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Antibiotics proved to be no less than a boon for humans after their evolution. Antibiotics shield humans against
bacterial infection and save millions of lives. However, the unnecessary and un-prescribed use of these life-
saving drugs by humans and animals also makes the bacteria resist the powerful effect of these antibiotics and
they could fail in the further treatment of bacterial infection. Hence, it would be necessary to trace the residue
of antibiotics remains in food samples to prevent bacterial resistance. To trace the residue of antibiotics in food
samples, there is a urgent need to develop a point-of-care device (POC) that is portable, affordable, and highly
sensitive. This review focused on the uses of aminoglycosides (AMGs) antibiotics in human and animals as well
as the mode of action used by the antibiotics against the bacteria, defence mechanism used by bacteria to
develop antibiotic resistance (ABR), reason for ABR followed by their consequences in the public health, and the
economic burden. Through this review, we provide deep insights into the emerging optical and
electrochemical methods used for the detection of AMGs antibiotics such as gentamicin (GENTA), kanamycin
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DOI: 10.1039/d3ma00632h and selectivity. In this review, we have also focused on the opportunities and challenges for integrating optical

and electrochemical sensors for detecting antibiotics in food samples and provide a data set used by artificial
rsc.li/materials-advances intelligence (Al) for the future surveillances and prediction of ABR.
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1. Introduction

Antibiotics are natural and synthetic drugs that can affect the
survival of microorganisms by inhibiting their growth or killing
them. Antibiotics treat bacterial infection in humans and are
useful for animal health and welfare." Among the diverse
classes of antibiotics, aminoglycosides (AMGs) have played a
significant role in combatting diseases due to their unique
properties and mechanisms of action; they have bactericidal
action (killing bacteria instead of growth termination), broad-
spectrum activity (effective for both gram-positive and negative
bacteria), rapid bacterial killing, and are also used in bacterial
infections, which are resistive to other antibiotics.?*
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1.1. Discovery and development of AMGs antibiotics

AMGs were first isolated in the mid-20th century from Strepto-
myces bacteria.” The discovery was serendipitous as researchers
investigated soil samples for compounds with antibacterial
properties. The early examples of AMGs included streptomycin
(STR) and neomycin (NEO).” STR, discovered in 1943, marked a
breakthrough in treating tuberculosis, a deadly infection at the
time.® The development of NEO soon followed, expanding the
arsenal of antibiotics against various pathogens.’

Use of AMGs antibiotics in humans. The discovery of anti-
biotics is a blessing of science and invention. Antibiotics play a
crucial role as life-saving drugs for humans and act as front-line
warriors to protect humans from different bacterial infections.
We all are surrounded by countless bacteria that cause several
bacterial infections, which causes life-threatening infections,
and antibiotics are the only medicines that can treat various
kinds of bacterial infections like respiratory infections, pneu-
monia, sinusitis, bronchitis, urinary tract infections, skin and
soft tissue, sepsis, meningitis, and bone and joint infections.
While AMGs have been indispensable in treating bacterial
infections, their use is not without challenges. One of the major
concerns is the potential for adverse effects, particularly on the
kidneys and auditory system. AMGs can cause nephrotoxicity
(kidney damage) and ototoxicity (hearing loss) due to their
accumulation in certain tissues.®

Use in livestock/animals. AMGs antibiotics are commonly
used to treat various bacterial infections in animals, particu-
larly in veterinary medicine.® AMGs antibiotics, such as genta-
micin (GENTA), amikacin, and NEO, have been employed in
veterinary practice to manage bacterial infections in livestock.
These antibiotics exhibit a broad spectrum of activity against
various bacteria, making them valuable tools in treating infec-
tions in animals.’® AMGs are effective in treating respiratory,
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gastrointestinal, and urogenital infections in livestock, helping
to improve animal health and welfare.'* Antibiotics in animals
are used not only for treating bacterial infections but also as
growth promoters. AMGs can contribute to improved growth
rates, increased food production efficiency, and enhance the
mass of livestock animals.”"*

1.2. Mode of action of antibiotics

Before understanding antibiotic resistance, which bacteria
developed against antibiotics to stop or terminate their bacter-
ial inhibiting ability, it is important to first understand the
mode of action of antibiotics. Antibiotics are classified based
on their mode of action, which is the ability of antibiotics to
terminate the growth of bacteria by interfering with the meta-
bolic machinery of bacteria/microbes. The bacteria need this
machinery to hold, protect, and generate a replica of it. Anti-
biotics are supposed to disrupt bacterial cells through one or
more modes of action, as shown in Fig. 1 below."*"?

Mode 1: Cell wall inhibition. The rigidity of the cell wall
protects the bacteria, without which most bacteria break down
and die. In this mode of action, the antibiotics inhibit the
bacterial enzymes (peptidases), which help synthesize the
cellular wall that synthesizes the rigid cellular wall and gives
it rigidity.

Mode 2: Cell membrane disruptors. Antibiotics disrupt the
integrity of the bacterial cell membrane. They interact with the
lipids in the membrane, causing leakage of cellular contents
and cell death.

Mode 3: Inhibition of protein synthesis. Ribosome is the main
unit for protein synthesis. In this mode of action, antibiotics
interfere with ribosomal function by binding with structural
sub-units and inhibit the synthesis of proteins. AMGs antibio-
tics used this defence mechanism against the bacteria.

Mode 4: Interfere with genetic synthesis. In this mode, anti-
biotics inhibit the DNA polymerase enzyme, which helps to
replicate the DNA sequence and multiply the number of
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resistive bacteria. The disruption of bacterial DNA synthesis
can lead to cell death.

Mode 5: Inhibition of RNA synthesis. This mode of action
stops the transcription process of messenger RNA and inhibits
protein synthesis and cell death.

Mode 6: Inhibition of metabolic pathways. An antibiotic inhi-
bits the enzyme responsible for the synthesis of the metabolic
end product in a metabolic way and prevents the further
synthesis of the end product.

1.3. Antibiotic resistance developed by AMGs antibiotics

Antibiotic resistance (ABR) is a growing global concern that
threatens the effectiveness of medical treatments and public
health.'* AMGs antibiotics, known for their potent bactericidal
properties, have contributed significantly to the development of
ABR." ABR can occur through various mechanisms like enzy-
matic inactivation (produced enzymes, which modified the
antibiotics), alter the process of uptake and reflux, a mutation
in DNA composition and transfer the resistive information to
their neighbors through gene transfer.'® Due to their low
bactericidal properties, antibacterial activity, cost, high stabi-
lity, and broad spectrum effectiveness. AMGs are most widely
used clinically in treating bacteria, Monas and Staphylococcus
infections, and tuberculosis.'” In animal husbandry, AMGs are
used to treat sepsis, peritonitis, enteritis, bovine mastitis,
metritis, etc. However, AMGs are used not only for treating
bacterial infections in animals but also as a growth promoter
for the enhancement of animal mass, which eventually causes
the release of excess amounts of these antibiotics into animal-
derived food samples and contaminates the environment as
well.'® Apart from the advantages, AMGs have serious side
effects like toxicity to kidneys, muscle paralysis, ototoxicity,
and damage of the vestibular nerve."

In some cases, they can also cause shock and are sometimes
responsible for death. Even a significantly smaller amount
of antibiotic residue in food can trigger the ABR speed and
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Fig. 1 Mode of action of antibiotics. [Reproduced from ref. 12, copyright [2018]].
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Table 1 Tolerance limit of AMGs antibiotics in food samples

Maximum tolerance

. -1
Animal derived limit (MRI) mg kg

AMGs antibiotics Animals food samples FSSAI EU
Streptomycin (STR) Cattle  All edible animal
Chicken Tissues/fats 0.5 0.5
Milk 0.2 0.2
Eggs 2 —
Neomycin (NEO) Cattle  All edible animal
Duck  Tissues/fats 0.5 0.5
Goat Kidney 10 —
Pork Milk 1.5 1.5
Chicken Egg 0.5 0.5
Kanamycin (KANA) Cattle  Mussels/fats 0.5 0.1
Pork Kidney 10 0.6
Chicken Milk 0.1 0.15
Egg 0.5 —
Gentamicin (GENTA) Cattle Mussels/fats 0.5 0.1
Pork Milk 0.1 —
Chicken Egg 0.5 —

become a significant health threat in the future. For that
reason, many countries and regions have started making poli-
cies for the use of antibiotics and set the tolerance limit of
antibiotics as the maximum residue limit (MRL) for AMGs
residues in animal products (Table 1) according to Commission
Regulation EU No. 37/2010 and Food Safety and Standards
Authority of India number F.No. 1-100/SP(PAR)-Notification/
Enf/FSSA1/2014.>>*' The simple and rapid detection of AMGs
with high sensitivity and selectivity is essential for the routine.

1.4. Defence mechanism of bacteria to developed ABR

ABR is developed when the bacteria develop the ability to defeat
the mode of action of antibiotics to protect themselves. When
the bacteria fight back and find new ways to survive, these
strategies are said to be resistance mechanisms. Bacteria
develop resistance through gene mutation, in which bacteria

change the genetic information and transfer it from other
22,23

Various mechanisms are

= 0

Efflux pumps

bacteria to develop resistance.
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associated with muted antibacterial action, which diminishes
the effect of antibiotics, as shown in Fig. 2.

(1) Bacterial can flash back the antibiotics by activating the
efflux pump: bacteria can produce pumps in their membrane or
cell wall. These so-called efflux pumps are very common in
bacteria and can transport a variety of compounds such as
signal molecules and nutrients. Some of these pumps can also
transport antibiotics out from the bacterium, lowering the
antibiotic concentration inside the bacterial cell.

(2) Developing new cell process: through this process,
bacteria decreased the membrane’s permeability surrounding
the bacterial cell. Specific changes in the bacterial membrane
make it more difficult to pass through. In this way, less of the
antibiotic gets into the bacteria.

(3) Destroy or break down the antibiotics by new protein:
bacterial enzymes can inactivate antibiotics. Bacteria can some-
times produce enzymes capable of adding different chemical
groups to antibiotics. This prohibits binding between the
antibiotic and its target in the bacterial cell.

(4) Mutations in genes: changes in the composition or
structure of the target in the bacterium (resulting from muta-
tions in the bacterial DNA) can stop the antibiotic from inter-
acting with the target. Alternatively, the bacteria can add
chemical groups to the target structure, shielding it from the
antibiotic.

(5) Changing the target so antibiotics no longer fit and do
their jobs: sometimes, bacteria can produce a different variant
of a structure it needs. For example, vancomycin-resistant
bacteria make another cell wall compared to the susceptible
bacteria. The antibiotic cannot interact as well with this type of
cell wall.>*>*

1.5. Transfer mechanism of resistance by bacteria

Antibiotics are used to kill the bacteria and terminate the growth
of bacteria by inhibiting cell wall synthesis, discontinuing pro-
tein synthesis, altering cell membrane properties, changing the
intake route, and effectively activating the reflux pump.>®
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Fig. 2 Defence mechanism of bacteria against antibiotics. [Reproduced from ref. 25 with permission from [Springer Nature], copyright [2022]].
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antibiotics.

However, the resistance developed by bacteria is the natural
process adapted by bacteria to counter the effect of antibiotics.
Bacteria produce these mechanisms using instructions carried
in their DNA. The use of antibiotics in animals is not limited to
treating bacterial infections but can also be used as a growth
promotor. AMGs antibiotics are more prominently used in
animal husbandry due to their low cost and are most effective
against gram-positive and negative bacterium.>” The uncondi-
tional and uncontrolled use of antibiotics in animals can shoot
up the bacterial resistance they developed against the antibiotics
to nullify their effect. The resistive bacteria then transfer
their resistivity through plasmid genes, carry resistive informa-
tion to nearby bacteria, and accelerate the growth of resistive
bacteria.””*® Then, antibiotics have no long effect on the resis-
tive bacteria and require a higher concentration of antibiotics,
and resistive bacteria even grow in the sea of antibiotics, as
shown in Fig. 3(A) and (B).

1.6. Consequences of ABR

ABR has become a global threat, and the whole world is moving
toward the silent pandemic of ABR. The residue of these excess
antibiotics is presented in animal-derived food like milk, meat,
and eggs. This extra amount of antibiotics further accelerated
the rate of ABR and caused significant health problems; as a
consequence, the burden of medical hospitality and economic
growth increased very rapidly. Nowadays, every country around
the world is facing the consequences of ABR, and low-income
countries are affected more. In the U.S., more than 2.8 million
people suffer from infections developed by resistive bacteria,
and around 35000 people die as a result of saviour-resistant
bacterial infections.>* Due to ABR, around 7 000 000 people die
globally due to the extensive rise of antibiotic-resistant
superbug.?” The statistics said that if the ABR increased at this
speed, then at the end of the year 2050, around 10 million
people will be on the edge of dying every year, which makes it
deadlier than cancer.”®*° World Bank also states that the global
gross domastic product (GDP) will fall between 1.1% and 3.8%

© 2024 The Author(s). Published by the Royal Society of Chemistry

(A) Mechanism of gene transfer of resistive bacteria to nearby non-resistive bacteria. (B) Growth of bacteria in the presence of massive amounts of

due to ABR by the year 2050. Unless action is taken, the global
burden of deaths from ABR stands at a cumulative global
economic output cost of $100 trillion USD.*'*?

2. Conventional route for ABR

The unconditional use of AMGs antibiotics in animals is the
reason for the development of ABR, and an excess amount of
these antibiotics enters derived food samples like meat, milk and
egg samples and contaminates them. The most common analy-
tical methods were used for the detection of antibiotics residue in
food samples like gas-liquid chromatography,® mass spectro-
scopy- liquid chromatography,**** high-performance liquid chro-
matography (HPLC),>® gas chromatography-mass spectroscopy
(GS- MS),*” capillary electrophoresis,*® and enzyme-linked immu-
nosorbent (ELISA).*® These methods are sensitive but are time-
consuming and expensive; they require expertise and special
reagents and have lower detection limits, linear response, and
lack of rapidity for practical clinical use; this is why it is not to be
used for the spot detection of antibiotics. To overcome these
problems, a fast, sensitive, and affordable method is required for
the detection of antibiotic traces in food samples. Biosensors are
important in fulfilling all the advanced requirements associated
with well-defined modern sensors to achieve these properties.
Biosensors come into view as the appropriate option or balancing
analytical tools for antibiotic determination owing to their advan-
tages over the analytical techniques.’® Further, the biosensor
devices can be used as point of care devices (POC), providing
easy, fast, and on-site detection facilities.

In past decade, electrochemical and optical techniques have
been most widely used for the suitable and selective detection
of antibiotics. Electrochemical methods have gained researchers’
attention due to their high selectivity, sensitivity, cost-
effectiveness, affordability, quick response, and most importantly,
the user-friendly and simple design for detecting antibiotics.*'™*?
Optical biosensors can be distinct as sensors constructed on the
optical principles and give biochemical interaction into a suitable

Mater. Adv, 2024, 5, 961-985 | 965
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output signal. Optical biosensors have a growing impact on
conventional techniques for determining biological and chemical
analytes due to their easy operation, simple instrumentation, and
great sensitivity.**

The purpose of writing this review is to mainly focus on
providing the collective information on AMGs antibiotics and
their uses in humans and animals. The review article includes
the mode of action of antibiotics against bacteria, reasons of
ABR development, and their consequences in terms of health
and economic burden. Apart from this, the articles provide
insight into emerging nanomaterials used to develop biosen-
sing platforms. The different sensing method, like optical
sensing methods, includes colorimetric and fluorometric
assays with chemiluminescence, surface-enhanced Raman scat-
tering (SERS), and electrochemical analysis used widely for
detecting AMGs antibiotics. The article’s future approach is to
integrate all the data sets achieved through the different sen-
sing modes and methods with artificial intelligence (AI) tech-
nology. With the advancement of Al, the integrated sensing
data sets help to predict ABR in the future.

The state-of-the-art presented in Scheme 1 demonstrates the
nanomaterials-based detection approach for AMGs antibiotics,
which are covered in this review article. The scheme has four
major parts: the first one presented the verities of nanomater-
ials playing a very important role in the biosensing platform
fabrication. The second one is biomolecules like enzymes,
nucleic acid, antibody, aptamer, and molecularly imprinted
polymers (MIP) (artificial antibodies), which play an important
role in recognizing elements that provide selectivity and sensi-
tivity to the developed system. The third part of the system is
the different sensing methods, such as colorimetric assays,
fluorometric assays, chemiluminescence, surface-enhanced

Molecular Imprinted %
L MIP

Polymers(MIP) -

Surface-enhanced Raman
Scattering (SERS)

rtificial Intelligent (A

Scheme 1 Systematic representation of the nanomaterials-based bio-
sensor for the detection of AMGs antibiotics.
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Raman scattering (SERS), and electrochemical analysis. Fourth
part associated with collective data set collected from different
sensing methods was then further integrated with the modern
Al technology, which significantly used the collective data set
to predict ABR, their types, and the precautions to be taken
in the future.

3. Role of nanomaterials in
development of antibiotic biosensors

Nanomaterials (NMs) play a very important role in developing
optical and electrochemical sensors for detecting antibiotics
due to their excellent optical, electronic, and mechanical
properties.*”*®* NMs open up a new route in the fabrication of
advanced and emerging biosensors due to their improved
physical and chemical properties like improved surface reactivity,
electronic conductivity, and chemical reactivity. There are differ-
ent types of NMs that have been explored by researchers for the
development of optical and electrochemical sensors.*” The most
commonly used NMs are carbon quantum dots (CQDs), quantum
dots (QDs), metal nanomaterials (MNMs), upconversion nano-
particles (UCNPs), organic fluorescent particles and many more
that have significantly increased their consideration and applic-
ability to several fields together with environmental and life
sciences.”® These NMs were extensively utilized for the develop-
ment of biosensors from the point of view of their outstanding
mechanical, thermal, electronic, and optical properties for the
detection of AMGs antibiotics.>

3.1 Quantum dots (QDs)

QDs are the majority used fashionable fluorescent NMs that
describe excellent fluorescence property and have been
engaged for a variety of applications. QDs are a quantized
electronic structure in which the electrons are confined with
respect to the motion in all three directions. The key building
block are essentially used from the periodic groups of II-VI or
III-V, with generally crystalline structures of a few 100-1000
atoms that make the final size in the range of 1-100 nm such as
ZnO, CdS, and CdSe.”*** This facilitates the unmatched
fluorescence property due to the changeover of electrons inside
the newly formed band gaps. QDs have numerous advantages
as fluorescent NMs (FNMs) as compared to organic dyes.”*
FNMs are advantageous over diverse applications like bioima-
ging and sensing to have brighter luminescence to raise the
contrast and sensitivity. In order of luminescence, by changing
the size of the QDs, the fluorescence emission wavelength of
QDs can be tuned to different wavelengths of light with
different excitation wavelengths.>® Thus, QDs prepared from
the same group can emit dissimilar color of luminescence
simply due to their difference in the size.

3.1.1 Carbon quantum dots (CQDs). The unique properties
of CQDs have encouraged wide studies on them due to their
huge potential for a broad diversity of technical applications.
The fluorescence emissions of CQDs have gained rising atten-
tion in recent years due to their excellent photo-luminescent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties.”® CQDs were discovered accidentally at the time of
refinement of single-wall carbon nanotubes (SWCNTSs) result-
ing from arc-discharge soot. After that, researchers used CQDs
in various fields for sensing.>”*® Usually, the CQDs are NMs
with semi-spherical shapes with particle sizes less than 10 nm,
and they have excellent photoluminescence properties, which
give emission in the visible region when excitation is applied.””
The CQDs have attractive tuneable photoluminescence proper-
ties, excitation and emission wavelengths, good photostability,
biocompatibility, and less toxicity with comparatively small
size. The enhancement in the photoluminescence of CQDs
due to the confinement effect arises due to their small size
and plays an important role in research.” Different groups
have done a variety of research and have found that the
fluorescence intensity changes along with the size of the NPs.
An additional feasible source of photoluminescence could be
due to the presence of surface defects of the CQDs. The
occurrence of surface deformities and functional groups of
CQDs increased the electron sites.®°

3.2 Metal-based nanoparticles (MNPs)

MNPs is a group of modified materials with exclusive physical
and chemical properties, mostly dependent on their size,
composition, shape, and structure.®® Tremendous growth has
been achieved in the preparation of new MNPs and their
prospective applications in miscellaneous fields such as in
catalysis, electronics, sensors, and medicine.®” Due to their
high surface area, MNPs have numerous absorption binding
sites for antibodies, enzymes, and antigen with brilliant elec-
tron transfer kinetics. They have gained significant interest in
constructing electrochemical biosensors for determining
antibiotics.®® Gold (Au) and silver (Ag) NPs are the two varieties
of MNPs well reported in the synthesis of fluorescent NMs.**
The metal NPs like MoS, nanoflowers and nanosheet are also
used to construct electrochemical biosensors.*"*

3.3 Up conversion nanoparticles (UCNPs)

Up-conversion nanoparticles (UCNPs) are a new group of
fluorescent NMs in which larger wavelength radiation (lower
energy), typically near-infrared (NIR) or IR light, is transformed
to a lesser wavelength radiation (higher energy) such as visible
light via a two-photon or multiple photon mechanism.®®>®” This
is recognized as an anti-Stokes mechanism that similarly
desires the absorption of two or more comparable photons to
offer significant energy for the upconversion of energy. It has
gained considerable interest in diverse fields due to its less
background distortion, good photostability, minimum toxicity,
and high penetrating signals in tissues with low absorption.®®
With the various advantages, UCNPs create new room for
research compared to down-conversion FNMs, like dyes and
FNMs. Usually, they are mostly used as fluorescent linker joint
with biorecognition molecules for determining antibiotics.®

3.4 Organic fluorescent particles

Organic fluorescent particles are polymeric materials that show
fluorescence.® The mechanism of fluorescence in organic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials is different from that of metal nanoparticles or
quantum dots.

Fluorescent molecularly imprinted polymers are being
widely used for the sensing of AMGs. MIPs have the advantage
of having multiple binding sites for a single target analyte,
which imparts higher recognition selectivity to the optical
sensing device.”” MIPs help to detect AMGs in complex biolo-
gical samples. MIP-based optical sensors can be fabricated
using two approaches. It was first the use of the fluorescent
monomer to synthesize the MIP and, second, the incorporation
of QDs during polymerization reaction while synthesizing
MIP.”" The main advantage of using QDs-incorporated MIP is
that it imparts high selectivity to the target analyte while
maintaining high fluorescent properties of the QDs.”? This
gives both high selectivity and high sensitivity to the fabricated
optical sensor for the AMGs. The surface modification of QDs is
required to improve the photostability and enable surface
functionalization while synthesizing QDs-based MIP.”?

4 Development of nanomaterial-
based sensing techniques

4.1. Optical technique

The optical biosensor is a class of sensors that uses basic
optical sensing phenomena to convert a biochemical inter-
action into a suitable output readout signal. The bimolecular
interaction on the NMs surface alters the light characteristics of
the NMs, such as intensity, and the bio-sensing event can be
determined by the change in their optical properties, such as
absorption, fluorescence, and refractive index.”* Optical bio-
sensors have gained tremendous attention in antibiotic detec-
tion in recent decades due to their easy operation, handiness,
and sensitivity.”> Using NMs in optical biosensors has opened
new ways for selective and sensitive strategies in antibiotic
determination. Based on the optical signal mechanism, con-
structing optical biosensors using NMs to determine antibiotics
is generally categorized as a colorimetric, fluorometric, and
chemiluminescence readout system.

4.1.1 Colorimetric-based mode for the detection of AMGs
antibiotics. Colorimetric read-out systems have gained tremen-
dous consideration due to their inbuilt advantages such as
easy formation, rapid detection, and most importantly, naked
eye visualization and no need for sophisticated instruments.
Colorimetry is a technique in which the determination of
substance concentration is mainly done in the solution phase
by comparison with the intensity of color, corresponding to the
known concentration of the substance.”® In the observation of
their properties, colorimetric biosensors are an extremely
trendy method in optical biosensors for determining anti-
biotics. The developed technology or protocol can easily be
transformed into POC devices.

Generally, colloidal AuNPs are engaged mostly in the colloi-
dal phase-based biosensors and due to the aggregation of
AuNPs in the presence of target molecules, the color changes
from red to blue; hence, detection can be done through the
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color-changing phenomenon. Apyari et al., reported the colori-
metric readout system for the determination of NEO. In this
method, they used ethylenediaminetetraacetatedisodium salt
(EDTA) as a masking agent to prevent aggregation due to the
metal ions. The AuNPs was based on the aggregation of label-
free AuNPs, in which the color of AuNPs changed along with the
increasing concentration of NEO, and the color change is
visualized with naked eyes.”” The developed sensor could detect
the presence of NEO in the range of 0-73.2 nM with an LOD of
37.4 nM.

Further, Lai et al., used chitosan for the surface modification
of AuNPs and enhanced the hydrogen bonding capability of
AuNPs. Hydrogen-bonding interaction occurs between kanamy-
cin (KANA) and chitosan, changing the color of the AuNPs from
red to blue. The reported sensor shows the linear relation with
KANA concentration in the range of 0.01-40 uM with an LOD of
8 nM. The sensor’s applicability was tested in real spiked milk
samples and found that it could be used for food monitoring
applications.*® In another report, Gukowsky et al., reported a
cysteamine-modified AuNPs as a colorimetric sensor for
the detection of GENTA in the range of 0-200 nM in which
the author detected the lower concentration of GENTA up to
12.45 nm.”® The reported work mentioned above used another
ligand to improve the selectivity and detection range. But this
extra step can make the sensor more laborious and complex,
making it costlier. Thus, in this direction, Sajwan et al., reported
AuNPs and graphene quantum dots (GQDs)-based dual mode
colorimetric as well as fluorometric sensing methods for detect-
ing GENTA without any modification to make the sensing system
simple. In that work, the author reported the colorimetric
change of AuNPs in the presence of GENTA by improving the
detection range to 1.03-16.33 uM with an LOD of 422 nM
(Fig. 4(A)). The presented method was validated in the presence
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of spiked milk and egg samples.”® In this work, the author used
two NPs, AuNPs and GQDs, as colorimetric and fluorometric
indicators. In other reports, the authors synthesized CQDs and
used them as a reducing and stabilizing agent for the synthesis
of Au@CQDs nanocomposites (NCs). Au@CQDs NCs are used
for the detection of GENTA and KANA using colorimetric sensing
mechanism. In this, the color of Au@CQDs NCs changed in the
presence of antibiotics, as shown in Fig. 4(B). The developed
sensor could detect two antibiotics in the 0-2000 nM range with
LOD of 116 nM for GENTA and 195 nM for KANA, respectively.
The system applicability was checked in the real spiked milk and
egg samples.®

Although AuNPs are most widely used for the development
of colorimetric sensor, it also has the affinity to get aggregate in
the presence of salt and other molecules present in a real
system. Thus, to improve the selectivity of the sensors toward
the target molecules, researchers have used biomolecules to
improve the selectivity. Therefore, in this direction, many
reporters have developed a colorimetric deletion method using
aptamers to precisely determine antibiotics. Aptamers are
single-stranded DNA (ssDNA) or RNA oligonucleotides, which
can exclusively attach to the object molecules with excellent
affinity, selectivity, and sensitivity.*'®* The aptamer can be
cost-effectively synthesized and easily altered with signal moi-
eties. In a classic AuNPs-based colorimetric readout system
using the aptamer, the aptamer binds on the surface of AuNPs,
which is specific to the target (antibiotics); in the absence of a
target, the aptamer protects the AuNPs from aggregation in the
presence of a salt. With the addition of target molecules, the
aptamer shows specific affinity toward the target molecules,
binds with it, and separates out from the surface of the AuNPs.
In the salt’s presence, AuNPs again aggregate and change their
color,*®* as represented in Fig. 5. Many researchers used this
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mechanism and developed AuNPs-based aptasensor to
detect KANA,**> STR,***” and TOB.®*** Shayesteh et al., used
poly(diallyl dimethyl ammonium chloride) (PDDA) as an aggre-
gating agent instead of NaCl. In this work, PDDA agglomerated
AuNPs and changed their color from red to blue. When PolyA
aptamer was immobilized on the surface of AuNPs, it prevented
the aggregation of AuNPs due to the dense attachment of PDDA
with the aptamer, as shown in Fig. 5(B).

In the presence of KANA, the aptamer traps KANA and
changes their structure from linear to 3D. Thus, in the presence
of KANA, no free aptamer was present, which formed the PDDA
complex, and hence it again agglomerated AuNPs and changed
the color. The AuNPs and AgNPs were also used to develop
colorimetric aptasensors for AMGs antibiotics like KANA.?>°"
Similarly, Ramalingam et al., followed the same and developed
an aptasensor for detecting GENTA, as shown in Fig. 5(D). The
developed paper-based aptasensor could detect the presence of
GENTA in milk samples in the range of 1-3000 nM with an LOD
of 300 nM in 2 min.?” This paper-based sensor is convenient,
portable, affordable, and can be directly used as a POC device
for detecting GENTA. All these set of detection data are further
integrated with AI and used for the surveillance of ABR.

Apart from these reports, some researchers reported that
KANA and GENTA themselves induced the color change of
AuNPs without adding NaCl.>**®*® Zhou et al, investigated the
influence of different aptamers adsorbed on the surface of
AuNPs in the presence of KANA and NaCl. The concentration

© 2024 The Author(s). Published by the Royal Society of Chemistry

of KANA varies from 1 pM to 0.1 mM. The results show the color
change of AuNPs in the presence of KANA at a concentration
0.1 uM. However, on the addition of NacCl, the color change is
more significant at a concentration of 0.1 uM.”® Here, the
author reported that in the presence of different aptamers,
AuNPs shows same color change in the presence of KANA, as
shown in part I in Fig. 6(C). This means that KANA has a great
affinity toward the AuNPs or can agglomerate AuNPs even in the
presence of the aptamer, whether it is specific to KANA or not.
Similar results have been reported for the detection of
KANA.94'95

Apart from the color change properties, AuNPs also shows
the catalytic activity and its peroxidase mimetic property was in
the development of biosensing assays,’® as shown in Fig. 7.
Wang et al., used AuNPs as a catalytic agent, which accelerated
the catalytic reaction between 3,3’,5,5'-tetramethylbenzidine
(TMB) and H,0,. In the presence of KANA, AuNPs change the
surface properties, producing OH* radicals and Au®** ions in the
solution and speeding up the catalytic reactions between TMB
and H,0,. The reported method shows high sensitivity, and the
selectivity toward the KANA varies from 0 to 1000 nM and could
detect the lowest value of KANA up to 0.1 nM,”” represented in
Fig. 7(A). In a similar way, Tavakoli et al, used AuNPs and
explored their catalytic activity in three-way junction aptamer
pockets. In the absence of TOB, the AuNPs surface was pre-
vented by the three-way junction pockets and reduced the
catalytic activation of 4-nitrophenol in the presence of NaBH,.
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from [Elsevier], copyright [2022]].

When TOB was added to the solution, the junction pocket does
not form and 4-nitrophenol accesses AuNPs and enhances the
catalytic activity in the presence of NaBH,. The aptasensing plat-
form detects TOB in the range that varies from 4 to 32 pM with an
LOD of 1.16 uM.*® Zhao et al.,, reported a colorimetric biosensor
using competitive recognition between KANA magnetic beads-
kanamycin (MBs-KANA) and biotin-dUTP embedded aptamer and
terminal deoxynucleotidyl transferase (TdT) with signal-mediated
amplification strategy. Without KANA, aptamers recognize MBs-
KANA and TdT can amplify oligonucleotides to the 3’-OH ends of
aptamers. The developed assays produced color change after
horseradish peroxidase (HRP) catalysis when the substrate forms
linkage between biotin and streptavidin (SA)-HRP. In the presence
of the KANA, the aptamer binds with KANA rather than MBs-
KANA, and the aptamer was removed by magnetic separation.
Here, the aptamer is no longer attached with MBs-KANA, which
results in a reduction in the amplification of the catalytic signal.
The developed colorimetric competitive assays are highly sensitive
to KANA and can lower the value of KANA to 9 pM.%°

970 | Mater. Adv, 2024, 5, 961-985

In the past decade, tremendous work has been reported on
the development of colorimetric sensors for detecting the
AMGs class of antibiotics. Some of the colorimetric sensors
are summarized in Table 2.

4.1.2. Fluorometric-based mode of detection for AMGs
antibiotics. The fluorescence technique is one of the most
popular optical methods used mainly in developing biosensors
for determining antibiotics by considering its wonderful
features like simple operation, quick hybridization kinetics,
and convenient automation."'! Such biosensors are typically
constructed with the help of a fluorophore, which acts as a
donor and a quencher used as an acceptor. However, FNMs are
very important in developing fluorometric sensor/biosensors.
The sensing mechanism of fluorometric sensors are mostly
based on fluorescence quenching processes like static quenching,
dynamic quenching, inner filter effect (IFE), photo-induced elec-
tron transfer (PET), and fluorescence resonance energy transfer
(FRET).'™ Based on these processes, fluorescent sensors can be
developed directly or using biomolecules. In the direct sensor,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Detection of KANA using the catalytic activity of AUNPs with TMB. [Reproduced from ref. 97 with permission from [Elsevier], copyright [2017]].

(B) colorimetric aptasensor for TOB using enzyme-like activity of AUNPs. [Reproduced from ref. 98 with permission from [Elsevier], copyright [2022]]. (C)
Competitive strategy for the development of MBs-KANA-based colorimetric aptasensor for KANA using HRP. [Reproduced from ref. 99 with permission
from [Elsevier], copyright [2023]].

direct interaction occurs between the host or donor materials and
the analyte, which changes the fluorescence intensity of the
donor. The fluorometric sensors are in two ways based on the

Table 2 Colorimetric sensor for the detection of AMGs antibiotics

change in their fluorescence intensity after adding antibiotics to
the surface-modified FNMs, as shown in Fig. 8(A). The mode to
develop acceptor-donor-based pairs fulfills the criteria of IFE and

Materials Analyte Recognition element Real sample Linear range LOD Ref.
AuNPs KANA Aptamer Food products 10-100 nM 25 nM 64
AgNPs KANA Aptamer Milk 103.2 nm-1.2 uM 5.37 nM 100
AuNPs, HCR KANA Aptamer Milk 1-40 M 0.68 UM 101
AuNPs, MMS KANA Aptamer Milk, honey 5-500 nM 4.96 nM 102
AuNPs KANA Aptamer Milk, honey 1-30 nM 0.0778 nM 103
AgNPs KANA Aptamer Milk 85-1000 nM 4.5 nM 100
AgNPs KANA Milk 960 nM-20 M 960 nM 104
Chlortetracycline-AgNPs KANA — Water 0.12-0.48 nM 0.12 nM 105
Chitosan-AuNPs KANA Milk 10-40 M 8 nM 26
AuNPs KANA Milk, water 100-2000 nM 4 nM 106
Au@CQDs KANA Milk, egg 0-2000 nM 195 nM 80
AuNPs-TMB KANA — 0-1000 nM 0.1 nM 97
AuNPs STR Milk 0.0001 nM-0.5 pM 147.87 nM 107
AuNPs STR Aptamer Milk 0.18-1 pM 47.2 nM 86
AuNPs STR Aptamer Milk 5.2 pM-34.4 nM 1.7 pM 108
Ag NPs STR — Milk 0.05-0.65 nM 0.036 nM 109
Chlortetracycline-Ag NPs STR Water 2-11 nM 2.0 nM 105
AuNPs TOB Aptamer Milk, chicken eggs 40-200 nM 23.3 nM 89
Hemin DNAzyme TOB DNA Milk, lake water 20-800 nM 12.24 nM 110
AuNPs TOB Aptamer Milk, egg 40-200 nM 23.3 nM 89
AuNPs TOB Aptamer Honey 100-1400 nM 37.9 nM 88
Cys-AuNPs GENTA — Milk 12.45-200 nM 12.45 nM 78
AuNPs GENTA — Milk, egg, water 1.03-16.33 pM 422 nM 79
Au@CQDs NCs GENTA — Milk egg 0-2000 nM 116 nM 80
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 961-985 | 971
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FRET-based systems. In the FRET system, when these two sub-
stances come close to each other, the energy transfer between
them depends on the distance between the FRET pair. At the
excitation wavelength, the resonance energy of the donor transfers
to the acceptor; hence, the donor’s fluorescence intensity
decreased in the presence of the acceptor.''® In this system, the
antibiotics are bound with a donor and a suitable acceptor. Upon
the binding of biomolecules with the donor or acceptor respon-
sible for the conformational change of the antibiotics, the donor
is at a proximity with acceptor in such a way that the energy
transfer takes place between them and hence the fluorescence
intensity of the donor decreased and can be known as “signal-
off’. When the target molecules are introduced in the system, the
aptamer binds with the specified target and decreases the close
proximity, where the energy transfer efficiency decreases; hence,
the fluorescence intensity of the donor increased in the presence
of the target molecules and system is said to be in the on mode, as
shown in Fig. 8(B).

Researchers in the past few years have broadly used NMs for
the development of fluorescent biosensors with due regard to
their unmatched optical and electronic properties. In the past
few decades, due to the unmatched photoluminescence proper-
ties of NMs, it has gained significant interest in forming novel
fluorescent biosensors with the aptamer as a recognition element
for more specific antibiotic detection."*'"> Researchers have used
GO and graphene, which acts as a more effective acceptor utilizing
the electron or energy transfer mechanisms,"** as represented in
Fig. 9. Li et al, used UCNPs and graphene sheets to construct
donor-acceptor FRET pairs to detect KANA. The specific KANA
aptamer could bind on the surface of the UCNPs using EDC/NHS
cross-linking mechanism. Firstly, in the presence of graphene, the
fluorescence intensity of UCNPs is quenched due to the FRET
mechanism, and after the introduction of KANA, the fluorescence
intensity was recovered back. The developed system detected low
concentration of KANA up to 9 pM, as shown in Fig. 9(A)."*
Similarly, Wang et al, reported an MoS, nanosheet (NS) and
aptamer-modified CQDs-based FRET system to determine KANA.
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The fluorescence intensity of CQDs decreased with the addition of
MoS, NS due to the energy transfer between them. When KANA is
introduced into the system, then the aptamer-modified CQDs gets
attached to KANA due to the higher affinity of the aptamer toward
the target molecules and recovered the fluorescence intensity
of CQDs. The FRET-based system shows the linear response
with KANA concentration varying from 4 to 25 uM and LOD of
1.1 uM;® the syntagmatic representation is presented in Fig. 9(B).
Apart from FNMs, AuNPs also plays a very important role in the
development of a fluorometric aptasensor, and numerous
researchers have used AuNPs to develop fluorescent aptasensors,
as shown in Fig. 9(C) and (D). Sun et al, used fluorescein (FAM)-
labeled AuNPs for the fluorometric detection of KANA. In this
FAM aptamer itself as the donor, their emission spectra signifi-
cantly overlapped with the absorption spectra of AuNPs and
constructed an FRET pair. When the aptamer is added to AuNPs,
it is adsorbed on the surface of AuNPs and the fluorescence
intensity of the FAM-labeled aptamer is decreased. But in the
presence of KANA, the aptamer detached from the AuNPs and the
fluorescence intensity of the FAM aptamer was recovered back.
The aptasensor could detect the KANA in the range of 0.1 pM-0.1
UM with an LOD of 0.1 pM.""”

Similarly, Ling et al, used AuNPs and RNA as recognizing
agents. In this work, before attaching to the AuNPs, NEO RNA
spilt into two parts as NEO1 and NEO2. NEO1 is attached with
the thymidine (T;;s) spacer and the polyaenosine (A;,) tail, which
is used as an effective anchoring block for potential adsorption
on the surface of AuNPs. NEO1 adsorbed on the surface of
AuNPs and self-assembled with NEO2 in the presence of NEO
B and dissociated in the absence of NEO B. The self-assembly
has binding sites for NEO through a conformational structural
change in the secondary structure, due to which NEO2 (FAM
aptamer) comes close to AuNPs, decreasing the fluorescence
intensity of the FAM aptamer. Due to the self-assembly of the
RNA aptamer, the fluorescence intensity of the FAM aptamer
decreases with the increasing concentration of NEO B, which
varies from 0 to 50 pM with an LOD of 0.01 uM.""®
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(A) Fluorescence “on-off"/"off-on" mechanism for the detection of antibiotics. (B) Donor—acceptor-based FRET sensing strategy.
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(A) UCNPs-based aptasensor for KANA. [Reproduced from ref. 116 with permission from [Elsevier], copyright [2014]]. (B) FRET-based system for

the determination of KANA. [Reproduced from ref. 65 with permission from [Royal Society of Chemistry], copyright [2016]]. (C) Detection of KANA using
FAM aptamer modified AuNPs. [Reproduced from ref. 117 with permission from [Royal Society of Chemistry], copyright [2021]]. (D) AuNPs-based RNA
aptasensor for NEO B. [Reproduced from ref. 118 with permission from [Springer Nature], copyright [2016]].

Fan et al.,, reported the detection of NEO using CdTe QDs
modified with mercaptosuccinic acid. It was reported that the
NEO is detected with both visual analysis and fluorescent
signals. The fluorescence of the sensor changed from bright
yellow to dark red. The LOD of the sensor reported is 0.18 nM.
Sajwan et al., reported the detection of gentamycin using a
composite of GQDs-AuNPs, which illustrates the importance of
tuning the optical properties of the QDs. Synthesizing QDs
composites with metal nanoparticles provides the dual nature
of fluorometric donors and acceptors as well as colorimetric
detection. This hybrid sensor gives quantitative and qualitative
GENTA assays in real food samples. The hybrid sensor shows
the lower LOD of 422 nM and 493 nM in colorimetric and
fluorometric readout methods, respectively. The quenching
mechanism reported in this article is based on IFE. This article
reports a recovery efficiency of 95.74%.5° The works reported in
the last decade are summarized in Table 3.

4.1.3 Molecularly imprinted polymers (MIP)-based fluores-
cent biosensors. In recent years, MIP-based sensors have
gained researcher’s attention due to their high rate of stability,
low-cost synthesis, and sensor development. MIPs are the
polymers synthesized in the presence of analytes to printed

© 2024 The Author(s). Published by the Royal Society of Chemistry

cavities within the polymer matrix, which are associated
with the target molecules and act as an artificial antibody.
Fluorometric sensing uses fluorescence nanomaterials such as
QDs”>"*113% and fluorescent metal-organic framework (MOF)
NPs."®® Typically, He and Du et al, developed a fluorometric
probe based on a europium metal-organic framework coated
with molecularly imprinted polymers (Eu(BTC)-MIP) for the
detection lincomycin (LNM). The europium metal-organic
framework-based MIP provides specific binding sites for
LNM. The fluorescence intensity of MIP decreased in the
presence of LNM due to the entrapment of LNM into the cavity
exists in MIP. The MIP sensor could detect the presence of LNM
in the range from 24.60 nM to 245.98 nM with LOD 16.2 nM
and validate the sensor in real egg samples.”** The dual-
recognition MIP sensor was reported to improve the selectivity
of AMGs antibiotics.”>"** As an example of this for example,
Geng et al., fabricated dual-recognition MIP for KANA using
CdSe QDs as a fluorescent indicator and thiol-modified apta-
mer as dual recognition elements. The author used “thio-lene”
click reaction to attach the aptamer in the polymer matrix. The
MIP was prepared in the presence of the analyte and the
aptamer to play the role of dual recognition and improve the

Mater. Adv,, 2024, 5, 961-985 | 973
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Materials Analyte Recognition element Real sample Linear range LOD Ref.
CDs, AuNPs KANA Aptamer Milk 0.04-0.24 uM 18 nM 119
MSNs, rhodamine B KANA Aptamer Serum 24.75-137.15 nM 7.5 nM 120
CNPs KANA Milk 0.0021 pM-2.06 pM 0.0001 pM 121
CuSNPs KANA Aptamer Serum 0.04-20 nM 26 pM 122
MIP, CdSe QDs KANA Aptamer Water, milk, urine 0.086-17 uM 22 nM 123
GOQDs, SSB KANA Aptamer Milk 0.021 pM-185.7 nM 12.38 pM 124
berberine KANA Aptamer Serum, milk 5.0-71.0 nM 2.3 nM. 125
GO KANA Aptamer Milk 0.200-200 pM 0.026 uM 126
Au@CQDs KANA — Milk, egg 0-2000 nM 120 nM 80

Au-GQDs GENTA — Milk, egg, water 1.06-16.55 pM 493 nM 79

Au@CQDs GENTA — Milk, egg 0-2000 nM 133 nM 80

Quantum dot STR Aptamer Milk 171.9 pM-171.9 nM 51.58 pM 127
SYBR gold STR Aptamer Serum and milk 0-4000 nM 54.5 nM 128
DNA-binding dye STR Aptamer Milk and chicken 100-100 000 nM 94 nM 129
AuNPs NEO B RNA aptamer Milk 0.1 to 10 uM 0.01 uM 118
MIP NEO B Milk 3.3-1627 nM 0.26 nM 73

MIP LIN Egg 22.5-225 nM 16.2 nM 130

selectivity of the sensor. CdSe QDs emitted strong red emission
at about 530 nm when excited at 365 nm. The fluorescence
intensity of MIP was decreased with different concentration of
KANA. The developed sensor could detect the presence of KANA
in the range of 103.2 nM-20.64 pM with a detection limit of
26.83 nM.'*® Van et al, reported the detection of NEO using
SiO,-fluorescent MIP. The fluoresent MIP (FMIP) was synthe-
sized on the surface of the SiO,-QDs by the co-condensation
method. The SiO, QDs were synthesized using the Stober
method. Briefly, the functional monomer phenylboronic acid
appended triethoxysilane was used to synthesize the FMIP. The
developed FMIP sensor provides a selective, sensitive, accurate,
rapid, and robust solution for detecting NEO in complex biolo-
gical samples. The comparative data are summarized in Table 3.

4.1.4 Chemiluminescence-based mode of detection for
AMGs antibiotics. Chemiluminescence (CL) is as a result of
some chemical reaction. The energy needed comes from the
chemical reaction, in which the reaction produced some new
molecules that can have its electron in the excited state after it
is formed."**"** When this excited state electron decays down
to the initial state, then the excess amount of energy is released
in terms of light. CL is the conversion of chemical energy directly
into light as a result of a chemical reaction."** In 1928, Albrecht
reported the CL phenomenon for the first time."** The CL-based
detection technique is broadly used in various fields, mainly in
optical biosensing systems. Their excellent properties like high
sensitivity, longer dynamic range, simple operation, and cost
effectiveness play a great and significant role in analytical
techniques.®® In comparison with fluorescence, CL has an
advantage over fluorescence-based detection technique, which
is that no external source of light is required. In the past years,
CL biosensors together with nanomaterials have been broadly
utilized in the field of biosensing due to their high sensitivity,
wide linear range, simple equipment, and easy operation.*** In
this regard, Wan et al,, reported luminol-potassium periodate-
Mn>" CL system, in which the luminescence increased in the
presence of STR."** It was well investigated that luminol-H,0, is
fit for the CL reactions but in the absence of the catalyst, it shows
very weak emission. However, gold nanoclusters (AuNCs) are

974 | Mater. Adv., 2024, 5, 961-985

known for having the best catalytic properties in luminol-H,O,
reactions to enhance the emission intensity."*” Yao et al., used
two single DNAs. DNA1 was the amino-modified aptamer for
KANA attached on the magnetic bead through the amidation
process. However, DNA2 was used as the prepared AuNCs
through the UV-light irradiation process. The AuNCs catalyzed
the luminol-H,0, reaction to emit the light. The KANA aptamer
magnetic beads were then hybridized with the DNA-template
AuNCs probe. The hybridization process was used for the CL-
based detection of KANA. When the aptamer was immobilized
on the surface of magnetic beads bound to the target molecules,
which was KANA, it results in the release of AuNCs in the
solution. The magnetic beads were separated out from the
solution with the help of an external magnetic separation
process. Then, AuNCs were left-out in the suspension and
triggered the catalytic activity to enhance the CL emission of
the luminol-H,O, reaction. The developed strategy helped in the
detection of KANA in the range of 0-4.4 nM with an LOD of
0.035 nM."®® Sun et al, detected STR using the CL process. In
this work, 3D graphene oxide was functionalized with f-
cyclodextrins (B-CD) and ionic liquids (IL) to form graphene
oxide aerogel (B-CD/IL@GOGA). Then, the STR-aptamer and
G-quadruplexDNAzyme were immobilized on the surface of B-
CD/IL@GOGA. In this work, STR-aptamer (STR-Apt) was used
for the specific binding to STR molecules; however, G-
quadruplexDNAzyme was used to catalyze the luminol-H,O,
reaction to enhance the selectivity and the sensitivity analysis
of STR. In the presence of STR, G-DNAzyme leaves the surface of
STR-Apt/B-CD/IL@GOGA due to the higher affinity of the apta-
mer toward the analyte. Then, the released G-DNAzyme catalyzes
the CL reaction. The CL-based sensor detects the presence of
STR in the range from 1.4 pM to 2.8 nM with an LOD of 92 fM
and tested in the real milk and cucumber samples."*® The
summarized data are provided in Table 4 below.

4.1.5 Surface-enhanced Raman spectroscopy (SERS)-based
mode of detection of AMGs antibiotics. SERS is a surface-sensitive
technique that increases Raman scattering by molecules adsorbed
on rough metal surfaces or by nanostructures like plasmonic
AuNPs.'* The Raman signal was generated when the Raman

© 2024 The Author(s). Published by the Royal Society of Chemistry
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probe was placed in a hotspot between the two metal NPs. Au and
Ag metal NPs are most widely used in SERS for the detection of
small molecules, biomolecules, and various other analytes.**374°
Shi et al., fabricated a lateral flow immunoassay (LFI) sensor using
4-aminothiophenol (PATP) surface-modified AuNPs as a Raman
probe in this direction. Modified AuNPs surface immobilized with
monoclonal antibody specific for NEO was used as a Raman probe
for the selective detection of NEO. The appearance of the test line
corresponding to the Raman signal at a peak at about 1078 cm ™"
is used for the quantitative detection of NEO. The reported
method is very fast and gave the results within 15 min with an
LOD of 0.3514 pM."*® Jiang et al, used DNA-modified Au and
AgNPs with the Raman-reported Cy3 to detect KANA. In the
presence of increasing concentration of KANA, the Raman inten-
sity of Cy3 decreased. The developed aptasensor could detect
KANA in a very low amount of even 293.1 pM.""” Recently, Bi et al.,
reported a simple SERS-based sensor for the simultaneous
detection of TOB and GENTA using bovine serum albumin
(BSA)-coated AgNPs modified with y-Al,0;. The sensor shows
good linearity with Raman signals vs. the concentration of GENTA
and the TOB varies in the range of 66.7 nM-2 uM and 6.67 nM-0.3
UM, respectively. The sensor could detect the lowest amount of
GENTA as 11.88 nM and TOB as 1.26 nM."*® The accumulative
data are summarized in Table 5 below.

4.2 Electrochemical techniques

An electrochemical biosensor encompasses an electrochemical
transducer where an electrode assumes the role of the trans-
duction component. In line with the 1999 ITUPAC recommenda-
tion, an electrochemical biosensor is a self-contained apparatus
capable of furnishing specific quantitative or semi-quantitative
analytical data. This is achieved utilizing a biological recogni-
tion element (biological receptor) that connects with an elec-
trochemical transducer element."*®

Working principle. Electrochemical biosensors are based on
the electrochemical reactions that occur at an electrode’s sur-
face when exposed to a solution containing the target analyte.
The bioreceptor is immobilized on the surface of the electrode
and selectively binds to the target analyte. The binding event
causes a change in the electrochemical properties of the
electrode, which is measured as an electrical signal that reflects
the interaction between the target and the analyte, and it is
directly proportional to the analyte concentration. This current
can be correlated with the concentration of the electroactive
species present at which it is generated. Identifying electrical
attributes (like resistance, current, potential, capacitance, and
impedance),'®*** which are discerned and quantified through

Table 4 Chemiluminescence-based sensing for AMGs antibiotics
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diverse methods such as potentiometric, conductometric,
amperometric, or voltametric’>>'*® having high sensitivity
and selectivity. Fig. 10 represents the diagrams of (a) ampero-
metric/voltametric, (b) potentiometric, (c) conductometric, and
(d) impedometric biosensors (equivalent circuit).

Electrochemical sensor investigations employ an electro-
chemical cell, a critical component for the detection of anti-
biotics. The electrodes are pivotal in the performance of
electrochemical cells and biosensors. This electrochemical cell,
serving as the experimental, comprises three essential elements:
a working electrode (WE), a reference electrode (RE), and a
counter electrode (CE). The working electrode (WE) serves as
the site where the specific reaction of interest occurs.’*® In an
electrochemical system featuring three electrodes, the designa-
tion of the working electrode as cathodic or anodic depends on
whether the reaction happening on it involves reduction or
oxidation."® The reference electrode (RE) establishes a consis-
tent potential within the electrochemical cell."®® The counter
electrode (also referred to as the auxiliary electrode) is responsible
for completing the current circuit within the electrochemical cell.
Typically crafted from an inert material such as platinum, gold,
graphite, or glassy carbon, it remains uninvolved in the electro-
chemical reaction itself.'®" The current flow occurs between the
working electrode (WE) and the counter electrode (CE).

4.2.1 Amperometric-based sensing. Amperometric biosen-
sors measure the current generated when the target analytes
are electrochemically reduced or oxidized at an electrode
surface.'®® These sensors’ high sensitivity, quick response,
and broad dynamic range make them very popular for anti-
biotic detection. Working electrodes for amperometric sensors
used to detect antibiotics are often constructed of conductive
materials like carbon-based materials such as carbon nano-
tubes or graphene and noble metals such as nickel, platinum,
and gold because they are inexpensive, have a vast potential
window, are chemically inert, have a low background current,
and can be used in a variety of sensing and detection
applications.'® To increase the working electrode surface’s
selectivity toward the target antibiotic, specific biomolecules,
such as antibodies, aptamer, or DNA probes, are typically
added. The target antibiotic is either reduced or oxidized at
the working electrode surface in the amperometric sensors’
detection principle. The working electrode is surrounded by a
reference electrode and a counter electrode, which provide
a stable reference potential and complete the electrochemical
circuit. The current results are inversely proportional to the
amount of antibiotic present in the sample.*® Techniques like
cyclic voltammetry, square wave voltammetry, or differential

Materials Analyte Recognition element Real sample Linear range LOD Ref.
AuNCs-catalyzed luminol KANA  Aptamer Milk 0.2-4.4 nM 0.035 nM 138
AgNPs KANA  Aptamer Milk 0.8-170 nM 0.1 nM 140
Opto-microfluidic system combined with SERS KANA Milk, orange juice, water 1-100 nM 0.75nM 141
DNAzyme-catalyzed luminol STR Aptamer Cucumber and milk 1.4 yM-2.8 nM  0.092 pM 139
Strep-luminol-NalO,~Mn** STR Milk 10-1700 nM 516 nM 142
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 961-985 | 975
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Table 5 SERS-based biosensor for AMGs antibiotics
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SERS KANA Aptamer Milk 0.017-170 nM 0.0015 nM 149
Cy3, Au, AgNPs KANA Aptamer Milk 13.76-412.8 nM 293.1 pM 147
SERS based on LFA NEO Antibody — 1.4-140 nM 0.0003 nM 146
BSA-AgNPs v-Al, 04 GENTA — — 66.7 nM-2 uM 11.88 nM 148
TOB — — 6.67 nM-0.3 uM 1.26 nM
/ |_| ] \ /b o
(a) -—‘ Signal ( ) | ( :) I generator
generator |
Auxiliary Reference ‘ "
counter ‘ ‘ - goosioniion electrode ™. | || || | Working
electrode ™. PP electrode > ‘ electrode
- 3 ’ d [ PEE Working a8
2.8 electrode E«S
3 %3
u N N W Charge
! flow

<

Fig. 10 Representing the diagram of (a) amperometric/voltametric, (b) potentiometric, (c) conductometric biosensors, and (d) equivalent circuit of the
impedometric biosensor. [Reproduced from ref. 157 with permission from [MDPI], copyright [2021]].

pulse voltammetry, which give additional details about the
redox process and increase the sensor’s sensitivity and selectivity,
can be used to boost the sensor’s performance. According to Wei
et al., an amperometric approach was used to produce a label-free
immunosensor for KANA detection. This research used a gra-
phene sheet sensing platform that also contained PtNPs
and Nafion-thionine on GCE electrode. Adsorption was used
to immobilize the antibody, and thionine was used as an
electron mediator to enhance the transfer of electrons between
platinum and graphene. The sensor detects KANA with an LOD of
0.006 ng mL~" and linear range from 20.64 nM to 24.76 uM."®*
4.2.2 Potentiometric-based sensing.  Electrochemical
devices such as potentiometric biosensors use an ion-selective
membrane or electrode to monitor the potential difference

976 | Mater. Adv, 2024, 5, 961-985

created by an electrochemical cell. Due to their ease of use,
affordability, and high sensitivity, these sensors are frequently
utilized for antibiotic detection.'® Ion-selective electrodes
(ISEs), which only react to certain ions found in antibiotics,
are frequently used in potentiometric sensors for antibiotic
detection. Glass membrane electrodes and solid-state electro-
des are the two categories into which the ISEs can be divided.
Antibiotics can be detected using glass membrane electrodes,
such as pH glass electrodes, based on pH changes brought on
by their ionization.'®® On the other hand, ion-selective mem-
branes made of certain materials that specifically bind to the
target antibiotic ions are used in solid-state electrodes. There
are several methods that may be used to improve the selectivity
and sensitivity of potentiometric sensors, including the use

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of ionophores, MIP, and nanomaterials."®” Ionophores are
specialized molecules that can only bind to particular ions,
which enhances the sensor’s sensitivity. In the study by Yu et al.
they developed a novel aptasensor array using a 4-channel
screen-printed carbon electrode. This array featured a dual-
internal calibration system to simultaneously detect STR and
KANA. Two channels were dedicated to assembling the aptamer
for these targets, while the other two served as calibration
channels. These calibration channels utilized immobilized
all-A sequences to minimize background matrix effects, thus
enhancing the detection accuracy. Ultimately, this aptasensor
array exhibited remarkable sensitivity in detecting STR and
KANA under optimized conditions, achieving detection limits
of 9.66 pM and 5.24 pM, respectively. Additionally, the linear
response ranges were found to be from 10 pM to 10 uM for STR
and 10 pM to 1 uM for KANA.'®8

4.2.3 Voltammetry base sensing. A method of measuring
the current passing through an electrode about the applied
voltage is called voltammetry. Different voltammetry techniques,
such as cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and square wave voltammetry (SWV), can be used to
find aminoglycoside antibiotics.'®® The analyte’s redox behavior
or its interaction with specific receptors or nanomaterials is the
key component of the detection approach. To increase the
sensitivity and selectivity of voltammetry sensors for AMGs
detection, nanomaterials have recently been introduced into
these devices."”® The selectivity of voltammetric sensors is
further enhanced by functionalizing electrodes modified with
nanomaterials having recognition components, such as aptamer
or antibodies specific to AMGs.'”* The measurement of AMGs in
complex samples is made possible by variations in the electro-
chemical signal caused by the interaction of the recognition
element and the target analyte. Qin et al., reported that thionine-
functionalized graphene (GR-TH) and hierarchical nanoporous
PtCu alloy were electrophoretically deposited onto a GCE sub-
strate and immobilized the aptamer for the electrochemical
detection of KANA. This aptasensor demonstrates a wide detec-
tion span ranging from 1.03 nM to 103.2 uM and an LOD of
0.867 nM in animal-derived food.'”*

4.2.4. Impedometric-based sensing. A quick method for
characterizing the composition and functioning of electrodes
functionalized with biomaterials is known as electrochemical
impedance spectroscopy.'’”® The impedance of the electrode
interface between the electrode and the solution containing
the target analyte is measured by impedometric biosensors.
The bioreceptor is immobilized on the electrode’s surface,
which is usually made of gold. Target analyte binding to the
bioreceptor alters the electrode interface’s dielectric character-
istics, where an impedance analyzer may be detected as a
change in impedance. Impedometric biosensors track how
the target antibiotic interacts with an electrochemical system
to alter its impedance. These biosensors measure the complex
impedance, which consists of capacitance and resistance, at
various frequencies. It offers details about the system’s elec-
trical characteristics, such as capacitance and resistance, which
are connected to the presence and level of aminoglycoside

© 2024 The Author(s). Published by the Royal Society of Chemistry
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antibiotics. The electrode surface is functionalized with recog-
nition components or modified with nanomaterials to increase
the sensitivity and specificity of impedance spectroscopy-based
sensors. Changes in the interfacial characteristics brought on
by the binding of AMGs to the recognition element affect the
impedance spectra. The concentration of AMGs may be
assessed using a variety of impedance characteristics, including
charge transfer resistance, Warburg impedance (diffusion process
occurring at the electrode-electrolyte interface),’’* and double-
layer capacitance, as shown in Fig. 11. The binding kinetics and
processes by which AMGs and the recognition element interact
are also well understood by frequency-dependent measurements.
EIS is a crucial technique for examining and comprehending the
interfacial characteristics of specific biorecognition processes,
such as antigen-antibody capture, the construction of aptasensor
and immunosensor, or the recognition of particular proteins,
receptors, nucleic acids, or whole cells."”>'”°® Zhu et al, reported
a DNA-based aptamer for KANA that is covalently immobilized
onto the conducting polymer poly-2,5-di-(2-thienyl)-1H-pyrrole-1-
(p-benzoic acid)] (poly-DPB), with AuNPs drop cast on the SPE
substrate. This aptasensor demonstrates a wide detection
span ranging from 0.05 mM to 9.0 mM with an LOD of 9.4 +
0.4 nM in milk."”’

4.3.5. Conductometric based sensing. Electrical conductivity
or resistivity detection is measured against the analyte concen-
tration (target antibiotic) when the potential is applied between
the reference electrode and polymer-modified electrode. These
biosensors require applications in antibiotic sensing because
of their simplicity, low cost, and label-free detection. Conducto-
metric biosensors for antibiotic detection frequently use micro-
fabricated electrodes or interdigitated electrode architectures.
These electrodes are functionalized with particular recognition
components to specifically bind the target antibiotic, such as
antibodies, enzymes, or DNA probes. A change in resistance or
impedance can be used to measure how the binding event affects
the sensor’s conducting qualities. One of its benefits is the
capacity of conductometric sensors to detect the analyte in real-
time without the need for redox processes or electrochemical
indicators. The key benefits of conductometric devices include
not needing a reference electrode, being cost-effective, enabling
miniaturization, and providing a direct electrical response."®*
However, compared to other electrochemical sensing methods,
their selectivity is less because several resistances need to be
considered (electrical resistance, inverse of conductivity), and
the sensitivity is also less."”® The interaction between the
selective layer and the analyte can influence any individual
component or their combinations mentioned above. This inter-
action makes it challenging to differentiate between various
ions or molecules of interest. Therefore, it is crucial to integrate
recognition elements with high selectivity into the selective
layer. This incorporation aims to improve the overall sensor
performance. Nanomaterials, surface modification methods,
and signal amplification techniques are strategies to improve
the sensitivity and selectivity of conductometric sensors. The
electrochemical-based sensor for the detection of AMGs anti-
biotics is summarized in Table 6.
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5. Role of artificial intelligence (Al) and
internet of things (IOT)

In response to ABR crisis, there is an urgent need of developing
a standardized system with on-site detection, user-friendly
interface, constant surveillance, real-time data monitoring,
and remote data analysis system, which can be achieved with
the synchronized integration of machine learning, artificial
intelligence (AI), and internet of things (I0T)."®" Constant real
time surveillance is the key strategy in reducing ABR in poultry
and milk products. ABR data collected with real-time surveil-
lance provide a vivid profile of ABR transmission through milk
and poultry products, which helps identify the hot spots that
require immediate intervention and assess the impact of inter-
vention actions.”" This article explains different strategies to
analyze the data using Al, deep learning, and data transmission
to/from remote locations using IOT for better surveillance.'**
Due to recent advances in computer science and programming,
Al has a significant and versatile role to play in human intelligence-
stimulation systems and its research. The human intelligence and
simulation processes include speech recognition, visual perception,
natural language processing, and decision-making according to
perceived data.’®"'*> For the Al system’s growth, two parameters
are necessary: the metadata available from various health records
and the enhancement of the processing power of computers.
These two aspects of Al inevitably combine with complicated
mathematical algorithms, neural networks (NN), and machine/

978 | Mater. Adv, 2024, 5, 961-985

deep learning.'®® This is especially true with the development of
deep NN designs, where the sophistication (commonly known as
the number of factors the networks must learn) has skyrocketed in
the previous decade."*

These analyzed data are interpreted and displayed using IOT
devices, such as intelligent and wearable sensors, which offer
the real-time monitoring of patients and environments.'?®
These devices can help track the spread of resistant strains,
monitor patient adherence to prescribed antibiotic regimens,
and provide continuous data for analysis. The seamless integra-
tion of 10T into healthcare infrastructure enhances the surveil-
lance and control of ABR."*'"

6. Challenges and alternative
approaches for the detection of AMGs
antibiotics

Since AMGs antibiotics are essential in the fight against bacterial
infections, it is important to develop a system that could trace
the residue of these antibiotics in animal-derived food samples
and make the system helpful in healthcare and food safety
applications. This review summarized the different and majorly
used techniques used to detect AMGs side antibiotics. POC are
essentially required to enhance ABR surveillance and make
antibiotic detection affordable and user-friendly. However, it is
difficult to achieve POC since the miniaturization of the sensing
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equipment is costly for optical and electrochemical techniques,
and a very highly scientific approach is required for microfluidic-
based colorimetric sensor. There are a number of other difficulties
with the existing AMGs detection techniques, from time-
consuming procedures to sensitivity problems. Here, in this
section, we have discussed the challenges faced by these methods
in the form of tables, which provide information about the
strengths and weaknesses of the reported ways that may influence
the performance of the developed biosensors in Table 7 and also
discussed the alternative approaches that hold promise for the
future of AMGs detection.

The alternative approach used for the detection of AMGs
antibiotics is to develop POC devices that are user-friendly,
portable, affordable, and can be used for onsite detection.
These point of care devices can have colorimetric, optical,
and electrochemical sensing depending on economic feasibility
and portability. Multiplex sensor can also be fabricated, which
can sense more than one antibiotic simultaneously. These
sensors can use microfluidics technology for manufacturing
multiplex sensors.

7. Conclusion

AMGs antibiotics are valuable antibacterial drugs employed in
many areas of human activity. They are effective against the
broad spectra of bacteria but must be used with care due to
their low therapeutic indices. Since they are relatively low-cost,
cases of unlawful use of these drugs have been reported. This
review article focused on the use of the AMGs antibiotics
in human and animal husbandry, mode of actions used by
the antibiotics against the bacteria, the defence mechanism
adopted by the bacteria to protect themselves against the effect
of antibiotics, and to developed ABR, followed by their con-
sequences and raising the economic burden on the nation.
Through this review, we collectively gathered information
about the recently developed optical and electrochemical sen-
sors/biosensor that have been used for the selective and sensi-
tive detection of AMGs antibiotics. The NMs like CQDs, MNPs,
QDs, and UCNPs have been widely used in the fabrication of
biosensors to detect AMGs antibiotics. The optical sensing
mechanism in NMs-biosensor, i.e., colorimetric, fluorometric,
chemiluminescence, SERS, and SPR, were used for the detec-
tion of AMGs antibiotics developed in recent years, with their
application discussed in this review. Fascinatingly, a lot of
label-free, one-step analysis, and reagent-free strategies have
been developed using NMs. On the other hand, to put into
practice the NMs-based biosensor for the detection of AMGs
antibiotic in real sample, it is essentially required to under-
stand the application’s main aim. The colorimetric assays
made the detection procedure simple as well as the naked eye
visualization of color formation and color change in the
presence of the target antibiotics. There are certain limitations
with AuNPs-based colorimetric tests because AuNPs are
agglomerated in the presence of salt and some other molecules
in real samples. The fluorescent biosensor can be employed as
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a practical and appropriate detection technique to get over
these issues. Although the fluorometric read out system has a
spectrophotometry setup, it is a more reliable and continent
method for determining antibiotics. In the fluorometric bio-
sensor, MIP can also be used to detect antibiotics. MIP can be
used as artificial antibodies, and the sensing is based on the
lock and key-based interaction mechanisms. In this, when the
analyte binds with the trapping site created during the synth-
esis, the fluorescence intensity of MIP changes. Another sort of
luminescence phenomenon-based detection technique is che-
miluminescence, where the luminescence is largely caused by a
chemical process; in this process, it is not necessary to excite
NMs with an external energy source like a spectrophotometer.
In the SERS-based technique, the detection was done by obser-
ving the change in the Raman signals. Apart from the optical
sensing mode, the electrochemical sensing method is also most
commonly featured for detecting AMGs class of antibiotics.
A larger range of detection and increased sensitivity are the
two benefits of the electrochemical-based approach. In the
electrochemical-based sensor, the sensing was performed using
amperometric, voltametric, potentiometric, conductometric,
and impedometric mode of detection. Among these methods,
voltametric and electrochemical mode of detection are most
commonly used. The biosensors developed on different sensing
methodologies can be further implemented with the POC
devices for easy and on site detection. Thus, in the review, we
have summarized the collective information about the various
detection methods used to determine the traces of AMGs
antibiotics in food samples.

8. Future prospective and challenges

The significant challenge with antibiotic biosensors based on
NMs is their practical applicability for the on-spot determina-
tion of an analyte in real-time with real environments. Real-
time analysis is the ultimate aim of the entire manufactured
biosensing device to be used by the end user. Regrettably, to
date, modernization is constrained to the laboratory scale and
is unable to reach that users who desperately need this quick
and smart detection method. Thus, a more efficient method
that enables the rapid construction of a massive number of
NMs-based biosensors with excellent specificity at relatively low
cost is still highly desired for the real-time analysis of diseases,
which is the condition for the booming marketable applicabil-
ity of deterministic devices. Potential hard work has been done
for the specialized development of NMs and construct anti-
biotic biosensors that are more applicable. The relevance of the
developed biosensors in real samples and the biorecognition
elements should be even better since they ought to be liberal to
real environmental situations.

On the other hand, we expect the research in NMs-based
biosensors for the determination of AMGs antibiotic concen-
tration will still be fascinating and ultimately become an
efficient habitual analysis technique for the future point of
view. In the future, the developed biosensors’ protocols further

© 2024 The Author(s). Published by the Royal Society of Chemistry
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integrated with POC devices, which improvised the significance
of the biosensing technology with regard to the benefits of
society. With this review, we have summarized collective infor-
mation on the various detection methods used to determine the
trace of AMGs antibiotics in the food samples. The collective
information provided in this review can be used to track the
ABR, and the data can be further used for the surveillance of
ABR in society. One promising way to improve our knowledge of
antibiotics and reaction to ABR is to integrate AI technologies
for the future study of collective data on ABR and their
identification. A critical task is how to associate this informa-
tion with AI systems. Al systems need a variety of comprehen-
sive sets of data on ABR patterns and their detection and
integration database, guaranteeing compatibility for AI analy-
sis. The second significant parameter of this is identifying
relevant features, including genetic information, microbial
characteristics, patient demographics, and details about the
detection methods, which are crucial to the Al systems’ predic-
tions and performance. After that, depending on the nature and
data set, we consider utilizing several machine learning meth-
ods, such as clustering, regression, and classification. Based on
the collective data sets and their interpretation, the main
objectives are that the developing models may forecast ABR,
examine detection patterns, and find correlations in the data;
use Al algorithms to track trends in ABR and conduct real-time
surveillance; react to new resistance patterns; and enable
healthcare practitioners to keep ahead of growing dangers,
which entails regularly updating the model with new data.
Thus, in this review, we have provided information about the
uses of AMGs antibiotics in humans and animals, the mode of
actions used by the antibiotics against the bacteria, the defence
mechanism of bacteria to develop ABR, followed by their
consequences. The review provides collective data sets on the
detection of AMGs antibiotics with different sensing methods
with their sensing range, LOD, and applicability of sensors in
real samples. This review can be used as one of the significant
sources of the data set associated with AI to help in the
prediction of ABR in the future.
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