finding novel
portable alternatives for the detection of microorganisms lead
to the miniaturization of BARDOT-based technologies, leading
this way to portable alternatives such as adaptations in Lab-on-
A-Chip format and other point-of-care systems.136,137

Overall, all the emerging biomimetic sensors including the
technologies based on aptamers, molecularly imprinted
polymers, surface imprinted polymers, metal−organic-frame-
works, and others, besides being very well-studied alternatives,
still did not fully reach the market. In particular, the spin-off
companies mentioned in this chapter and the academic groups
focused on the engineering of biomimetic sensors are still
studying better alternatives to overcome the most urgent
problems related to these technologies, for instance, the fact
that they suffer from mass production and heterogeneity
manufacturing issues. However, compared to immunosensors
and enzymatic biosensors, this category of technologies is still
considered relatively new, and it could not take advantage of
decades of research on natural receptors and continuous
improvements as the better-established technologies had since
their market introduction 50 years ago. Synthetic receptors
have been used for about 30 years in the sensing field and the
prior knowledge they build on was less developed, besides, the
market competition generated by the well-established bio-
sensors is a factor that can slow down the development of new
technologies as the latter cannot take advantage of the urgent
demand of the product.

■ FUTURE OUTLOOK AND CONCLUSIONS
The literature study performed in this review elucidates that
application potential does not automatically result in market
penetration. New technologies have to address an existing
demand for which no adequate solution exists, or they should
at least offer significant benefits over already existing
technologies used in the field. In a field as big as bacterial
detection, that finds its applications in medical care, food
safety, or environmental screening, this often results in
technologies occupying niche subfields. Alternatively, different
technologies having their limitations and advantages are often
used in parallel so they can complement each other.

For applications where a full bacterial identification profile
and quantification are necessary, culture-based methods are
still considered the gold standard. It is possible to collect
virtually any sample, solid or liquid, and plate them in a lab to
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identify strains, bacterial loads, and even antibiotic resistance.
However, this process does not allow for PoC diagnosis or on-
site screening as it is slow, time-consuming, and expensive.
Therefore, faster lab-based tests have been employed in
addition to culture-based techniques, for instance, comple-
mentary ELISA tests, to treat a patient with a potential
infection or to throw away food products that are potentially
contaminated. Likewise, LFAs have been used to determine
whether a specific bacterial strain might be present in a sample
and ATP sensors are used to detect general contamination of
products that need to be sterile. However, when a product or a
sample always contains a background microbial load,
biosensors that can quickly quantify specific bacterial strains
could occupy a niche market. Biosensors based on natural
receptors that allow for quantification have shown to be able to
offer a solution, but they lack the stability needed to perform
under challenging conditions, such as temperature in low-
income countries, in-line measurements in environmental or
industrial applications, and others.

The study in this paper demonstrates that sensors based on
MIPs, SIPs, and aptamers have been shown to bring highly
interesting alternatives in academic studies in recent years.
These receptors are a lot more stable and can be constructed
synthetically for nearly every target. In addition, they can be
coupled to the same transducer/readout methods as their
natural counterparts. However, to date, there are just a few
biomimetic sensing platforms on the market based on these
receptors. The reason is that these technologies are relatively
new when compared to natural receptors, especially when it
comes to valorization and validation studies. Their production
process needs to be optimized to be able to create large
batches of receptors that do not suffer from batch-to-batch
variations. Both academia and industry are in the process of
addressing the issue by focusing on the production of these
receptors to bridge the gap with antibodies and enzymes.
These novel alternatives can bridge the gap and even
outperform their natural counterparts as they are purely
synthetic and therefore do not always require living organisms
for their production and have outstanding robustness. At the
same time, these new MIPs need to be implemented into
sensor platforms to demonstrate the superiority of these
receptors.138 Therefore, the strategy to collaborate with both
academic and industrial partners specialized in sensor
engineering seems to be logical. The field is at a crucial
crossroads and advancements in the coming decade or two will
determine if biomimetic sensing will claim its commercial
niche in pathogen sensing or remain just an academic exercise.
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■ VOCABULARY SECTION
Point of care (PoC), Device that refers to immediate
diagnostic equipment that can be directly used on site by the
patient, thus allowing rapid diagnosis and a fast decision-
making process.
Transducer, A component that can convert the binding event
of a specific target into a measurable signal.
Polymeric network, A structure formed by interconnected
polymer chains that create three-dimensional networks.
These networks influence the mechanical properties of the
material, for instance, its strength, elasticity, or resistance to
harsh conditions.
Receptor, A dedicated structure that senses and responds to
specific signals. It plays a key role in transmitting
information and initiating the detection process.
Pathogen, A microorganism, like a virus or a bacterium, that
causes diseases by invading and reproducing within a host
organism, leading to adverse health effects.
Detection, The process of identification or discovery of an
entity, such as a molecule or a microorganism, often
involving the recognition of signals generated by the contact
between the entity and the receptor.
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