Rovedar

rB8es

Research in Biotechnology and Environmental Science. 2023; 2(4): 65-74.
DOI: 10.58803 /rbes.v2i4.22

Research in Biotechnology

XY

and Environmental Science

http://rbes.rovedar.com/

Review Article

Application of Nanobiosensors in Detection of Pathogenic Bacteria: An Update

Peyman Ghafouril**, Bahare Kasaei2"*, Sara Aghili3 , Ahmad Mir Hosseini> "+,

, Golnaz Mirfendereski’

, Atefehsadat Monirvaghefi4

Hora Amoozegars , and Hamidreza Razzaghi8*

1 Faculty of Pharmacy, Islamic Azad University Medical Sciences Damghan, Damghan, Iran

2 Faculty of Pharmacy, Islamic Azad University Medical Sciences, Tehran, Iran

3 Rajiv Gandhi University of Health Sciences, Karnataka, India

4 Center for Drug Delivery and Nanomedicine, Department of Pharmaceutical Sciences, University of Nebraska Medical Center, Omaha, Nebraska, United
States

5 Medical doctor, Mashhad University of Medical Sciences, Mashhad, Iran

6 Department of Research and Development, Biopharmaceutical Company of Persisgen Par, Tehran, Iran

7 Department of Pharmaceutical Biotechnology, School of Pharmacy, Guilan University of Medical Sciences, Rasht, Iran

8 Faculty of Pharmacy, Isfahan University of Medical Sciences, Isfahan, Iran

Email:

* Corresponding author: Iran.

hrazaghil375@gmail.com

Hamidreza Razzaghi, Faculty of Pharmacy, Isfahan wuniversity of medical sciences, Isfahan,

ARTICLE INFO ABSTRACT

Article History:
Received: 20/10/2023
Revised: 21/10/2023
Accepted: 26/11/2023
Published: 25/12/2023

check for
updates

Keywords:
Bacterial pathogens
Detection
Nanobiosensors
Nanotechnology
Sensitivity

Bacterial infections remain a critical public health concern worldwide, necessitating
the development of efficient and sensitive diagnostic tools. Nanobiosensors,
comprising nanomaterials, offer a novel approach to bacterial pathogen detection. The
present review aimed to explore the current research and applications of
nanobiosensors for bacterial pathogen detection. Recent discoveries in
nanotechnology have facilitated the development of nanobiosensors with remarkable
sensitivity and specificity. These nanoscale sensors are designed to detect specific
bacterial pathogens through various mechanisms, including aptamers, antibodies, and
molecular recognition elements. Furthermore, miniaturization and integration with
microfluidic systems have enabled the rapid and point-of-care detection of bacterial
infections. Incorporating nanomaterials such as carbon nanotubes, quantum dots, and
graphene into biosensing platforms has significantly enhanced their performance,
leading to ultrasensitive detection of bacterial antigens and nucleic acids. Additionally,
using nanobiosensors with advanced analytical techniques, such as electrochemical,
optical, and piezoelectric methods, has expanded the possibilities for accurate and
real-time monitoring of bacterial pathogens. Nanobiosensors represent a promising
frontier in the battle against bacterial infections. Their exceptional sensitivity, rapid
response times, and potential for multiplexed detection make them invaluable tools
for the early diagnosis and monitoring of bacterial pathogens. Developing cost-
effective and portable nanobiosensors for resource-limited settings becomes
increasingly possible as nanotechnology advances.

1. Introduction

As a result of antibiotic (AB) discovery, bacterial

necessary to develop new antimicrobial agents or use

infections in humans, livestock, and agriculture were
controlled?2. However, multi-resistant bacteria (MDR)
have become a global public health issue over the past few
years due to the mismanagement of AB. This issue has
challenged the use of AB3. Over 70% of bacteria are
resistant to known anti-bacterial agents, making it

highly toxic antimicrobial therapies to achieve effective
treatment, especially in critically ill individuals*. Recent
studies estimate that without the development of new
molecules, antimicrobial drug-resistant infections will
cause the death of 10 million people in the world every
year and cost about USD 100 trillion by 205045. The World
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Health Organization (WHO) has established measures to
prevent the spread of MDR infections, including controls on
AB sales, dosage, and administration®’. Most doses are
currently uniformly administered to patients without
considering infection progression or clinical characteristics,
resulting in treatment failures, which may lead to
subtherapeutic or toxic doses®”.

The use of therapeutic drug monitoring (TDM) is one
of the solutions that measure drug toxicity by tracking
changes in pharmacokinetic parameters (PK) of drugs
that have narrow therapeutic index (TI)10. There are a
variety of methods for monitoring, including single or
mass-coupled chromatography with various detectors,
such as ultraviolet detection, fluorescent detection
(explained below), and immunoassays!®!2. The United
States Food and Drug Administration (FDA) has approved
several techniques!3. Despite this, these expensive
techniques require trained personnel and specialized
laboratories. Nanobiotechnology can be used to overcome
this problem, specifically biosensors that can measure
drug concentration in body fluids (including blood, urine
serum, and plasma)!4. In addition to being sensitive,
specific, and low-cost, these devices can also be
miniaturized so that doctors and care providers can easily
carry them to patients' bedsides!516,

Nanotechnology has received widespread interest in
bioanalytical chemistry due to its prominent applicationl?.
A more efficient chemistry reduces reagent consumption
and overall costs from an economic perspectivels,
Nanomaterials can enhance the performance of various
bioassays, and improvements in  micro- and
nanofabrication techniques may facilitate the development
of miniaturized devices that can be used in the field9:20,
Biosensors have several advantages, including low sample
volume, reduced reagent consumption, minimal invasive
sample collection methods, multiple analyte detection, and
short analysis times2!. In addition to these features, they
provide real-time decision-making for individualized
therapy?2. Using nanobiosensors, health, and economic
sectors benefit from shortened hospital stays, lower
treatment costs, and reduced MDR strain infections that
cost health systems millions of dollars annually?324,
Consequently, biosensor monitoring offers many
advantages, and these devices may one day become
indispensable equipment, reducing hospital costs for the
health system in the future?>. Nanobiosensors are
extremely small devices, with dimensions of one billionth
of a meter, capable of detecting and responding to physical
stimuli2é. It is possible to use nanosensors for food analysis
by using them for detecting pathogens, toxins, nutrients,
environmental characteristics, heavy metals, particulates,
and allergens?’. There have been several mechanisms
reported to exploit nanosensor advances for food analysis.

Nanomaterials-based techniques are commonly used in
combination with existing technologies, and their high
level of compatibility may result in significant
improvements2829, The current review aimed to focus on
developments in sample preparation techniques and
significant detection wused in nanobiosensors and
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nanobioassays for food pathogens.

2. Biosensors and nanobiosensors

Biosensors have proven an effective platform for
identifying pathogenic bacteria in previous years30. As a
result of the advancement in bacterial sensing, microfluidic
bioassays have been developed to detect pathogenic
microorganisms rapidly3!. Although these advancements
have been made, commercial devices have yet to be
demonstrated to work in real-world settings. In the
ecological niche, bacteria are in low concentrations, and
interfering components are present, sabotaging diagnostic
performance. As nanotechnology progressed, researchers
developed sensitive and effective detection techniques by
studying the unique properties of nanomaterials (like their
large surface area-to-volume ratio.). As a result, nanoscale
materials make it possible to miniaturize sensing devices
and build sensitive and rapid diagnostic systems for
detecting pathogens32. As a result, it is essential to
understand how nanobiosensors work.

3. Principle of nanobiosensors

Nanobiosensors were developed by combining
traditional biosensors with nanotechnology, which is
growing rapidly33. Nanobiosensors have a biological
recognition element and a transduction unit that detects
biological molecules at the nanoscale. Nanobiosensors
consist of physicochemical transducers and receptors.
Molecule recognition is the basis of biosensors3*. The
biological receptors can detect bacteria only when the
receptor and the bacteria have a specific molecular
recognition. In molecular recognition, lock and key models
are the best examples of interaction between antibody and
antigen. Bioreceptors are the parts of the sensor that
interact with the target. There is an immovable fixation of
bio-receptors on the surface of the transducer so that they
can bind the target entity (enzymes, antibodies,
deoxyribonucleic acid (DNA), cells, and aptamers) stable
under various storage conditions35. Various methods are
employed to immobilize the biological recognition element,
such as adsorption, entrapment, cross-linking,
microencapsulation, and covalent bonding. In the
preparation of nanobiosensors, immobilization of nano
components is a challenge. Biologically originated
molecules can replace biologically created receptors,
including engineered artificial proteins, imprinted
polymers3¢ recombinant antibodies, synthetic catalysts, and
ligands?’. The performance of these receptors determines a
biosensor's selectivity and sensitivity38. Transducers
(electrodes, semiconductor pH electrodes, thermistors,
photon counters, and piezoelectric devices.) detect
molecular recognition effects (changes in heat, mass, light,
pH, or electroactivity). Measurable signals are converted
into energy from the receptor, acting as an interface.
Transducers modified with nanoparticles are the highlights
of nanobiosensors, allowing rapid detection in a short
period. Compared to simple biosensors, nanobiosensors can
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detect the quantity and presence of analytes3+.

Furthermore, a detector has an electronic component
that amplifies or analyzes the electrical signals produced
by the transducer and a microprocessor that measures it.
Various amplifiers and filters are used to convert analog
signals to digital signals. The data is displayed on the
device as concentration units or stored as an image,
numeric, graphic, or tabular. Detectors based on
smartphones have been introduced for detecting analytes
in nanobiosensors on-chip or at the point of care3®. As a
result of the characteristics of nanobiosensors, their
performance can be enhanced indirectly. They are
selectivity, reproducibility, sensitivity, stability, and
linearity. Selectivity refers to the ability of the sensor to
identify a specific analyte among several others. The
detection limits of nanobiosensors are determined by their
sensitivity, which correlates with their robustness*. When
repeated accurately and precisely, the reproducibility of a
nanobiosensor result is correlated with its reliability.
Working ranges or linear dynamic ranges where
concentration is directly proportional to signals are
indicators of linearity or accuracy. As a result of sensor
stability, analytes can be quantified and detected under
different conditions of measurement disturbances without
compromising precision and accuracy.

4. Nanobiosensors for Pathogenic Agents
Detection

The first biosensors were reported in the 1960s, and
today they are predominantly utilized for biological
detection and environmental monitoring purposes*2. In
biosensors, biological recognition is combined with digital
signals, which are translated into information through
software#3. Biosensors can detect substances present in
living or non-living systems, the analytes, through their
properties, such as electricity, magnetic, electrochemistry,
chemicals, optical, or vibration**. The device is usually
composed of a biorecognition sensor and a transducer. An
interaction between the bioreceptor and analyte will
generate an electronic signal that can be measured by the
transducer. It is achieved by immobilizing the
biorecognition elements through covalent interaction,
encapsulation, or adsorption*. These biorecognition units,
or receptors, found within cells (such as glycopeptides,
lipoproteins, lipids, glycoproteins, carbohydrates, and
receptor proteins), serve various roles. They play a part in
infection processes, adhere to cell surfaces and non-cellular
substrates, evade the immune system, and facilitate
nutrient intake and transport*. In addition to their
extracellular exposure, receptors have one significant
feature in common. They are used as biorecognition
elements during the assembly of biosensors.
Nanomaterials are used in the construction of biosensors
to increase their detection limits. Large surfaces, high
electronic conductivity, and plasmonic properties, such as
the ability to store light in confined areas, contribute to
this4’. Moreover, nanomaterials as biosensors are capable
of transmitting optical or mechanical signals. In the context
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of biosensors, a nanobiosensor is a material with a size of
less than 100 nm*8. These operate using the fundamentals
of optics, spectroscopy, and mechanics. Small detection
surface, nanobiosensors require a smaller amount of
analyte to detect a measurable result®. It is generally more
efficient for small spaces to allow higher-density arrays,
which can detect more analytes in a single test by
maximizing their density. Moreover, the intricacy and
expenses associated with pathogen detection tests can be
diminished through the use of nanobiosensors, which
eliminate certain conventional sample processing steps*°.
Nanobiosensors generally rely on interactions between
enzymes, nucleic acids, cells, substrates, bacteria, antibody,
and antigen interactions, using biomimetic materials
replicating biological processes.

5. Nanobiosensors mechanism

Nanobiosensors (NanoBioSS) are analytical devices
with a biological sensor and a physicochemical converter4’.
As an essential function of NanoBioSS, it generates a digital
electrical signal directly proportional to the sum of one or
several molecules being analyzed>?. These NanoBioSS are
assisting some key analytic advances that are being aided
as well as supported by advances in nanotech, adding to
the evidence that they are both expanding applications and
facilitating machinery. This BioSS/ NanoBioSS can
precisely and rapidly detect nanomaterials (NMs), making
it useful in various industrial, ecological, agricultural
clinical, biomedical /healthcare, and other scientific
applications>l. The NanoBioSS design/fabrication process
is as diverse as its applications, with each NanoBioSS
category containing its advantages and limitations as a
result of limitations based on the applications and the
parameters essential to their optimum performance.
Therefore, BioSS/Nano-BioSS should be selected based on
sensitivity, specificity, output mode, dynamic range, usage
simplicity, activation time, and engineering simplicity52.
The NanoBioSS is used in various human endeavors,
including diagnosing and managing different diseases and
quality environmental and food effluent5354. A significant
difference exists between the surface dimension ratios of
most commonly used nanomaterials in NanoBioSS, such as
quantum dots (QD), noble metal nanoparticles (NPs), and
carbon-based nanoparticles as opposed to their bulk
arrangement, leading to different and better properties
(electrical, chemical, and optical)55. As a result of these
NMs' enhanced properties, NanoBioSS can detect
nanoparticles more rapidly and reproducibly. By
incorporating NMs in these bioanalytical devices, NMs
enhance the performance and quality of BioSS/NanoBioSS
(ETC, magnetic, mechanical, and optical)>¢. Thus, BioSS are
more compact and sensitive®¢. There have been several
papers describing the use of nanotech BioSS/NanoBioSS in
clinical, biomedical, and healthcare applications (for
example, identifying pathogen microbes and viruses,
detection of cancerous cells, and breath analysis
mechanism), environmental science (detection of water,
soil, and air pollution), and agricultural applications
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(climate-smart organic agriculture and identification of
animals, plants pests and diseases)>2. In addition, modern
materials science, particularly nanotech, has been
suggested as a valuable tool used in COVID-19-related
research because it has played a dynamic role in
minimizing COVID-19 complications®7.

6. Nanobiosensors types

The categorization of nanobiosensors encompasses a
broad spectrum, primarily contingent on the type of
nanomaterials integrated into the biosensing process. In
addition, the classification here is more complex than with
biosensors. Biosensors can be classified based on two
criteria, namely, the type of material being analyzed and
the mechanism used for signal transduction. For instance, if
researchers screen any enzyme or antigen through the
biosensors, they can find electrochemical, calorimetric,
optical, and acoustic sensors when researchers classify
biosensors based on their sensing mechanisms®8. Each
class is associated with various sensor categories
overlapping according to the transduction mechanism.
Potentiometric and Amperometric biosensors are
electrochemical sensors, and optical biosensors are based
on surface plasmon resonances or optical fibers>®. As we
observe in classifying nanobiosensors, the criterion for
classification is the type of nanomaterials used to improve
their sensing abilities. An example of nanoparticle-based
biosensors is metallic nanoparticles that enhance the
detection of biochemical signals. A nanobiosensor in which
carbon nanotubes are used as enhancers of the reaction's
efficiency and specificity is called a nanotube sensor®®. In
contrast, a nanowire biosensor uses nanowires as carriers
and charge carriers®! . Below are some of the significant
nanobiosensors developed to date, along with those with
no practical application. Quantum dots are employed as
contrast agents in quantum dots-based sensorsfor
.improved optical responses

6.1 Nanoparticle-based sensors
6.1.1 Acoustic wave biosensors

Acoustic wave biosensors can increase the overall
precision of biological detection limits by amplifying the
sensing responses. With sensors like these, stimulus-
based effects can occur in many ways. These sensors are
designed to work with antibodies-modified sol particles,
which can be conjugated with the electrode surfaces so
that antibody molecules are immobilized over the
electrode surface in a manner that binds themselves to
the electrode surface, which has been complexed with
analyte particles. By binding large amounts of particles to
the antibody, the quartz platform is subjected to a change
in vibrational frequency that serves to detect changes. It
is typically preferred for antibody particles to have a
diameter between 5 and 100 nm. The preferred particles
are titanium dioxide, cadmium sulfide, platinum, and
golds263,
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6.1.2 Magnetic biosensors

Specially designed magnetic nanoparticles are used in
magnetic biosensors.

Materials based on ferrite are used either separately or
in combination. Applications in biomedical science make
these sensors very useful. Several analytical applications
can be performed using magnetic materials. Because iron
and other transition metals are paired, the magnetic
compounds used in screening have different properties®.
Incorporating magnetic nanoparticles into conventional
detection devices has enhanced their sensitivity and
performance. A few transition metal alloys containing iron
and other materials have unpaired electrons in their d-
orbitals that have been widely studied for their magnetic
properties®s. These are commonly used magnetic bioassay
techniques to isolate magnetically labeled targets using
magnetometers to isolate them from magnetically labeled
targets as a new kind of material has emerged®. The
magnetic properties of magnetic nanoparticles enable them
to rapidly detect biological targets  through
superconducting quantum interference devices. These
devices can screen mixtures for specific antigens by
binding antibodies to magnetic nanoparticles®’.
Specifically, nanoscale particles exhibit superparamagnetic
effects due to their magnetic properties.

6.1.3. Electrochemical biosensors

Biochemical reactions are facilitated or analyzed by
these sensors wusing improved electrical methods.
Nanoparticles are primarily used in these devices. It is
possible to quickly and efficiently perform chemical
reactions between biomolecules through metallic
nanoparticles, which contribute significantly to the
immobilization of a reaction product. By enabling these
reactions to be very specific, unwanted side effects are
eliminated®8. An overall biosensor is significantly enhanced
by significantly lowering the detection limit using colloidal
gold-based nanoparticles that enhance the immobilization
of DNA in gold electrodes®. It has been proposed to
develop biosensors that identify glucose, xanthine, and
hydrogen peroxide with enzyme-conjugated gold
nanoparticles’%. A recent study by Xu et al. examined the
electrochemistry of enzyme systems containing horse-
reddish peroxidase immobilized on gold electrodes
containing carbon nanoparticles’. Based on the results of
this study, horse reddish peroxidase showed a faster
amperometric response and improved electrocatalytic
reduction ability. This resulted in better sensitivity and
smaller detection limits than those without nanoparticles
in the biosensor.

6.2. Nanotube-based sensors

Carbon nanotubes are a popular nanomaterial in
material science and optoelectronics. Because of their
extraordinary properties, since their discovery in the
1990s, they have attracted worldwide attention. Among the
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most important properties are their electronic
conductivity, flexible = geometries, and dynamic
physicomechanical properties, such as high aspect ratios,
excellent functionalization capabilities, and high
mechanical folding and strength properties. Due to these
characteristics, single-wall and multi-wall nanotubes have
been used to develop better biosensors’!. In recent years,
the design of glucose biosensors that utilize nanotubes as
immobilizing surfaces for the enzyme glucose oxidase has
become one of the most popular sensing advances. This
enzyme is used to calculate glucose concentrations from
several body fluids. Conventionally, enzyme-based sensors
predicted glucose concentrations in significant body
tissues, but nanotube assemblies have been successfully
utilized to determine glucose concentrations even in scarce
body fluids like tears and saliva’2. Among such
arrangements, single-walled nanotubes have been used to
detect glucose enzymatically, and this innovation has
improved enzyme activity significantly’3. Analyzed the
biosensor and found its enhanced performance was mainly
due to its high enzyme loading and improved electrical
conductivity. The better and smoother electron transfer
characteristics of carbon nanotubes have enabled carbon
nanotubes to enhance structural flexibility and electrical
detection of sensing phenomena. A particular investigation
delved into notable enhancements achieved in catalytic
biosensors. These advancements elevated oxidoreductase
activity, enabling glucose oxidase and flavin adenine
dinucleotide precursors to bind to substrates more
efficiently and with enhanced control®0.

6.3. Nanowire-Based sensors

Nanowires are cylindrical arrangements and measure
a few micrometers to centimeters in length and diameter.
A nanowire is a one-dimensional nanostructure with
excellent electron transport properties. A significant
difference between bulk materials and nanowires is the
motion of charge carriers. Nanowire sensors are very few,
but literature has reported a few exciting examples of
nanowires that have improved biological detection and
performance. Using silicon nanowires doped with boron,
Cui and Lieber reported the performance of biosensors
for detecting biological and chemical species using silicon
nanowires’4, The utilization of semiconductor nanowires
has been investigated extensively, and they have also
been applied to coupling a variety of biomolecules into
specific substrates for identification’?5. Streptavidin
molecules from a mixture have been detected and isolated
with silicon nanowires coated with biotin. In addition to
their small size and ability to detect pathogens, these
nanowires can also be used to analyze a wide range of
biological and chemical data in real time, thus vastly
improving the accuracy of current in vivo diagnostic
procedures. The materials used for these sensing
applications are exact in their dimensions, so they can be
used within living cells and in vivo applications.
Researchers have used nanosized fibers coated with
antibodies in one study to detect toxicants within single
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cells76.

Cullum et al. used gold electrodes coated with ZnO
nanowires to detect hydrazine using amperometric
responses’’. Compared to conventional sensor systems,
they propose high sensitivity, low detection limit, and
much shorter response time than those reported at the
time of the conventional sensor systems. Two significant
advantages of nanowires over nanotubes are their
versatility and their performance. By controlling their
operational parameters during synthesis, they provide a
range of design modifications. Additionally, their surfaces
are compatible with a more excellent range of materials,
which allows them to be further functionalized. Even
though nanowires can be synthesized very quickly, their
applications for sensing devices face several challenges.
Many related studies report that adding nanowires to
sensing systems is difficult, so overall electrical
conductivity improvements cannot be realized’8. According
to the Lieber group, semiconductor nanowires were
synthesized using combinations of previously known
methods in a very advanced study. To detect serum-bone
cancer antigens at low levels, a sophisticated one-
dimensional structure was devised, integrating a minimum
of 200 distinct electrical nanowire assemblies’# (Figure 1).

7. Advantages of nanobiosensors

Because of their nanoscale dimensions, nanobiosensors
show remarkable sensitivity. Due to this sensitivity,
bacterial pathogens can be detected at deficient
concentrations, making them valuable diagnostic tools7°.
High-specificity Bacterial pathogens can be identified by
nano biosensors that recognize specific molecular markers
or receptors. Ensuring a high specificity minimizes false-
positive results, and accurate identification is achieved?®.
Rapid detection As a result of their rapid detection
capabilities, nanobiosensors often produce results within
minutes of their use. This swift response is critical for
timely intervention in bacterial infections or outbreaks®!.
Multiple biomarkers or bacteria can be detected
simultaneously by nanobiosensors. In addition, modern
materials science, particularly nanotech, has been
suggested as a valuable tool used in COVID-19-related
research because it has played a dynamic role in
minimizing COVID-19 complications®2.

8. Limitations of nanobiosensors

Fabricating nanobiosensors can be time-consuming and
technically challenging. Specialized expertise and
equipment are required to manipulate nanoscale materials
and integrate biological recognition elements83. In some
cases, cleanroom facilities are also necessary for producing
nanobiosensors, which can be expensive. The high cost can
prevent widespread adoption, especially in resource-
constrained healthcare settings84. By recognizing specific
bacteria, the nanobiosensor's recognition elements may
have to be customized to accommodate their unique
molecular signatures or surface markers. Pathogen
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1. Nanoparticle-Based Sensors

Acoustic Wave Biosensors

Cadmium

Platinum NPs Gold NPs

sulfide NPs

3‘3”’@‘%%3

S

2. Nanotube-Based Sensors

Carbon nanotubes

Figure 1. The diversity of nanoparticle-based sensors

optimization is labor-intensive and requires thorough
knowledge of the pathogen being targeted®>. There are
some limitations to the shelf life of nanobiosensors, as well
as their vulnerability to environmental factors, such as
temperature or humidity. It is challenging to maintain their
longevity and stability®3. Nanomaterials and Biorecognition
elements are used in diagnostic devices, raising ethical and
regulatory concerns regarding safety, data privacy, and
environmental impact (Figure 2)8s.

9, Antibiotic with

nanobiosensors

quantification

Recently, biosensors have become an invaluable tool in
various industries, such as agriculture and food, as well as
clinical diagnostics8. These devices are also easy to use,
portable, automated, and can be miniaturized, as well as
being durable and long-lasting. Sample analysis is
inexpensive, requires no complicated pretreatment, and
takes a short time87:88,

Compound quantification with biosensors is made
possible by these features. According to the International
Union of Pure and Applied Chemistry (IUPAC),
Biosensors detect chemicals via specific biochemical
reactions mediated by isolated organelles, enzymes, or
whole cells, immune systems, and tissues, usually
through electrical, optical signals, or thermal®®. An
analytical device called a biosensor incorporates a
biological recognition element closely coupled to or

Magnetic Biosensors

70

Electrochemical Biosensors

Magnetic NPs Gold electrodes containing carbon NPs

Enhance biosensor performance

3. Nanowire Based Sensors

Silicon Nanowire Biosensors

integrated with a transducer that allows signal
processing based on the interaction between the ligand
and the recognition element®. Thus, biosensors are
classified based on their biological components and
transduction systemss8. Biocatalytic and affinity
components are classified as biological components.
There are various biocatalytic components, including
whole cells, enzymes or multi-enzyme systems,
organelles in cells, or tissues in plants or animals. Signals
are obtained by measuring the products generated by
catalyzed chemical reactions between enzymes and
substrates®!. The affinity bioreceptor generates an
analyte-receptor complex through the interaction of the
recognition element and analyte, which can be detected
by labeling (fluorescent or enzymatic) or observing the
transducer's physical-chemical properties .The most
common biological components are an antibody,
microorganism, aptamer, nucleic acid, and receptor
protein®2. As for transduction systems, it is the biosensor
mechanism that converts changes in chemical or physical
properties caused by analyte-ligand interactions into a
signal. Transducers come in several types, including
electrochemicals (amperometry, potentiometry, and
impedimetry), opticals (fiber optics, biosensors using
total internal reflection  fluorescence  (SERS),
piezoelectrics (quasi crystal microbalances), surface-
enhanced Raman scattering, and nanomechanicals
(nanolevers)?°. An appropriate device can be selected
based on the sample type and analyte-ligand interaction.
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Advantages

1. High Sensitivity
2. High Specificity:
3. Rapid Detection

4. Multiplexing

Bacteria

Limitations

1. Complex Fabrication

2. Cost & Optimization

3. Sample Complexity

4. Regulatory Approval Hurdles

Figure 2. The advantages and limitations of using nanobiosensors for bacterial detection

10. Future

Many fields have benefited from nanotechnology's
revolutionary potential. A novel analytical tool can be
provided by nanomaterials in the detection of food
pathogens, and their use can enhance existing methods.
While nanotechnology has gained widespread popularity,
many pathogen nanosensors or assays are still in their
early stages of development. Despite this, nanotechnology
has contributed to varying degrees of improvement. Some
technologies demonstrate dramatic improvements,
whereas others show only modest improvements,
particularly in whole-cell detection due to fewer access
points and bulkier geometry and reaction centers. As
detection becomes more sensitive, matrix interference
increases proportionally, compromising certain bacteria's
specificity and sensitivity. This challenge further highlights
the effective preparation of samples. In addition to the
need for systematic studies focused on sample preparation
techniques, few studies have examined how samples
perform in natural food systems or contexts of competing
bacteria. Nanotechnology is multidisciplinary, contributing
to this deficiency. Researchers from engineering,
chemistry, and material science have contributed the
majority of publications on pathogen nanosensors and
assays because they need more resources to evaluate and
validate large-scale downstream methods. Despite this,
advances in rapid detection will continue to be driven by
nanotechnology as these issues are resolved. In the future,
detection methods will boast high levels of sensitivity
and specificity, high sample throughput, minimal
instrumentation, robustness, and quantitative capabilities.
The flexible nature of nanomaterials and nanofabrication
could offer excellent solutions to a wide range of problems
associated with the effective use of nanotechnology for
foodborne pathogen detection. Two green methods for Ag-
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GO nanocomposites were compared. Innovative approach
Ag-GO-II exhibited superior anti-bacterial and cytotoxic
behavior, controlling nucleation?3. Another study
investigates the antioxidant and anticancer properties of
black peel pomegranate extract and explores its potential
as a dual reducing and stabilizing agent in biosynthesizing
silver nanoparticles, expecting enhanced biological
activity949s,

11. Conclusions

The sensitivity and versatility of nanobiosensors make
them useful in a wide range of fields, including clinical,
environmental detection, and food safety. Two key factors
determined  nanobiosensors  effectiveness.  Firstly,
advanced nanomaterials like carbon nanotubes, gold
nanoparticles, and quantum dots offer functionalization
potential. The second factor is unique properties and
optimized biological recognition elements like aptamers
and antibodies. Nanobiosensors are expected to become
more sensitive, facilitate multiplexed detection, provide
point-of-care  diagnostics, and provide real-time
monitoring in the future.
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