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Essential biosensor use has become increasingly important in drug discovery and recognition, biomedi-
cine, food safety, security, and environmental research. It directly contributed to the development of
specialized, reliable diagnostic instruments known as biosensors, which use biological sensing com-
ponents. Traditional biosensors have poor performance, so scientists need to develop advanced bio-
sensors with promising selectivity, sensitivity, stability, and reusability. These are all parameter modifi-
cations associated with the characteristics of the sensing material. Carbon nanotubes (CNTs) and MXenes
are promising as targeted sensing agents in advanced functional materials because of their promising
chemical and physical properties and limited toxic effects. Based on available data and sensing perform-
ance, MXene is better for biosensing applications than CNTs. Because of their large specific surface area
(SSA), superior electrical conductivity, and adaptable surface chemistry that facilitates simple functionali-
zation and robust interactions with biomolecules, MXenes are typically regarded as the superior option for
biosensors. Additionally, because of their hydrophilic nature, they are more suited to biological settings,
which increases their sensitivity and efficacy in identifying biological targets. MXenes are more suitable for
biosensing applications due to their versatility and compatibility with aquatic environments, even if CNTs
have demonstrated stability and muscular mechanical strength. However, MXenes offer better thermal
stability, which is crucial for applications in diverse temperature environments. This study reviews and
compares the biosensing capabilities, synthesis methods, unique properties, and toxicity of CNTs and
MXenes. Both nanomaterials effectively detect various pollutants in food, biological substances, and
human bodies, making them invaluable in environmental monitoring and medical diagnostics. In con-
clusion, CNTs work better for biosensors that must be strong, flexible, and long-lasting under different
conditions. MXenes, on the other hand, work better when chemical flexibility and compatibility with wet
environments are essential.

1. Introduction

A biosensor is a device that utilizes biological molecules,
especially antibodies or enzymes, to identify the existence of
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chemicals. Although a biosensor was first proposed in 1906,
Clark et al. produced the first biosensor in 1956, earning Clark
the title of “father of biosensors”.! In 1962, he also exhibited
an amperometric enzyme electrode to detect glucose.
Currently, biosensors are widely used in various fields,
namely, surveillance of the environment, industrial appli-
cations, clinical analysis, and medical diagnosis. Fabricating
biosensors for precisely and quickly monitoring chemicals or
biomolecules that lead to persistent illnesses and negative con-
sequences is a top priority today for early diagnosis, enhancing
therapy effectiveness.> These instruments were created over
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many years to monitor critical analytes employing optical,
electrochemical (EC), and piezoelectric transducers. Because
of their superior efficiency, cheap cost, ease of use, and port-
ability, electrochemical detectors stand out among these for
use in clinical diagnostics and for the identification of
environmental pollutants.’ The use of biosensors to accelerate
the process of diagnosis and therapy in the wake of the current
COVID-19 outbreak has gained importance.?

Biosensors are important for finding new drugs, biomedi-
cine, food safety, and environmental studies. They stress the
need for better biosensors that are more selective, sensitive,
stable, and reusable. CNTs and MXenes, two new 2D materials
found to show a potential candidate for biosensing. MXenes
are considered better because they have a larger surface area,
better electrical conductivity, more flexible surface chemistry,
and a hydrophilic nature that makes them better for biological
settings. While CNTs are very strong and stable mechanically,
MXenes are better at withstanding heat and chemicals, which
makes them perfect for biosensing in wet settings. Additionally,
CNTs are highly effective in applications that need resilience,
adaptability, and robustness, but MXenes are better suited for
scenarios that prioritize chemical adaptability and compatibility
with moist environments. This article presents a comparative
analysis of carbon nanotubes and MXenes regarding their bio-
sensing capabilities and fabrication methods. Both nano-
materials have efficacy for identifying contaminants in food,
biological substances, and the human body, making them
highly valuable for environmental monitoring and medical diag-
nostics. This review further examines the efficacy of MXenes
over CNTs for various biosensors such as electrochemical bio-
sensors, advanced biosensors, immunosensors, aptasensors,
and electrochemiluminescence biosensors.

2. Types of sensors

The sensors, in general, are divided into physical, chemical,
thermal, and biological sensors on a large scale or macro level.

2.1. Physical sensors

In the realm of technology, physical sensors are instruments
capable of detecting and measuring various physical character-
istics, including temperature, pressure, humidity, light, sound,
and motion.*” These sensors transform the physical amount
into an electrical signal, which can then be transferred, col-
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lected, or measured. The usage of physical sensors is wide-
spread throughout various industries, including the automo-
tive and aerospace industries, as well as the healthcare and
consumer electronics sectors. The following is a list of the
most essential categories of physical sensors, along with the
elements that influence their performance. The majority of
applications for physical sensors have been found in the field
of biomedicine, particularly with the development of micro-
electromechanical systems technology, which has led to the
creation of more accurate and small sensors and innovative
measuring technologies.

2.2. Chemical sensors

Chemical sensors are gadgets that identify and quantify the
existence of chemical compounds in a sample and their concen-
tration or activity levels. These sensors convert the chemical
data into a measurable signal, often an electrical, optical, or
mass change. This signal can then be quantified and
analyzed.®® Chemical sensors have many uses, including moni-
toring the environment, controlling industrial processes, provid-
ing medical treatment, and functioning as safety systems.
Chemical sensors are an essential component of modern
technology, as they make it possible to obtain vital information
to secure and effectively operate various systems and pro-
cedures. These sensors can measure the activities or quantity of
chemical species in the gas or liquid phase. Additionally, they
are utilized for the monitoring of environmental pollution, the
analysis of food and drugs, and the monitoring of assays for
organophosphorus chemicals. Additionally, they can be used for
diagnostic reasons in healthcare settings.

2.3. Thermal sensors

Thermal sensors are gadgets that can identify and quantify
temperature or heat-related alterations in their surrounding
environment. Sensors like this are vital for various uses, such as
controlling industrial processes, monitoring the environment,
medical diagnostics, and consumer electronics.*® They can
function according to different principles, transforming thermal
energy into an identifiable electrical signal. Examples of temp-
erature sensors include thermocouples, thermistors, and RTDs.

2.4. Biological sensors

Biosensors are analytical instruments that integrate a biologi-
cal component with a physicochemical detector to quantify
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the existence or quantity of biological molecules, pathogens,
or chemical compounds. Biosensors find extensive appli-
cations in healthcare, environmental monitoring, food safety,
and biotechnology.

3. Mechanisms and factors that
influence the performance of
biosensors

3.1. Working mechanisms of biosensors

Biosensors operate through a series of processes in which a
biological recognition element interacts with the target
analyte, and this interaction is subsequently transformed into
a quantifiable signal by a transducer. This procedure enables
the identification and measurement of particular chemicals,
frequently in real time. Fig. 1 presents a schematic of the
working principle of biosensors.

3.2. Factors that influence the performance of biosensors

Several physical and chemical parameters are available to
affect the performance of biosensors. The interaction between
the sensing material and the sensor massively affects the per-
formance of the biosensor material. Among these character-
istics are affinity, which refers to the degree of the power of the
association that exists between the biorecognition element and
the target biomolecule; particularity, which refers to the capa-
bility of the biorecognition component to differentiate the
target biomolecule from other similar molecules; and activity,
which refers to the functional effectiveness of the bio-
recognition element in terms of catalysis or recognition.'®*
The interference, temperature, ionic strength, and pH are
environmental factors that impact the sensor’s performance in
the sample solution. These factors determine the performance
of electrochemical biosensors in various environments and
uses. Higher temperatures potentially denature receptors or
alter the reaction kinetics and pH, affecting binding affinity
and sensor response.'>"? Ionic strength influences the electro-
static forces and screening effects between charged molecules.
On the other hand, interference influences the precision and
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dependability of electrochemical biosensors because it causes
undesired signals to be produced by other molecules in the
sample solution."* The transducer’s qualities refer to the
characteristics that enable it to transform a biorecognition
incident into an electrical signal, which may appear as a
current, voltage, or impedance modification. The character-
istics of a transducer involve its material, which defines its
electrical conductivity and reliability; its structure, which rep-
resents the extent of its surface and sensitivities; and its
surface enhancement, which includes supplying or covering
the transducer with various molecules or substances to
improve its  biological = compatibility and  signal
transduction.®"?

3.3. Parameters for the selection of promising biosensors

The selection of materials for practical or lab scales is associ-
ated with their curtained parameters. The parameters that
have a viable role in sensor selection are discussed below.
3.3.1. Selectivity of biosensors. The biosensor’s selectivity
refers to its capacity to discern between the target analyte and
other components present in the sample. A highly selective
biosensor is crucial for complicated biological samples
because it can precisely identify the target molecule without
interference from other elements. The ability of a biosensor to
identify and quantify only the precise substance it is intended
to locate, despite the presence of other substances that are
identical, is known as selectivity. This is essential in real-world
scenarios wherein the specimen may contain various sub-
stances, such as medical testing or environmental monitoring.
Elevated selectivity ensures accurate and dependable data from
the biosensor and helps prevent errors such as false readings.
For applications in healthcare, biosensors have a high prob-
ability of false positives and low selectivity. Since biological
specimens are complicated and contain many chemicals,
selectivity is essential for developing accurate point-of-care bio-
sensors. Antibodies’ binding domains, located on the arms of
their “Y” conformational shape, offer specificity.’® Enzymes
are comprised of binding pockets that use distinct hydrogen
bonding and electrostatic biorecognition mechanisms to
accomplish analyte specificity.'”'® Peptide nucleic acids can
lessen the non-specific electrostatic interactions that hinder or
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Fig. 1 Schematic working principle of biosensors.

obstruct the selectivity of nucleic acids and aptamer bio-
recognition elements because of their inherited negative DNA
charge.'®?° Poor selectivity is another drawback of synthetic
biorecognition elements like MIPs, although their affordabil-
ity, stability, and ease of synthesis make them desirable
despite this.>'>* Because of the variety of interactions inside
the binding cavity, the non-specific binding of analytes
hinders its selectivity. However, boosting the polymer cross-
linking quantity may maintain the binding cavity and lessen
non-specific binding.***

3.3.2. Sensitivity of biosensors. The ability of a biosensor
to detect even minute quantities of the target material is deter-
mined by its sensitivity. Sensitive biosensors are essential for
applications such as early illness detection and low-pollution
monitoring because they can detect slight variations in the
quantity of the material they are monitoring. Good sensitivity
guarantees that the biosensor can produce relevant and
reliable data when the target material exists in minimal con-
centrations. Additionally, upper and lower detection limits—
representing the highest and lowest sample concentrations—
specify the biosensor range.?” > The desired range spans from
pico- to nanometers.>>*" The sensitivity of aptamers as bio-
recognition components is enhanced by their insignificant
size, ranging from 1 to 2 nm.**>* Because of their steric
barrier, conventional nucleic acids have restricted
sensitivity.>>® Surface design modifications can increase the
sensitivity and range of enzyme and MIP biorecognition
elements.’”**
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3.3.3. Reproducibility of biosensors. The term “reproduci-
bility” describes a sensor’s capacity to measure the same
analyte repeatedly under the same conditions and yield reliable
findings. It shows that the sensor functions steadily and reliably
when the same sensor retakes measurements and produces
consistent results within a predetermined accuracy range. In
other words, when measuring an identical parameter under
identical conditions, a sensor exhibiting excellent repeatability
will yield almost the same reading each time, independent of
differences in the device, operator, or time. This consistency
plays a critical role in guaranteeing the validity of biosensor
data, particularly in medical diagnostics and research where
precise and reproducible results are crucial. Because antibodies
and enzymes are susceptible to pH or temperature variations,
particularly in low-resource areas, processing and manufactur-
ing work in industry is challenging. Since the clinical market
uses many biosensors based on them, their management is
necessary to avoid irreproducible outcomes.**™*" Since aptamers
are chemically manufactured, their performance and quality are
uniform across batches, ensuring highly reproducible results.
Reliability is increased by their stable and precise binding to
targets, which reduces variability. Because of their consistency,
aptamers are perfect for applications that need a high level of
repeatability.**** Because of the strict controls and standardiz-
ation in their chemical manufacturing procedures, aptamers
and molecularly imprinted polymers (MIPs) produce consistent
outcomes. Aptamers are designed for particular binding,
whereas MIPs are made with exact molds to provide reliable
target identification.”” MIPs are produced economically and
straightforwardly in industry, and their minimal variances
result in highly repeatable biosensors.*®

3.3.4. Stability of biosensors. The capability of biosensors
to continue operating consistently and accurately over time
and in various environmental circumstances is referred to as
stability. This covers resistance to deterioration, shifts in sensi-
tivity, and changes in reaction brought on by variables like
humidity, temperature swings, or chemical exposure.”*”*® A
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highly stable biosensor will not require as much recalibration or
replacement throughout its working life, making it more
dependable and efficient. Stability ensures that the sensor pro-
duces consistent data and maintains its performance without
noticeably drifting or losing functionality, which is essential for
applications requiring long-term monitoring or continuous use.

4. Chemistry and synthesis of CNTs
and MXenes
4.1. Chemistry of CNTs and MXenes

Carbon nanotubes are sheets of graphene that have been
rolled up into nanosized tubes. These nanotubes, which are
composed of sp®> hybridized carbon atoms organized in a
cylindrical pattern at the nanoscale, can be divided into two
groups: single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). Comparatively speaking,
compared to other nanomaterials, their unique blends of
structural, chemical, and electrical characteristics significantly
influence the production of electrochemical (EC)
biosensors.**>> While MWCNTs are formed of several gra-
phene sheets built up into a cylinder-like form with widths
ranging from 100 nm, SWNTs are constructed from rolled-up
graphene sheets. The Russian doll and parchment designs are
two further structural models for MWCNTs. In the parchment
design, a single graphene sheet was repeatedly encircled
around itself.

In contrast, in the Russian doll design, the carbon tubes
each had a smaller width nanotube coiled inside of them.**>*
Since each carbon atom contains one 2p electron and three
2sp? electrons, CNTs have similar electrical characteristics to

View Article Online
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those of graphene. However, the chirality or geometrical archi-
tecture of CNTs, which gives them metallic and semiconduct-
ing electrical behavior, is the only factor influencing their elec-
trical characteristics.”>*® Because of their biological compat-
ibility and suitability for the identification of biomolecules,
many nanomaterials, including CNTs, two-dimensional (2D)
materials, and transition metal dichalcogenides, have been
used to create EC biosensors.® Real-time medical technology is
continually developing even though CNT-based biosensors
were created in the 2000s.> According to the definition, CNTs
are pseudo-one-dimensional (1D) allotropes of carbon, distin-
guished by being made up of a continuous arrangement of
carbon atoms arranged into cylinders with either open or
closed ends and one or more sheets. Because of their distinct
features, CNTs have attracted interest in the medical systems
field as one of the potential candidates for medical equipment
over the past several years. The outstanding toughness, higher
SSA, excellent electrical conductivity, chemical stability under
aqueous and nonaqueous conditions, and substantial thermal
conductivity of the CNTs makes them suitable choices as bio-
sensors.”” Due to their shallow detection limit, CNTs are fre-
quently selected as active electrodes for detectors. Enzymes
adhere well to CNTs because of their hollow shape.
Consequently, CNTs are always utilized to functionalize
enzymes to produce enzyme-CNT electrodes or change the
surface of electrodes in amperometric ~CNT-based
biosensors.>®

The general chemical composition of the parent material of
MXene is M,;;AX,, and the MXene (TizC,T,) is created from
the parent material by selective chemical or mechanical
etching of the A layer.’>*® The detailed compositions of the
MAX phase and MXene are shown in Fig. 2. The availability of

\
(zns,c | Bl E

GG
S ED
B

Fe el

\_ )\[SIHIS% ]m/\ AN y

Fig. 2 Composition of MAX and MXene and the synthesis mechanism.
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influential functional groups on the surface of MXene makes
it an ideal candidate as a biosensor.®’ MXene’s parent MAX
phases typically exhibit properties resembling those of metals,
including strong conductivity and exceptional mechanical
stability. They exhibit qualities similar to ceramics, including
enhanced resistance to corrosion, excellent toughness, and a
lack of density. Additionally, MAX phases are thermally stable.
Because of their distinctive properties, MAX phases are helpful
in numerous engineering uses, including electrical wiring,
high-temperature ceramics, and protective interface coatings.
The biosensing performance of pristine CNTs and MXene is
always lower; it can be enhanced by introducing active func-
tional groups onto the surface of both advanced nanomaterials
and functionalization with polymers. The selective functional
groups can be added to the interface of MXene by various
chemical treatment techniques that have a viable impact on
the performance of the MXene.®>** The design and manufac-
ture of EC biosensors make extensive use of MXenes due to
their distinctive surface chemical properties, including hydro-
philicity, creditable enzyme transferring ability, an abundance
of surface functionalities, biological compatibility, outstanding
electrocatalytic properties, substantial electron transfer power,
ease of surface functionalization and alterations, vast compo-
sitional diversity, and substantial SSAs.*

4.2. Synthesis techniques for CNTs and MXenes

The finished product’s geometry, structure, and morphology
depend on the synthesis method. Traditional methods for
synthesizing CNTs and MXenes resulted in materials with
poor geometry and shape. However, modern methods elimin-
ate all these problems. Many hazardous compounds are used
in conventional approaches to create nanomaterials. Advanced
synthesis methods, however, are sustainable and beneficial for
the environment. In this section, the authors cover the envir-
onmentally friendly techniques frequently used to create
MXene and CNT nanomaterials. The properties and mor-
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phology of nanomaterials are effectively affected by their syn-
thesis routes.®®®® The synthesis methods, products, advan-
tages, and disadvantages of CNTs and MXenes are given in
Table 1.

According to open literature on the CNT development
mechanism, several mechanisms may operate when synthesiz-
ing CNTs. Both academic and massive industrial applications
call for the production of high-quality CNTs. The main dis-
advantage of currently available nanotubes is their variety in
composition. Many factors, including hydrocarbon, deposition
time, catalyst, reactor design, gas flow rate, pressure, and
temperature, affect the production of CNTs. Although alterna-
tive methods have since been proposed, Iijima” produced
CNTs in 1991 using the arc discharge approach. The chemical
vapor deposition (CVD) technique is the best for producing
nanotube-based thin films, which are now used in technology
and have several applications.”® A phase change, a chemical
process, causes a gas or liquid to decompose and change the
composition of a solid surface. There are numerous ways to
provide this activation energy via CVD. The activation energy
in thermal CVD is provided by temperatures exceeding
973 K.”7 The apparatus comprises extreme vacuum, a gas
supply, an exhaust, and a deposition chamber. Plasma acti-
vates the plasma CVD procedure at 623 K and 1023 K.”® High-
intensity lasers are utilized in laser CVD to initiate pyrolysis on
absorbing substrates by generating thermal energy.”” The UV
beams utilized in photolaser CVD have sufficient photon
energy to break the interactions in the mixture components
during the chemical reaction.

Nanoparticle powders can also be produced using CVD.
High deposition rates and 100% pure nanoparticle synthesis
are the main advantages of CVD. The material’s chemical and
mechanical properties, the intensity of the lasers, pressure in
the chamber and temperature, the velocity of the buffer gas,
and the distance between the backing material and the
target all affect how the PLD process produces CNTs. Laser

Table 1 The synthesis techniques, products, advantages, and disadvantages of CNTs and MXenes

Synthesis techniques ~ Product Advantages Disadvantages Ref.
Laser ablation CNT A continuous laser can be used in a high- It consumes more materials and produces a 69
purity process, allowing great structural small output, and after synthesizing the product,
control at ambient temperature purification of the product is required
CVD MWCNT It is a cost-effective, low-temperature, highly =~ Process factors should be carefully watched to 70
pure, and environmentally friendly method produce effective SWCNTs because CNTs
frequently produce MWCNTSs
Arc discharge CNT It is easy and affordable Since MWCNTSs are more common than 71
technique SWCNTs, process variables must be carefully
watched to produce effective SWCNTs
Evaporation-induced =~ g-C3N4/Ti;C,  This is a time- and money-saving method It increases the probability that structural order 72
self-assembly method that is easy to use will collapse
One-step MXene/ The manufactured material is affordable, The nanomaterial is created using a 73
hydrothermal NiFe,0, ecologically friendly, and has a significant hydrothermal process, which is unstable at
SSA elevated temperatures
Thermal reduction Ti,C MXene The resulting composite production method = Morphological changes caused by thermal 74
was efficient, environmentally beneficial, treatment vary with temperature
and easy to use
In situ growth Ti3;C,-MXene/ Cheap to buy, time-saving, and green There are not many structural flaws in the 69

ZIF-67/CNTs

This journal is © The Royal Society of Chemistry 2024
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ablation is one of the best ways to create high-quality SWNTs,
and purification is a crucial stage of PLD. The mechanics and
concepts of this method, which Smalley’s group first demon-
strated in 1995,%° are similar to those of an arc discharge
process, with the exception that energy is provided by a laser
impacting graphite particles containing catalyst materials
(often Ni or Co).*' CO, laser beams were virtually always used
for ablation. Solangi et al.>® reported SWNTs by pulsed CO,
laser ablation without further heating the target. They discov-
ered that the average diameter of SWNTs produced by CO,
lasers increased when the laser power increased.

MXene is a new and innovative member of the group of 2D
materials. A relatively secure hydrothermal technique was
created by Benjamin et al.®* Additionally, they looked at the
effects of temperature, reaction time, and etchant concen-
tration on the creation of Ti;C,T, MXene. Mei et al”*
employed the thermal reduction technique to eliminate the S
layers from the Ti,SC MAX phase to synthesize the 2D Ti;C
MXene as an effective anode material for lithium-ion batteries.
This synthetically produced MXene is easily scaled up for
industrial purposes and exhibits significant potential as a
high-performance anode material for lithium-ion batteries.
High-purity MXenes can still be synthesized on a large scale.
However, it is still challenging because of the frequent use of
hazardous etching chemicals. It would be fantastic if there
were a simple, manageable, effective, and environmentally
friendly way to make MXenes. Qiu et al. successfully used a
one-step hydrothermal, eco-friendly, cost-effective technique”
to manufacture MXene/NiFe,O, nanostructures with different
MXene (Ti;C,) compositions. In the synthesized MXene/
NiFe,0, composite, the reduction of the grain aggregation due
to the enhancement of the MXene concentration. The effective-
ness of microwave absorption is increased by the addition of
the MXene nanostructure. The results demonstrated that
MXene and NiFe,O, nanoparticles exhibited superior electro-
magnetic and microwave absorption properties.

Nanomaterials freely combine predefined components into
ordered superstructures that can be applied in various ways
during self-assembly. To reduce the system’s free energy, self-
assembly isolates samples hurriedly assembled into a preset
structure.®® Electrostatic self-assembly is a simple and widely
used technique for hetero-composite fabrication. The MXene-
based composite was created by Liu et al’> using an eco-
friendly self-assembly method. A Schottky heterojunction was
effectively synthesized from a composite of 2D g-C3;N, and
Ti;C, microsheets, decreasing the recombination of electron-
hole pairs and enhancing photogenerated charge separation
and migration efficiency. Because of the extensive SSA and
active sites on the composite’s surface, the current approach
produced a modified MXene nanocomposite that had a strong
sensing capability. The in situ growth method was used by Xu
et al.*® to create the MXene-based nanomaterials. This method
produced a composite with exceptional thermal, chemical, and
mechanical strength. Because of its homogeneous shape, the
new material possesses good adsorption and sensing capabili-
ties. This method is economical and safe for the environment.
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These benefits make it highly likely to become an outstanding
practical application for successfully sensing target toxic
substances.

5. Functionalization of CNTs and
MXenes

The availability of active functional groups on the surface of
CNTs and MXenes is responsible for the easy functionalization
of nanomaterials with other suitable functional groups. Any
nanomaterial’s functionalization enhances the mechanical
and thermal operating performance, reducing the material’s
toxicity. In functionalization, scientists add covalent or nonco-
valent functional groups to the interface of CNTs and MXenes
to enhance their biosensing capabilities and stability.

5.1. Functionalization of CNTs

The functionalization process includes attaching molecules or
functional groups to the surface of CNTs and changing their
chemical and physical characteristics. Because of this change,
CNTs have more active sites and may interact with the target
analytes more successfully. Because of this, even slight altera-
tions in the surroundings, like the presence of a particular gas
or biomolecule, cause discernible changes to the electrical or
optical characteristics of the CNTs, enhancing sensitivity.
While CNTs have many desirable qualities and benefits, dis-
persion, triggered by the CNTs’ immense surface energy,
stands in the way of advancement. Due to their extreme hydro-
phobicity, CNTs cannot be dispersed in water or typical sol-
vents. To increase their dispersion and other functional qual-
ities, CNTs must be functionalized based on their appli-
cation.®* It has become necessary to functionalize CNTs to
facilitate the quick manufacture of tiny devices. Across all
functionalization strategies, non-covalent and covalent surface
changes are the two most frequently utilized techniques. The
fundamental benefit of non-covalent functionalization is that
the primary structure and characteristics are preserved,
making future modification very challenging. Direct covalent
functionalization can considerably change the solubility and
compatibility of CNTs.®>>®” Thakur et al®® investigated the
impact of functionalization on the properties of CNTs. They
found that the functionalized carbon nanotubes (f-CNTs),
compared to f-CNTs, had improved sensing capability and
working stability and lowered toxicity. The main drawback of
covalent functionalization is that it affects the morphology and
alters the CNTs’ essential mechanical and thermal stability
characteristics. Non-covalent functionalization is considered
an effective functionalization technique for improving the bio-
logical compatibility of CNTs’ bio-sensing power without alter-
ing the structural characteristics of CNTs. The CNTs can be
effectively and easily functionalized through non-covalent van
der Waals forces and poly aromatic n-m adsorption
stacking.®”®®  Polymers replaced surfactants, but it was
observed that they did not significantly increase dispersion. In
detection uses, the broad sensitivity of raw CNTs to different
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chemicals may lead to poor selectivity. CNTs can react only to
specified analytical substances by functionalizing them using
specific chemical groups or biological entities (such as
enzymes or antibodies). Specifically, identification stems from
the CNT-based sensor’s ability to differentiate between various
chemicals thanks to this selective binding. Additionally,
functionalization can increase CNT stability, especially in abra-
sive environments. For instance, CNTs can be shielded against
oxidation, aggregation, and environmental deterioration by
adhering to polymer coatings or other stabilizing chemicals.
Long-term applications benefit from the enhanced stability of
CNT-based sensors, which guarantees steady performance over
an extended time. The functionality allows one to adjust the
electrical characteristics of CNTs, including bandgap and con-
ductivity. This is especially crucial for electronic detecting
devices, which use chemical adsorption or other external
stimuli to modify conductivity to identify analytes. Improved
sensor efficiency can be achieved by optimizing the kind and
density of functional groups to alter the electrical response of
CNTs.

Similarly, anionic, cationic, and non-ionized surfactants are
all used for the dispersion of SWCNTs; however, these surfac-
tants are typically utilized in extremely small quantities, often
less than 5%.® Noncovalent functionalization is likewise more
heavily influenced by cytotoxic groups. However, these func-
tional groups may constrain the biological applications of
such f-CNTs. Sireesha et al.’® reported that the pyrene deriva-
tives introduced as functional groups on most SWCNTSs outer-
most layer enhanced their bio-sensing ability and reduced
their toxicity. Liu et al.°® utilized the non-covalent technique
via grafted copolymers to synthesize functionalized MWCNTSs.
Due to the lack of carboxyl groups on the grafted interface,
this method can only be used with acid-treated MWCNTS, not
pure MWCNTSs. To enable the dispersion of CNTs in water,
water-soluble polyvinyl alcohol is wrapped around the CNTs.
Starch was also used to wrap CNTs to create starched nano-
structures.”® Long-chain polymers such as gum arabic were
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also mechanically adsorbed to disseminate the carbon nano-
tubes separately in solvents.””*> Aromatic polyimides were
also utilized as functionalizing polymers to accomplish the
non-covalent functionalization of CNTs.”*** The functionali-
zation techniques are classified into physical and chemical
routes. The chemically functionalized techniques are more
effective than physically functionalized techniques because
chemical functionalization techniques develop powerful
covalent bonds between CNTs and functional groups.
Chemical functionalization has some drawbacks, including
high prices of chemicals, high environmental pollutant
effects, and long purification times.”>*°

Mallakpour et al.®” utilized the ultrasonic dispersion tech-
nique to functionalize the MWCNTs with vitamin B1 to
increase the dispersion of CNTs in a poly(ester-imide) matrix.
The carboxylic acid moieties on the outermost layer of
MWCNTs may interact with vitamin B1’s OH group to create
ester groups. Through hydrogen bonds, van der Waals inter-
actions, hydrophobic interactions, and electrical interactions,
vitamin B1 is expected to communicate with different polar
groups on the outermost layer of MWCNTs. Vitamin B1
additionally possesses an aromatic composition. Therefore, by
layering negative charges, it might be attached to the graphite
surface of MWCNTSs. The detailed functionalization procedure
of MWCNTs is outlined in Fig. 3.

5.2. Functionalization of MXenes

MXene’s ability to sense is greatly improved by functionali-
zation, which alters its surface chemistry and electrical charac-
teristics. MXene’s affinity for particular analytes can be
adjusted by adding functional groups to its surface, which
improves selectivity and sensitivity. These functional groups
improve the detection capacities of MXene-based sensors
because they increase the number of active sites available for
interactions with target molecules. Functionalization can also
stabilize MXenes under various conditions, enhancing their
robustness and dependability in sensing-related applications.

OH
Vitamin B1

OH
MWCNTs-COOH

Fig. 3 The functionalization of MWCNTSs with vitamin B1.%
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Functionalization makes MXenes more practical for multiple
sensing technologies by allowing them to detect gasses, bio-
molecules, and other substances. Various synthesis techniques
have been used to synthesize single-layer or multilayered
MXene. The detailed MXene synthesis techniques are dis-
cussed in the next section. Compared to functionalized
MXene, non-functionalized MXene quickly precipitated and
degraded in water because unfunctionalized MXene possessed
limited water dispersibility.”***

Similarly to CNTs, pristine MXene’s performance and stabi-
lity can be enhanced by the functionalization of MXene. The
availability of hydroxyl (-OH) and oxygen (-O) active groups on
the surface of MXene is responsible for the easy functionali-
zation of MXene with small molecules and polymers. Because
MXenes are hydrophilic, their ability to perform can be easily
improved by adding suitable functional groups.'®'*® The
chemical surface functionalization of MXenes has been exten-
sively researched. Surface modification of MXenes using
various small molecules, which are simple to use and reason-
ably priced, can further improve the performance qualities of
MXenes, including mechanical strength, electrical character-
istics, and solution stability. Xia et al'®* utilized the small
molecules of hexamethylene glycol mono-dodecyl ether (C;,Ee)
on the outermost layer of MXene to form C;,Es@TizC, nano-
composite. The addition of the small molecule C;,Eg to the
interface of MXene is responsible for the enhancement of the
molecular reaction and increased packing symmetry. He
et al.'® reported a diazonium surface chemistry approach for
massive amounts of delamination of MXenes. This reduces M-
X bonds and extends the interlayer distance by forming an
aryl-surface linkage with diazonium and sulfanilic salts. In a
recently published article, Solangi et al® reported that the
MXene sensing performance could be enhanced by changing
the chemistry of the MXene parent materials or adding surface

Fig. 4 The alkalization-grafting procedure for producing TizC,T, MXene
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functionalities to the outermost layer of MXene. The addition
of functional groups to the surface of MXene is responsible for
enhancing the biosensing capability, energy storage ability,
electron migration characteristics, and band gap (distance
between the layers of MXene). The addition of functional
groups to the surface of MXene was also responsible for the
modification of magnetic characteristics, surface plasmon
resonance, and chemical and mechanical stability.'® Because
of the abundance of amino and catechol groups on its back-
bone, PDA is another promising agent for MXene surface
alteration. These groups can interact non-covalently and co-
valently with both organic and inorganic interfaces. Cobalt has
been absorbed into the outermost layer of Tiz;C, and CNTs to
create a Tiz;C,@CNT composite. By modifying the PDA, the
capacitive ability of Ti;C, was enhanced.'®”” Solangi et al°
reported that the un-functionalized MXene possessed a lower
desalination capacity than the functionalized MXene. Because
it is functionalized, MXene can attract more salt ions. In a nut-
shell, the functionalization of nanomaterials in the biosensing
sector is responsible for more excellent and more effective
sensing of targeted molecules, bacteria, and viruses. Zhang
et al."*® utilized the cost-effective and environmentally friendly
alkalization-grafting technique to functionalize MXenes with
amino groups to enhance the stability and adsorption capacity
of MXenes. A graphical representation of the amino-functiona-
lized MXene is shown in Fig. 4.

6. Characteristics of CNTs and
MXenes
The characteristics of nanomaterials play an influential role

when selecting nanomaterials as biosensors. Nanomaterials
with excellent surface morphology, electrical and thermal con-
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nanosheets with amino functionalities.'°8
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Table 2 Comparative analysis of the characteristics of CNTs and MXenes

Characteristics 1D CNTs 2D MXenes Remarks Ref.

Electrical conductivity 1x10°Scem™ 5x10°Scm™ CNTs have greater electrical conductivity than MXene 109 and 110

Mechanical strength 700 GPa 100 GPa CNTs’ mechanical strength is more significant than 111 and 112
MXene’s because CNTs face more load than MXene

Specific surface area 225.17m> g™" 112.259 m> g™* The average SSA of CNTs is greater than MXene 113 and 114

Transmittance 56% 70%

Refractive index 11.2% 41.43%

Degradation rate in 30% 55%

water

Dimension It has a one- It has a two-
dimensional dimensional
structure structure

ductivity, and thermal and mechanical stability suit bio-
sensing nanomaterials. In this section, we discuss the pro-
perties of CNTs and MXene-based nanomaterials. A compara-
tive analysis of the characteristics of CNTs and MXenes is
given in Table 2.

6.1. Comparison of the electronic characteristics of CNTs
and MXenes

The rate at which electrons move through a solid object can be
used to evaluate electrical conductivity directly. MXenes
exhibit various electrical characteristics, including semi-con-
ductivity, metallicity, and being structurally insulative, due to
their adaptable thickness tunability, numerous surface
functionalization options, and diverse compositions.'**'*!
The atoms of the MXene-based nanosheets determine the elec-
tronic characteristics. The electrical properties of MXenes can
be enhanced via effective surface functionalization."**'** The
pristine MXene possessed metallic characteristics, and F and I
functionality-based ~MZXenes possessed semi-conductive
characteristics.”®">* The MXenes based on Mo and W are bad
conductors of electricity.'®” The metallic MXene can be trans-
formed into a semiconductor by altering or functionalizing its
outermost layer. The presence of surface functionalities, -O,
-OH, and -F, has a substantial impact on the electronic
characteristics of MXenes. These functional groups change the
conductive properties, band structure, and chemical reactivity
of MXenes. Oxygen termination often increases conductivity
and maintains the metallic properties of MXenes.**'**> On the
other hand, introducing -F and ~OH groups tends to decrease
conductivity by causing charge localization or band gaps,
potentially transforming MXenes into semiconductors.
Consequently, surface functionalization enables the exact
adjustment of MZXenes’ electrical characteristics to suit
different purposes.

Mozafari et al.'®” reported that Ti,MnC, MXene had dual
characteristics because sometimes it behaved like a good con-
ductor and sometimes like a semiconductor. Its strength of
conductivity depends on the nature of the surface functional
groups. The Ti,MnC, MXene behaves like a semiconductor
when its surface comprises —O terminating functional groups.

This journal is © The Royal Society of Chemistry 2024

The transmittance of CNTs is lower than that of MXene 107

The refractive index of CNTs is lower than MXene’s, so a 115 and 116
high refractive index is responsible for MXene’s higher

biosensing capability

CNT degradation rate is lower than MXene when it 117 and 118
interacts with water

CNTs possess a one-dimensional and poor porous 119 and 120

structure, and MXene has a two-dimensional and better
porous structure than CNTs

Additionally, the MXenes, including Nb,Cj;, Ti;C,, Nb,C, V,C,
and Ti,C, containing -OH and -O surface functional groups,
behave like good conductors because these functional groups
speed up the migration of charges between the respective elec-
trodes. However, Tiz;CO, MXene possessed semi-conductive
characteristics in the presence of -OH and -O surface func-
tionalities because of the long distance induced by the down-
shifting of the Fermi level. The Fermi level is reduced in
Ti;CO, through more extraordinary electron donations
between carbon, oxygen, and titanium atoms. They also
reported that the MXenes, such as TiCO,, ZrCO,, Zr;C;0,,
Hf,CO,, and Hf;C,0,, had -O functional groups. They behave
like bad conductors of electricity, but the same MXenes with
-F and -OH functionalities behave like good conductors. An
experimental investigation by Chen et al.*® verified the impact
of the addition of glycine nanomaterial on the electrical con-
ductivity of Ti;C, MXene. The MXene-based Ti;C,/glycine com-
posite material possessed lower electrical conductivity than
pristine MXene. This study indicated that in the pristine form,
MXene and CNTs possess poor electrical conductivity as com-
pared to their composites. The conductivity of CNTs may be
improved by including highly conductive nanomaterials.
Incorporating the highly conductive nanomaterials aluminum
(Al) and copper (Cu) boosted the conductivity of the pure
CNTs by up to 389 and 14 times, respectively.>” The electrical
conductivities of CNTs and MXene thin sheets are 1 x 10° S
em™ and 5 x 10> S em™", respectively. These experimental
results indicated that CNTs had outstanding electrical conduc-
tivity compared to MXenes.

6.2. Comparison of the mechanical characteristics of CNTs
and MXenes

The mechanical characteristics of the material are essential for
selecting the material as a biosensor. The mechanical charac-
teristics of nanomaterials consist of strength, toughness, elas-
ticity, brittleness, hardness, rigidity, yield stress, and malle-
ability. Strength is the ability of a material to resist defor-
mation or breakdown of nanomaterials when exposed to loads
or external forces. Materials used in industrial items must be
mechanically strong enough for operation under various
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mechanical loads or strains. The mechanical characteristics of
MXenes, including strength, flexibility, and toughness, are
greatly influenced by surface functional groups. The functional
groups -O, -OH, and -F can modify the bonding between
MXene layers, affecting the relationships between layers and
the material’s stiffness. Oxygen termination often increases
mechanical strength by facilitating stronger interlayer
bonding. Conversely, the presence of -OH or -F groups may
inhibit these interactions, resulting in a more flexible but less
rigid material."**"*® In addition, surface groups can cause
deformation in the lattice structure, impacting the overall
mechanical stability. By modifying these surface groups,
MXenes can be tailored for precise mechanical applications,
effectively achieving a harmonious equilibrium between flexi-
bility and strength.

A solid material’s strength is expressed as pressure, specifi-
cally in gigapascals (GPa). The mechanical strengths of CNTs
and MXenes were 530-700 GPa and 80-100 GPa, respectively.
The power of CNTs to face the load is six times higher than
MXenes. Pristine CNTs and MXenes possessed lower mechani-
cal power than MXenes. Hardness, which enables the material
to tolerate localized, persistent deformation and scratching, is
one of the essential mechanical properties of engineering sub-
stances. Several engineering design projects incorporate the
concept of hardness. The material’s appropriateness and
usability are directly impacted by this attribute, making it
crucial. MXenes and CNTs have a hardness measured in GPa,
the unit of pressure for the hardness scale. In light of mechan-
ical stability, the pristine CNTs possess higher tensile strength
than the pristine MXene. The deformation rate under stress
from compression is a solid material’s malleability. Being able
to fold or crush a material into a thin sheet is a common defi-
nition of malleability. The mechanical property of a sub-
stance’s malleability, which alters with temperature, is part of
the material’s elasticity. The substance gets more pliable as
the temperature rises. The material’s shape cannot influence
its movement."*® Electrons are very mobile because the sub-
stance is highly conductive.

6.3. Comparison of the specific surface area of CNTs and
MXenes

The specific surface area (SSA) is a very effective parameter for
selecting a material for use as a biosensor. The SSA of nano-
materials can be measured in m? g”'. More significantly, the
SSA is responsible for an excellent sensing capability.
Choosing an appropriate adsorbent after considering its stabi-
lity and recyclable specific surface area has become more
crucial. The relationship between an adsorbent’s SSA and its
ability to absorb CO, is direct. The substantial surface area of
carbon nanotubes and MZXenes dramatically improves the
efficacy of biosensors by offering a more significant number of
active sites for the attachment of target molecules, resulting in
heightened sensitivity. The enhanced surface area facilitates
improved interactions between the sensor and analyte, hence
enhancing signal transduction and enabling the detection of
even minute quantities of chemicals. The increased electron

21226 | Nanoscale, 2024, 16, 21216-21263

View Article Online

Nanoscale

transmission in CNTs results from their huge contact area,
leading to quicker response times. On the other hand, MXenes
exhibit strong conductivity and chemical flexibility, which is
especially advantageous under wet conditions. Moreover, the
substantial SSA of both materials enables functionalization,
enhancing the selectivity and overall effectiveness of the bio-
sensor. Employing the adsorbent in powder form or increasing
the amount of pores in the solid form can improve the SSA of
MXene and CNT adsorbents. CNTs and MXenes had SSAs of
225.17 m®> ¢! and 39.19 m” g~ *, respectively.'*® These findings
demonstrated the advantages of CNTs over MXenes. These
results indicated that CNTs were a better biosensor choice
because of the larger SSA.

6.4. Comparison of the optical characteristics of CNTs and
MXenes

The optical characteristics of nanomaterials are complex and
consist of absorption, refractive index, and transmittance. The
optical properties of CNTs and MXenes significantly improve
the performance of biosensors by allowing for sensitive detec-
tion through changes in optical signals. CNTs possess high
optical absorption and fluorescence quenching characteristics,
making them well-suited for detecting variations in light
signals upon interaction with specific molecules. This
enhances the sensitivity of optical biosensors, which include
fluorescence or Raman-based sensing devices. MXenes, due to
their exceptional surface plasmon resonance and adjustable
optical characteristics, augment the sensitivity of biosensors
by intensifying the interactions between light and matter. The
optical properties of these materials, along with their excellent
conductivity, enable accurate and immediate detection of bio-
logical and chemical substances, enhancing the overall func-
tionality of optical biosensors. Functionalized CNTs and
MXenes possessed much better transmittance than unfunctio-
nalized nanomaterials. In other words, synthesized MXenes
possessed an excellent transmittance compared to the parent
materials. The parent Tiz;AlC, MAX phase of the nanomaterial
possessed 30% transmittance, but synthesized or functiona-
lized Ti;C, MXene had 77% transmittance. The refractive
index of CNTs is 11.2% and MXenes is 41.33%, so, it can be
concluded that MXenes possess better optical characteristics
than CNTs. Based on optical factors, MXenes may have a
higher biosensing capability than CNTs. Furthermore, in the
UV spectrum, the reflectivity increased compared to pure
MXenes, whereas in the visible spectrum, the reflectivity and
absorption of the -F and OH-functionalized MXenes were
reduced.”” The optical properties of pristine CNTs and
MXenes are generally better than those of their composite
forms.

6.5. Comparison of the hydrophilicity of CNTs and MXenes

MXene has an excellent hydrophilic nature because of the
availability of -OH, -O, and -F functionalities at its surface.
Because of the high hydrophilicity of MXene, its degradation
rate in water is very high. The addition of excellent surface
functionalities on the surface of MXenes is responsible for
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their enhanced stability and reduction degradation rate. So,
adding functional groups to the surface of CNTs and MXenes
reduced their degradation rate in water or the hydrophilicity of
CNTs and MXenes."”>'®® The water-attracting properties of
CNTs and MXenes increase their optical qualities, enhancing
biosensors’ effectiveness. Hydrophilic carbon nanotubes can
bind to water-based solutions, improving dispersion and
enhancing contact with biological molecules. This, in turn,
enhances optical signal alterations, such as fluorescence or
Raman scattering. Furthermore, the hydrophilic characteristics
of MXenes and their adjustable optical properties, such as
surface plasmon resonance, amplify the interactions between
light and matter in water-based circumstances. The hydro-
philic property enables enhanced molecule adsorption and
increased biosensor sensitivity, especially in moist or biologi-
cal environments. The combined hydrophilic features of both
materials enhance the precision, velocity, and dependability of
optical biosensors in real-time applications. Ji et al''®
enhanced the stability or hydrophilicity of a functionalized
MXene with a sialylation reagent (APTES). The synthesized
APTES-MXene has excellent stability and degradation resis-
tance in water compared to the pristine MXene. Adding APTES
to the MXene reduces its interaction with water, enhancing its
stability and degradation in water. In air, the degradation rate
of un-functionalized MXene was up to 95% and functionalized
MXene was up to 20.8% after 11 days. The outcomes demon-
strated the transition from hydrophilic to hydrophobic surface
characteristics. MXenes have been modified using two extre-
mely hydrophobic self-assembled monolayers, CPTMS and
FOTS, by creating covalent connections between -OH and
various outer layer functionalities. Li et al.''” utilized a cost-
effective technique to synthesize the CNT/PDMS nano-
composite to enhance the stability and degradation of CNTs in
water and the environment. The stability of the synthesized
CNT/PDMS nanocomposite is many times greater than that of
pristine CNTs, Hence, it can be conlcuded that the stability
and environmental degradation rate of CNTs and MXenes can
be enhanced by functionalization with very stable functional
groups.

6.6. Toxicity of CNTs and MXenes

CNTs and MXenes have toxic effects when these nanomaterials
come into contact with the human body through oral inhala-
tion or injection into the skin. When the CNT-based material
enters the body in any way, it is responsible for various toxic
effects: mutations of DNA, malignant transformation, oxidative
stress, interstitial fibrosis, inflammatory responses, and granu-
loma formation."** The toxicity of CNTs may be significantly
affected by metal contaminants. Metal ions and other con-
taminants were introduced into the CNT while manufacturing
intoxicated cell membranes. Because of cellular internalization
collapse, the length of a CNT enormously affects its toxicity."*
The toxicity of CNTs is also associated with the diameter.
CNTs with large diameters have more toxicity than those with
lower diameters. SWCNTs and MWCNTs had varied cytotoxic
impacts on cells because of differences in their sizes, struc-
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tures, and chemical interface characteristics.’®® Pristine CNTs
have limited toxic effects compared to functionalized MXenes.
The functionalization of pristine CNTs increases their stability
and specific surface area. Still, unfortunately, it enhances the
toxicity of the CNTs. Pure CNTs are more poisonous than func-
tionalized CNTs and can aggregate more quickly. However,
MXene has the opposite impact compared to CNTs because
pristine MXene is less toxic than CNTs."?”

When specific natural dispersants are present, the individ-
ual CNTs gather together and become poisonous. It is impor-
tant to note that cell toxicity is induced by CNT surface
functionalization. In the HUVEC cell lines, the SWCNT with
—-COOH functionalization resulted in more significant toxicity
than the SWCNT without functionalization."**'*® vasyukova
et al.™ revealed that a single MnO,/Ti;C,-SP mixture was bio-
logically compatible in vivo and safe after healthy laboratory
mice were given intravenous injections at 5, 10, and 20 mg
kg™' doses. As a result, following the 30-day surveillance
period, all significant health markers were normal and consist-
ent with the control. The target organs were examined and
subjected to additional biochemical blood testing, but no
adverse activity was detected. MXene has a less severe adverse
effect on human health and the environment than CNTs.

The functionalization, coating, or encapsulation of CNTs
and MXenes can eliminate the toxic effect of the CNT and
MXene-based biosensors. It is vital to apply a mix of methods
to minimize the hazardous effects that are caused by biosen-
sing devices. These approaches include surface functionali-
zation, biocompatible materials, safe-by-design principles,
controlled discharge systems, stringent evaluation, and appro-
priate handling of the surroundings. Implementing these
methods makes it possible to create biosensors that are not
only highly efficient but also safe for use in sensitive appli-
cations such as medicine, the environment, and other areas.
There is the possibility to prevent direct interactions with bio-
logical tissues by enclosing harmful nanoparticles inside bio-
compatible matrices or nanoparticles. The biologically active
detector material can be controlled using encapsulating
materials such as liposomes, hydrogels, or biodegradable poly-
mers. This helps to reduce the amount of contact that occurs.
Developing biosensors made of materials that degrade in a
regulated manner and release byproducts that are not poiso-
nous can help lessen the long-term toxicity of the device.
Encapsulating or coating harmful sensing compounds can be
accomplished, for instance, by utilizing biodegradable poly-
mers that gradually decompose into non-poisonous mono-
mers. It is possible to lessen the toxicity of nanomaterials by
functionalizing their surfaces with biomolecules such as pep-
tides, proteins, or DNA, which are intrinsically friendly. These
functional groups can improve the material’s interactions with
the target analytes, enhancing the sensor’s performance while
minimizing the risk of damage to the cells or tissues. Detailed
in vitro and in vivo tests should be carried out to determine
whether the biosensor materials are harmful. To better under-
stand the potential dangers linked to the materials, these tests
ought to include cytotoxicity assays, hemocompatibility tests,
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and chronic biocompatibility investigations. The above-dis-
cussed methods play a primary role in eliminating the toxic
effect of MXene and CNTs to a large extent in biosensing
applications.

7. Comparative analysis of CNT- and
MXene-based biosensors

The working principle of all developed sensors or detectors is
the same. The detecting material may be differ from sensor to
sensor. The detecting medium used in the sensor are either
enzymes or antibodies which are used to identify the harmful
diseases or chemicals in the body, which are called biosensors.
In this section, we discuss various kinds of CNTs and MXene
based biosensors.

7.1. CNT- and MXene-based electrochemical biosensors

Several traditional techniques, including homogenizing a con-
taminated food sample in a buffer and isolating bacterial colo-
nies using selective agars, are used to detect harmful bacteria
or chemicals in food samples and human bodies.*® However,
the EC biosensor is advanced technology that gives more accu-
rate results for detecting target bacteria and harmful chemi-
cals in food and the human body. The idea behind identifying
bacteria with biosensors is to convert biological data into a
digital signal by employing physical or chemical methods. The
relationship between recognition components (antibodies,
enzymes, and viruses) and their biological targets produces
these biological data. Recognition components are often
immobilized on a transducer surface through covalent forces,
adsorption, trapping, cross-linking, encapsulation, or adsorp-
tion."*® The biological activity is converted into an identifiable
signal using a variety of transducers, including mass-based,
optical, and electrochemical sensors, depending on the signal
transduction method.

In contrast to indirect identification techniques, which use
a labeled probe to identify the result of biochemical reactions,
direct identification devices monitor physical changes caused
by the contact of the target analyte directly in real time
without needing a label. EC biosensors belong to various
transducer kinds. They show promise because of their afford-
ability, speed, sensitivity, usability, high signal-to-noise ratio,
flexibility in using identification elements, minimal inter-
action with food matrices, and instrument simplicity.***"**?
Even at low concentrations in turbid environments, electro-
chemical biosensors enable sensitive and focused detection of
bacterial cells. Generally, biosensors are divided into two
classes: direct and indirect identification of systems. In this
section, the reviewer provides a comparative analysis of CNTs
and MXenes. The performance of CNT- and MXene-based EC
biosensors for detecting various target materials is given in
Table 3.

7.1.1. CNT-based electrochemical biosensors. EC bio-
sensors were created using small carbon particles in the zero-
to three-dimensional (0D-3D) range. With a significant
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Table 3 The performance of CNT- and MXene-based EC biosensors for detecting various target materials

Limit of

(mAmM™' cm™?) sensing (uM)

Response Sensitivity

time (S)

Measurement Characterization

techniques

Ref.

Linear range (uM)

Analyte

techniques

Synthesis techniques

Name of biosensor

144
145

100-1000

0.005-13 mM 0.005-13

518.8
26.5

9

Uric acid
Glucose

SEM

FDA
Amperometric SEM, XPS

GA/uricase/chitosan/SACNT/Pt PECVD

<5

One-step solvothermal

Au/CG/C@MWCNTs/
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increase in field-effect movement and sensitivity, CNTs have
several benefits for the EC detection of foodborne bacterial
pathogens.’® Enormous surface-to-volume carbon nano-
structures can capture and discriminate electrical impulses
before and after combining biological elements.’®® Quick
transmission of electron kinetics from the transducer surface
to the EC medium is made possible by carbon’s excellent elec-
trical conductivity, which is also a result of other fascinating
physics brought on by the delocalized p-electron system."®
The electrochemical characteristics of carbon nanostructures
make efficient electron transmission of EC reactions poss-
ible.”” It has been discovered that carbon nanostructures
exhibit biological compatibility and facilitate reactions
between an identifiable element and the target proteins.>*2*
The mechanical properties, excellent stability, and simplicity
of modification also make the surface functionalization of a
carbon nanostructure simple.'*®**° The carbon nanomaterials
can be modified to precisely identify biological substances
thanks to these unique features.">®

Applications of the CNTs based biosensors in biomedical
studies are increasing such as blood glucose screening.
Diabetes, a breakdown in blood sugar management, is a major
cause of concern for people worldwide.'®® Major adverse reac-
tions such as lower limb amputations, deafness, kidney
failure, neuropathy, and coronary artery disease can result
from it. Thus, human health must monitored on the basis of
the blood glucose levels in human body. In 2030, it is antici-
pated that 439 million individuals will be dealing with dia-
betes.’*® Azimi et al'*® utilized the cost-effective chemical
vapor deposition (CVD) method to synthesize a biosensor com-
posed of vertically aligned carbon nanotube arrays (VACNTS) to
identify glucose in the human blood plasma. Synthetic CNT-
based electrodes are very good at identifying glucose. However,
by electrodepositing polyaniline (PANI) and then coupling
glucose oxidase (GO,) to VACNTs, researchers hoped to
improve further the stability and detection effectiveness of the
synthesized CNTs. The EC behavior of the electrode was exam-
ined using cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV). The low glucose LOD, linear range, and sensi-
tivity were 1.1 pM, 2-426 pM, and 620 mA mM ™' cm™2, respect-
ively. The synthesized CNT-based biosensors maintain their
stability and glucose detection performance up to 95% after 45
working days. The proposed electrode is a good option for
identifying glucose, according to the results obtained from
using it to determine glucose in plasma samples. The manu-
factured electrode is compatible with compact analytical
systems. Due to its low working potential, which inhibits the
oxidation of other interfering compounds like UA and ascorbic
acid, the manufactured biosensor successfully detected
glucose when other interfering compounds were present. The
findings showed that the electrode would be a good choice for
identifying glucose.

Yang et al.'** utilized microfabrication to synthesize a CNT-
based biosensor to detect uric acid (UA). The manufacturing
process and mechanism of the 3D SACNT array EC biosensor
for UA sensing are presented in Fig. 5a. The ordered 3D super-
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aligned carbon nanotube (SACNT) array of the biosensor’s
functional electrode is immobilized with uricase using a pre-
cipitation and cross-linking process. The artificially created
CNT-based EC biosensor had a larger SSA for simple contact
with reactants, greater enzyme density, and the ability to pre-
serve the SACNT architecture and high conductivity even after
the alteration. The SACNT/Pt working electrode’s lateral and
top profiles both before and after uricase immobilization not
affected in large extent. According to the SEM images in
Fig. 5b and c, the outermost layer of the SACNT was spaced out
before enzyme immobilization, but the array’s interior was
oriented vertically. The clusters or ellipsoidal particles coated
the SACNT array’s surface and interior following enzyme
immobilization. The CV response of the synthesized electro-
chemical sensor in 300 pM UA solution was evaluated at a con-
stant scan rate of 50 mV s~ .

The SACNTs modified with different materials possess a
promising response for the sensing of UA and have a pair of
redox peaks for oxidation at 0.12 V and reduction at —0.20 V,
as shown in Fig. 5d. The lack of uricase on the electrode in use
resulted in the absence of any apparent redox peaks being
detected for the GA/chitosan/SACNT/Pt electrode. Compared to
the behavior of the other two modified electrodes, the electri-
cal responsiveness of the pure electrode was even lower.
According to these findings, the GA/uricase/chitosan/SACNT/Pt
electrode exhibited remarkable electrocatalytic activity when
detecting uric acid. The detection limit of the synthesized
electrochemical sensors continuously increases up to 20 mg
mL™" of UA. This means 20 mg mL™"' of UA is the optimal
detection concentration. The enhancement of the scanning
rate from 10 to 200 mV s~ is responsible for increasing the
oxidation current, as presented in Fig. 5e. The maximum oxi-
dation current observed in all CV profiles exhibited a linear
relationship with the scanning rate, as depicted in Fig. 5f. It
appears from this that the transfer of electrons at the GA/
uricase/chitosan/SACNT/Pt electrode is regulated by surface
adsorption. This indicates that the redox process’s speed
depends on the adsorption rate between the reacting com-
pounds and the active substances located on the outermost
layer of the electrically conducting electrode. The peak oxi-
dation current of the active CNT-based electrochemical sensor
was observed at 50 mV s™' and 9 s response time at various
concentrations of UA solutions varying from 1 pM to 2000 pM
as presented in Fig. 5g. The peak oxidation current was
enhanced linearly as concentrations of the UA solution
increased from 100 pM to 1000 pM up to saturation, which
occurred at 1000 pM. The 3D SACNT array uric acid biosensor
exhibited a linear response ranging from 100 pM to 1000 pM,
with a correlation coefficient of 0.9956.

The synthesized sensor possesses an excellent sensing limit
of 1 pM, and the sensitivity is 518.8 pA (mM cm?®)™'. It is
evident from the inset in Fig. 5h that the standard deviation of
the highest recorded oxidation currents is 4.2 x 10~ A. This
indicates that the 3D SACNT array biosensor exhibits excep-
tional reproducibility. As the figure suggests, the amperometric
I-t curve for the dynamic measurement of UA with the bio-
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Fig. 5 (a) Synthesis and construction of the 3D SACNT array electrochemical biosensor for UA sensing, SEM image of the SACNT side at (b) 12 000
times magnification, (c) 100 000 times magnification of the SACNT/Pt working electrode before uricase immobilization, (d) CV curves of different
electrode materials for biosensors, (e) impact of scanning rate on the redox reaction behaviour for the GA/uricase/chitosan/SACNT/Pt electrode, (f)
plot of peak oxidation and reduction currents versus scanning rates, (g) CV curves of the GA/uricase/chitosan/SACNT/Pt electrode in 0.01 M PBS at
pH = 7.4 containing UA at different concentrations, (h) peak oxidation currents plotted as functions of uric acid concentration, (i) amperometric /-t
curve, (j) determination of uric acid in actual serum samples collected from a human via our biosensor compared with the FDA-approved

BeneCheck PLUS system (N = 4).144

sensor is depicted in Fig. 5i. Various concentration gradients
of UA, ranging from 0 to 600 pM, were assessed in a solution
of PBS with a pH of 7.4. An examination was conducted on the
specimens. There is a clear indication that the amplitude of
the oxidation current grows in proportion to the increase in
the concentration of uric acid. Within 300 s, the amperometric
variation of the biosensor occurred in response to a change in
the concentration of the uric acid solution. This change hap-
pened when the working electrode was refilled with new
medium via various microchannels. By demonstrating the sen-
sitive and rapid measurement capabilities of the GA/uricase/
chitosan/SACNT/Pt biosensor, which enables dynamic uric
acid monitoring, this outcome shows the performance of the
biosensor. A series of serum samples from human beings in
good health injected with uric acid were examined to verify
further the practicality of the 3D-structured SACNT array bio-
sensor created for identifying uric acid in bodily fluids. Using
the paired T-test, shown in Fig. 5], it was determined that
there was no significant difference between the findings
obtained using the FDA-approved electrochemical analyzer
and the outcomes produced using the other method. The
p-value was more than 0.05. According to the results, the pre-
cision of the biosensor, that is, a 3D-structured SACNT array, is

21230 | Nanoscale, 2024, 16, 21216-21263

adequate for identifying the presence of uric acid in authentic
samples. The low limit of detection (LOD) of UA is 1 pM, and
the linear range of detection (LDR) is 100-1000 pM. The
response time of the sensing material is very short, up to 9 s. It
means the CNT-based EC biosensor developed detects the UA
target quickly. The synthesized EC biosensor differs signifi-
cantly from previous studies because it uses a 3D SACNT array
with enzymes immobilized through precipitation and cross-
linking. This results in outstanding results, including high
sensitivity, a broad identification range, a low detection limit,
and a rapid response time. These exceptional results for the
synthesized CNT-based EC biosensors are due to their great
electrical and optical capabilities, substantial aspect ratio,
powerful mechanical properties, good chemical and thermal
stability, and excellent chemical resistance.

7.1.2. MXene-based electrochemical biosensors. MXene is
an excellent choice for manufacturing EC biosensors because
of its outstanding hydrophilicity, high enzyme loading capa-
bility, biological compatibility, great electron migration power,
and good electrocatalytic characteristics.®® Su et al.'*® utilized
the self-assembly technique to deposit Prussian blue (PB) on
the surface of Ti;C,T, MXene to synthesize the MXene-based
PB-Ti;C,T, biosensor for the identification of circulating

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) The synthesis process for the MXene-based PB-MXene biosensor for detecting CTCs, the existence of PB on the layered MXene, (b) SEM
image, (c) TEM image, (d) CV curves for the PB-MXene composite electrode in the absence and presence of 1 mM H,O, in 5 mM [Fe(CN)gl®>~ solution
containing 0.1 M KCl, (e) amperometric i—t curve of the PB-MXene electrode, (f) amperometric i—t responses with and without A549 cells under
PMA stimulation, (g) reproducibility of 5 independent biosensors in 1.3 x 10* cells per mL of A549 cells,**° (h) the proposed PEC mechanism at the
g-C3N4/TizC, composite and an /-t curve selected to explain the stepwise process, choose the best sensing range, and measure the sensing limit, (i)

the long-term stability of the proposed PEC sensor.15?

tumor cells (CTCs). The synthesis process for the PB-MXene
biosensor for detecting CTCs is given in Fig. 6a. The existence
of PB on the layers of MXene is shown in the SEM and TEM
images of MXene-based PB-Ti;C,T, material in Fig. 6b and c.
CTCs are crucial prognostic indicators for diagnosing cancer and
metastatic disease, and their discovery is an essential step in the
metastatic cancer identification process. A very effective electrode
modifier for biosensors is PB. The porous nature of PB provides
superb efficiency for adsorption. The higher PB catalytic activity
is devoted to the existence of iron atoms in it, because iron
atoms have higher metal active sites. As a result of its huge pore
volume, customizable size, simplicity of synthesis and surface
modification, excellent thermal stability, and outstanding biologi-
cal compatibility, it has attracted increasing amounts of research
attention for application in immunosensors and biological
imaging, as well as other uses as a therapeutic agent. The
addition of PB to the surface of MXene is responsible for excel-
lent electrocatalytic activity and reduced cytotoxicity for the H,O,
sensing and living CTC capture.

This journal is © The Royal Society of Chemistry 2024

CV and EIS testing have been used to evaluate the electro-
chemical performance of the synthesized PB-MXene-based
sensor. With 5 mM K;[Fe(CN)e] and 0.1 M KCI in the same
solution, and the CV curves of various multilayer PB-MXene-
based biosensors has been analysed. The combination of
redox peak pairs appeared in an obvious way, and it became
apparent that the redox peaks of the MXene substance that PB
had altered had greatly improved. This can be briefly attribu-
ted to the critical part that PB plays in increasing the surface
area of MXene and improving the electron transfer process.
The enhancement of the MXene layer on the sensor’s interface
increases the reduction peak current by up to 20 layers sensors
with the highest reduction peak current.

The CV curves confirmed the H,0, sensing performance of
the PB-MXene-based electrochemical sensor, as presented in
Fig. 6d. The electrocatalytic capability of PB is responsible for
an upsurge in the reduction peak that occurs when 1 mM
H,0, is present, as well as the downward movement of the CV
curve compared to the pattern that occurs when H,O, is not

Nanoscale, 2024, 16, 21216-21263 | 21231
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present. In the presence of H,0,, PB would perform a catalytic
function, enhancing electron transport and accelerating the
reduction procedure. The amperometric curve for the simul-
taneous injection of H,0, into the electrolyte at different con-
centrations is presented in Fig. 6e. The infusion of H,O,
resulted in the gradual appearance of current responses,
which could be observed. The synthesized sensor exhibited a
meaningful change when PMA was injected into the solution
in the presence of the sample with A549 cells, as shown in
Fig. 6f. However, in the absence of cells in the electrolyte, an
equivalent quantity of PMA was introduced at 400 s, and the
amperometric curve exhibited consistent stability. PMA
induces the cellular secretion of H,0,, which is subsequently
recognized by the PB-MXene composite electrode and con-
verted into an electrical current signal. The composite elec-
trode demonstrated the ability to accurately detect a low con-
centration of H,0, emitted by living cells, exhibiting excellent
detection capabilities and heightened sensitivity. The ability of
biosensors to be replicated accurately is essential for their
future use. The repeatability of biosensors was assessed using
an independent test. Five separate sensors were employed to
identify A549 cells at a concentration of 1.3 x 10* cells per mL.
The electrochemical response data obtained from differential
pulse voltammetry (DPV) are displayed in Fig. 6g. The relative
standard deviation (RSD) was determined to be 1.42%, indicat-
ing excellent reproducibility of the sensor and its suitability for
further applications. The synthesized MXene-based PB-MXene
biosensor possessed a good LOD, and the outstanding LDRs of
H,0, and CTC analytes were 0.57 pM and 9 cells per mL, and
1-500 uM and 1.3 x 10'-1.3 x 10° cells per mL, respectively.
The results demonstrate the ability to detect A549 cells in the
bloodstream of the mouse tumour model, hence confirming
the practicality of the biosensor employed for sample
detection.

Yuan et al'®' created an MXene and graphene-based
2-C3N,/Ti5C, hybrid compound for ciprofloxacin (CFX) detec-
tion. Different characterization methods looked into the pro-
duced nanocomposite’s good sensing efficiency. Furthermore,
it was demonstrated via the analysis of PEC characteristics that
using Ti;C, in conjunction with visible light enhanced the
efficiency of charged particle immigration and the dissociation
of photoinduced electron-hole pairs, illustrating the synergis-
tic activity to support the effectiveness of the photoelectric
conversion process. Low intrinsic conductivity is a significant
challenge for identifying systems based on g-PEC C3N, since it
interferes with electronic communication. Additionally, assess-
ment of the photoelectrochemical (PEC) properties demon-
strated that introducing Ti;C, and visible light enhanced the
effectiveness of the migration of electrons and the division of
photogenerated electron-hole pairs. This synergistic effect
contributes to the enhancement of photoelectric efficiency.
Numerous methods, such as encapsulating MXene with
different materials, have been invented to enhance its photo-
electrochemical properties. MXene, in particular, has a
remarkable ability to increase performance significantly. The
detection limit (3S/N) for g-C;N,/Ti;C, was 0.13 nM, and the
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current density was linearly connected to the concentration of
CFX in the range of 0.4 to 1000 nM. The mechanism of the
PEC at g-C3N,/Ti;C, composite and I-¢ curve was selected to
explain the stepwise process of the detection of CFX, choose
the best sensing range, and measure the lower sensing limit as
presented in Fig. 6h.

Additionally, the PEC sensor exhibited enduring stability,
commendable repeatability, and selectivity. Ultimately, the
identification of actual commercial samples was assessed to
verify the feasibility of practical uses. Therefore, the g-C;N,/
Ti;C, photoelectrocatalyst offers a novel approach for detecting
CFX with exceptional selectivity and sensitivity. DPV analysis
was used to investigate the stability and reproducibility of the
g-C3N,/Ti;C, composite in NaH,PO, solution containing
50 pM of CFX. Upon refrigeration at a temperature of 4 °C for
seven days, the designed current response exhibited 91.7%
retention of its initial activity, as depicted in Fig. 6i. This con-
firms the exceptional stability of the PEC sensor. In addition,
when compared with a set of electrodes modified with g-C3N,/
Ti;C,, the suggested sensor demonstrated an RSD of 1.8%,
indicating a certain level of reproducibility.

Bolourinezhad et al'® synthesized the MXene-based
TizC,T, and carbon platinum (Pt/C) EC biosensor probe to
identify SARS-CoV-2. The traditional RT-PCR technique is used
to determine SARS-CoV-2; it is time-consuming and requires
high capital investment. However, the EC biosensing tech-
nique is cost-effective and time-saving, giving accurate results
within the shortest period. The LOD and quantification of
SARS-CoV-2 by the MXene-based biosensor were 0.4 aM and 60
copies per mL. The sensitivity and specificity of the sensor
used to identify COVID-19 were also evaluated for 192 clinical
specimen patients using the RT-PCR technique compared to
other respiratory tract viral infections. The results showed
100% accuracy and sensitivity and 97.87% specificity. It was
discovered that the biosensor could function in various serum,
saliva, and nasopharynx matrices. A medical use requiring the
precise, sensitive, and speedy diagnosis of COVID-19 may be
feasible using the resulting biosensor.

7.2. Advanced biosensors

Several traditional biosensors are available on the market for
the detection of toxic bacteria and to identify the availability of
various harmful chemicals in water, food, and the human
body to save the environment and human beings. The tra-
ditional biosensor has several disadvantages, including low
response time, low limit of detection, and minimized re-
usability and stability. However, these disadvantages have
been overcome by advanced biosensors developed from the
advanced CNT and MXene nanomaterials. In this section, we
compare the sensing limit, the linear detection range, and the
sensitivity of the CNT- and MXene-based advanced biosensors.
The performance of CNT- and MXene-based advanced bio-
sensors is given in Table 4.

7.2.1. CNT-based advanced biosensors. Zamzami et a
utilized a cost-effective and environmentally friendly physical
deposition technique to deposit SWCNTs on the interface of

Z 162
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the SiO, substrate to synthesize the carbon nanotube field-
effect transistor (CNT-FET)-based biosensor for the identifi-
cation of SARS-CoV-2 S1. The biosensor was created via CNT
printing, and anti-SARS-CoV-2 S1 was immobilized on a Si/
SiO, interface. Employing the linker PBASE and a non-covalent
interaction, the SARS-CoV-2 S1 antigen was immobilized on
the CNT interface between the S and D channel region. Using
an authorized SARS-CoV-2 S1 antibody, the power supply of
the CNT-FET biosensor was examined. The newly created
CNT-FET immunosensor can identify the SARS-CoV-2 S1
antigen by observing alterations in the source-drain current
(Ips). The interaction between the antigen and the binding site
is demonstrated by a modification in the electrical signal, as
depicted in Fig. 7a. A strong relationship exists between Ipg
and the source gate voltage (Vs) for the bare carbon nanotube
field-effect transistor surface. The graph explicitly presents the
data obtained at a constant voltage of —1.5 V. The data show a
significant rise in Ips when the gate voltage changes from posi-
tive to negative, indicating that the device displays typical fea-
tures of a p-type field-effect transistor. Including a linker mole-
cule (PBASE) was essential for establishing a connection
between the antibody and the CNT surface. The electrical
behaviour of the CNT-FET biosensor was altered after treat-
ment with 2 mM PBASE, providing evidence of the effective
alteration of the CNT surface. The reaction time, detection
limit, and range of the CNT-FET biosensor have been exam-
ined by gradually raising the amounts of the SARS-CoV-2 S1
antigen. Once the source-drain current was stabilized using a
buffer solution, higher levels of antigens were introduced at
intervals of 50 s, and the immediate reaction was documented.
Fig. 7b demonstrates that each concentration resulted in a
unique spike and saturation in the Ipg signal. As shown in
Fig. 7c, a calibration curve was developed to examine the
relationship between the concentration of SARS-CoV-2 S1
antigen and the normalized sensor response (Al/l,). According
to the results, the CNT-FET biosensor can detect antigen con-
centrations between 0.1 and 5000 fg mL™". After reaching a
concentration of 100 fg mL™", the sensing response starts to
become saturated, and there are only slight increases in Ipg
after this point. Based on the sensor’s dose-dependent
response, the LOD was calculated within the linear region of
the curve. As shown in Fig. 7d, a calibration curve was devel-
oped to examine the relationship between the concentration of
SARS-CoV-2 S1 antigen and the normalized sensor response.
According to the findings, the CNT-FET biosensor can detect
antigen concentrations between 0.1 and 5000 fg mL™". After
reaching a concentration of 100 fg mL™", the sensing response
starts to become saturated, and there are only slight increases
in Ing after this point. Based on the sensor’s dose-dependent
response, the LOD was calculated within the linear region of
the curve. As shown in Fig. 7e, the attached anti-SARS-CoV-2
S1 antibodies could identify the target antigen with high speci-
ficity. Still, it was unable to identify non-specific antigens.
Unlike non-specific antigens, the SARS-CoV-2 S1 antigen’s
attachment to its specific antibody resulted in a substantially
more significant alteration to the Ipg signal. Higher electron
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(a) A modification to the electrical signal demonstrates the interaction between the antigen and the binding site, (b) real-time sensor
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response versus applied concentration of target SARS-CoV-2 S1 antigen, (d) real-time biosensor response for a selectivity test with the target
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(f) normalized real-time biosensor response vs. time properties after the addition of SARS-CoV-2 S1 non-fortified and fortified saliva, (g) normalized

real-time biosensor response vs. SARS-CoV-2 S1 antigen.1¢?

transport properties were seen on the surface of the carbon
nanotube when unique antigen-antibody pairs were present.
On the other hand, the normalized biosensor reaction was
lowered by 8 to 9.5% when non-specific pairs were present.
The fact that the biosensor has such a high sensitivity for the
target antigen is demonstrated by this. The real-time bio
response of the developed biosensor vs. time and concen-
tration of the sample is presented in Fig. 7f and g. These find-
ings show that the synthesized sensor possesses an effective
real-time response. The synthesized CNT-based biosensor pos-
sessed LOD and LDR values of up to 4.12 fg mL™" and 0.1 fg
mL™" to 5.0 pg mL™" within the response time of 120-180 s.
After five working cycles, the CNT-FET biosensor’s reusability
demonstrated less than a 10% drop in sensor performance;
the system’s renewal phase performed admirably. The syn-
thesized CNT-FET biosensor possesses a significant sensitivity
of up to 91.18%. Reusability of the biosensor is determined by
the CNT-FET produced materials. The CNT-FET biosensor was
electrically characterized after each procedure under dry con-
ditions at room temperature. Before the treatment, following
CNT surface alteration by PBASE and after antibody immobiliz-
ation, the semiconductor characteristics of the biosensor were
characterized. There was no gate current leakage found.

Li et al.*®® utilized a simple coating technique to deposit
Al;,CuygFeq6 on the interface of MWCNT-COOH to synthesize
the CNT-based biosensor for identifying organophosphorus
pesticides (OPs). The expansion of agriculture has led to the
extensive use of OP compounds as potent pesticides. However,

21234 | Nanoscale, 2024, 16, 21216-21263

when pesticides are used more frequently, their negative
impacts on humanity and the environment are more readily
apparent. Pesticide misuse results in trace buildup in the
natural world and causes irreparable harm to the soil and
water sources. Organophosphorus pesticides have the poten-
tial to kill people when consumed in high enough doses.’
Therefore, developing an accurate and sensitive method for
detecting pesticides containing organophosphorus is essen-
tial. The LOD and LDR values of the synthesized CNT-based
biosensor for sensing OPs were 1.054 x 10”** M and 107> M
to 107° M. Due to the composite material’s interactions, the
OP sensing biosensor exhibits outstanding electrochemical
properties and long-term stability for the measurement of ace-
phatemet. According to the DPV experiment, adding
LQC®@CNT nanocomposite to the electrode interface improved
the AChE biosensor’s efficiency. The quantities of modified
material have an immediate effect on the created system’s con-
ductivity. With a specific number of components present, the
response current grew with volume and peaked at 5 L. The
current sensitivity is reduced as the material volume increases
beyond 5 L. These events might result from materials being
coated too thickly, preventing electron transfer. Therefore, the
bare electrode was modified using 5 L of LQC@CNTs. When
combined with the porous QC surface, the significant surface
area of the MWCNT-COOH coating produces a sensor with
increased catalytic activity. This is because the high surface
area enables more active sites to be utilized for catalytic pro-
cesses. Because of the conductive nature of MWCNTS, the elec-
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trical conductivity of the sensor is enhanced, and the biocom-
patibility of the sensor is preserved, which provides it with the
capability to be utilized in biological applications.
Veeralingam et al'® utilized the vacuum filtration
approach to deposit MWCNTs on the outermost interface of
the paper substrate to synthesize CNT-based biosensors for
effectively sensing cholesterol. A constant vacuum pressure of
50 kPa was maintained during the filtration procedure. The
MWCNT solution was applied to the paper substrate using a
500 pL pipette. The limited price of paper substrates has
impeded the efficiency of paper-based sensors due to a lack of
suitable device fabrication procedures. They are tackling this
problem in this work. Both the immunological and neurologi-
cal systems of humans contain cholesterol. The release of bile
juice and steroid hormones, including estrogen, progesterone,
and androgens, depends on it as a crucial metabolic com-
ponent. After regularly consuming saturated fats, human body
cells gradually become unable to clear excess cholesterol.
Therefore, cholesterol builds up in the artery walls, leading to
serious conditions such as cerebral venous thrombosis and
sudden myocardial infarction. A healthy human’s saliva typi-
cally contains 5-46 pM of cholesterol, whereas the normal
cholesterol range in blood samples is 1-5.2 mM. Therefore,
there is an increasing need for quick, accurate, and user-
friendly analytical tools to find cholesterol in biological fluids.
The characterization techniques show that the MWCNTSs are
smooth and uniform on the surface of the paper substrate
with a diameter of 15-20 nm. When the synthesized CNT-
based biosensor is applied for cholesterol sensing, it shows
impressive results. It shows an excellent LOD and LDR up to
3.2 nM and 0.0010-75 pM, respectively. Poor recycling is the
main issue with paper-based sensors. The wax line thickness
and heater temperature are essential for the paper-based
sensors’ recycling capability. The deposition process for wax
and MWCNTs on the surface of the paper substrate for the syn-
thesis of the MWCNT/paper-based biosensor is shown in
Fig. 8. The manufactured biosensor exhibited remarkable
reproducibility and stability and excellent sensitivity for identi-
fying cholesterol, with just a small amount of interference
from other chemicals. Its efficacy can be attributed to manipu-
lating electrical characteristics through the electrostatic gating
effect and direct electron transfer between MWCNTs and
cholesterol, which is made possible by the bioconjugation of
cholesterol oxidase (ChO,). The issues that are linked to the
use of hard substrates and procedures that are based on liquid
electrolytes are eradicated with this approach. The fact that the
sensor was able to measure cholesterol levels in saliva accu-
rately is more evidence that it has the potential to be a paper-
based biosensor that is inexpensive, interference-free, and dis-
posable for use in point-of-care diagnostic assessments.
Recently, Wei et al.’®® synthesized the CNT-based CNTs/MoS,
biosensor for sensing serum prostate-specific antigen (PSA) by
the mixed acid oxidation technique. One of the malignancies
with the greatest prevalence in males is prostate cancer (PCa),
which also happens to be the cancer that kills the most people
worldwide. For mortality to be reduced, early diagnosis is

This journal is © The Royal Society of Chemistry 2024
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crucial. Prostate cancer is frequently diagnosed via rectal
examination, tissue biopsy, and PSA testing. PSA is a popular
indicator for the identification of PCa. The biosensor built
with synthetic CNTs demonstrates that the PSA LOD is 10-13 g
L', and the LDR ranges from 107 to 107™* g L.
Additionally, the device displayed improved stability and a
quick response. In recognizing both p-actin and PSA, the syn-
thesized CNTs/MoS, field-effect transistor with a hetero-
geneous structure outperformed the conventional MoS, FET.
This enhancement is likely attributed to the fact that the float-
ing MoS, nanofilm has been physically separated from the
SiO, dielectric layer, decreasing the impact of scattering and
improving performance. Likewise, the hanging nanofilm
demonstrates a larger surface area for biological analytes,
offering greater opportunities for antibody binding and
leading to a greater response from the sensor. Amino-functio-
nalized CNTs on MoS, also provide more sites for immobiliz-
ing proteins, enhancing the accumulation of charge carriers in
the MoS, channel and further enhancing the detection rate of
the biosensor. The synthesized CNT-based advanced bio-
sensors possessed an excellent low limit for detecting harmful
biomarkers that were poisonous to humans and might be in
the human body, water, or food. The advanced biosensor has
tremendous advantages over traditional techniques because of
excellent LOD and stability.

7.2.2. MXene-based advanced biosensors. The perform-
ance of traditional biosensors is limited. It can be improved by
synthesizing advanced biosensors based on MXene. MXene’s
outstanding characteristics are valuable for selecting MXene to
synthesize MXene-based biosensors. The MXene surface can
quickly transfer electrons between enzymes, the anode, and
the cathode. This property of MXene makes it an ideal candi-
date for advanced biosensors. In this section, the reviewer dis-
cusses the performance of MXene-based biosensors.

Wang et al.'® utilized the drop coating technique to syn-
thesize the MXene-Ti;C,T,Au@Pt biosensor for effectively
sensing inosine monophosphate (IMP) from meat flavoring.
IMP was regarded as a crucial element of meat flavoring and a
crucial marker for assessing the overall quality of meat-based
goods. Numerous animal meat items have had their quality
evaluated by measuring the amount of IMP in muscle tissue. It
is widely acknowledged as a vital sign for identifying the
umami flavor of meat. So, for the analysis of the quality of
meat, it is necessary to develop a cost-effective and short
response time biosensor for the determination of IMP quan-
tities to identify the quality of meat. The synthesized MXene-
based biosensor possessed LOD and LRD values up to
0.00085 pM and 0.5-1200 pM, respectively. Advantages of this
MXene based biosensor are rapid IMP detection, high sensi-
tivity, and posess wide range. A detector with potential for
future uses was constructed for the technique presented in
this study, which might be used to evaluate the quality of
meat.

Wu et al.'®® created the Ti;C,-PLL-GO,, enzymatic catalyst to
separate the hazardous intermediate H,O, produced during
the oxidation of glucose; the method for making the MXene-
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based biosensor and the mechanism for the degradation of created using the Ti;C,-PLL-GO, biosensor and then painted
the intended pollutants are shown in Fig. 9. The Ti;C, MXene- on the outer half of the outermost layer of the glassy carbon
based biosensor with a glucose detection limit of 2.6 M was electrode. The Ti;C,/GO,/PLL biosensor with excellent catalytic
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activity was impregnated on the glassy carbon electrodes to
construct the newly created glucose biosensor with an LOD of
2.6 pM. The hazardous intermediate product H,0,, made
during the enzymatic oxidation of glucose, typically restricts
the GO, function in functional applications of biological
glucose detection. Ti;C, MXene, which is well-known for its
exceptional electrical conductivity, serves as the electrode
material for the Ti;C,-PLL-GO,-based biosensor, which makes
use of an electrochemical detection mechanism that is excep-
tionally effective. It is possible to functionalize the surface of
Ti,C, by using PLL, which not only improves the biological
suitability of the material but also provides a solid foundation
for the immobilization of GO,. When glucose is available, GO,
can catalyze its oxidation, which results in the production of
H,0,. The Ti,C, electrode then proceeds to identify H,O,
through an electrochemical reaction, which generates a
current related to glucose concentration. Because of the excel-
lent electrical conductivity of Ti,C,, the reliable enzyme immo-
bilization afforded by PLL, and the particular enzymatic
activity of GO,, this arrangement can achieve glucose detection
that is both sensitive and selective. This investigation not only
enhances the technology of GO, but also presents a broad and
practical approach for preparing and stabilizing different

This journal is © The Royal Society of Chemistry 2024

enzymes loaded onto MXenes with a high enzyme concen-
tration and uniform enzyme distribution. This opens up
potential applications in electrochemical devices, biosensing,
and biofuel cells.

Xia et al.'®® reported that the MXene-based Chit/ChO,/
Ti;C,T,/GCE biosensor was synthesized using a cost-effective
and environment-friendly one-step dip-coating approach for
cholesterol sensing. Cholesterol is hazardous for human
beings because it is the cause of serious diseases. In large
quantities, it is present in lipids and fats. When it comes to
the oxidation of cholesterol, adding Fe(CN)y facilitates the
transfer of electrons from the specimen to the modified elec-
trode. Under ideal conditions, the biosensor’s differential
pulse voltage response revealed a good correlation with the
amount of cholesterol ranging from 0.3 to 4.5 nM, with a low
limit of detection of 0.11 nM and a high sensitivity of 132.66 A
nM™' ecm™2. Furthermore, the biosensor has been used to
detect cholesterol in natural materials with reasonable speci-
ficity and strength, and the outcomes show that the biosensor
has a remarkable degree of practical applicability. The Chit/
ChO,/Ti;C,T,/GCE electrode-based biosensor uses an electro-
chemical identification technique in addition to enzymatic oxi-
dation to identify cholesterol. The oxidation of cholesterol is
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catalyzed by ChO,, which results in the byproduct H,O,. A
detectable current results from the electrochemical oxidation
of this H,0, at the GCE’s exterior, facilitated by the highly con-
ductive Tiz;C,T, nanomaterial. The chit matrix stabilizes the
enzyme that acts on the electrode. Sensitive identification is
made possible by the resulting current being proportional to
the cholesterol levels. The Chit/ChO,/Ti;C,T,/GCE-based bio-
sensor demonstrated outstanding stability, maintaining 98.2%
of its initial positive current response.

Furthermore, the repeatability of the biosensor was verified
by measuring cholesterol at a concentration of 3 nM using five
different sensors from different manufacturers. The results
demonstrated that the relative standard deviation among the
sensors was equal to or lower than 4.5%, which indicated a
good reproducibility level. Fig. 10 illustrates the method for
producing Chit/ChO,/Ti;C,T,/GCE and the detection of chole-
sterol using the created nanocomposite.

Chandran et al.'”* synthesized the Lac/Au/MXene/GCE bio-
sensor to identify catechol using a mixing and coating
method. Numerous phenolic substances, such as genistein
and catechol, are often utilized in factories and are persistent
organic contaminants in the environment. Therefore, catechol
must be in the wastewater when it is discharged. The charac-
terization techniques include XRD, SEM, and EDX to evaluate
the internal structure and sensing performance of MXene-
based nanomaterials. The synthesized biosensor has an excel-
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lent LOD, LRD, and sensitivity of 0.05 mM, 0.05-0.15 mM, and
0.05 mA pM ™, respectively.

Additionally, it demonstrated outstanding reliability, repro-
ducibility, and robustness. To reduce environmental contami-
nation, the MXene-based biosensor is an excellent tool for
identifying catechols in industrial wastewater and bodies of
water. The synthesis route for any material has a viable impact
on the characteristics of the synthesized nanomaterial. Every
synthesis route yields nanomaterials with unique character-
istics and structures. The traditional or extensively used
method to synthesize MXene is the HF-etching process. The
most significant drawbacks of this technique are that it gener-
ates low-quality MXene and pollutes the environment by
releasing a large quantity of HF into the atmosphere, which is
dangerous to human beings. For example, because of the
excess consumption of HF acid, the F functionality on the
uppermost layer of MXenes is susceptible to releasing HF
during hydrolysis operations. The harmful effects of HF would
significantly lower the production rate of enzyme synthesis.
Their vulnerability to oxidation at ambient temperature or
during the OER process significantly impairs the reliability
and effectiveness of HF-etched MXenes in the biological
sensing process. The HF-etching process limits the biomedical
applications of MXene. Therefore, stable, biodegradable
MXene nanocomposites require production processes that are
reliable, strong, and fluorine-free.

Electrochemical signal(DPV)

<

Hzoz Oz

@ cro
VN

Cholesterol Cholestene-3-one

Fig. 10 The production method for Chit/ChO,/TizC,T,/GCE and the detection of cholesterol using the created biosensor.1¢°
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Song et al.'”” utilized the cost-effective E-etching approach
to synthesize niobium carbide (Nb,CT,) MXene to address this
issue. The synthesis process for Nb,CT, MXene through the
E-etching approach and the influence of the inhibition of
enzymes on the ability of a biosensor based on Nb,CT,/AChE
to identify phosmet is given in Fig. 11. This method extensively
improves the electrical and thermal conductivity, biosensing
capacity, and biological compatibility of the MXene compared
to HF etching. The synthesized MXene possessed an excellent
LOD for phosmet sensing of up to 0.046 ng mL~". The manu-
factured MXene-based biosensor outperforms its HF-etched
counterpart, showing that fluoride-free MXene can improve
the biosensor’s enzyme function and the transmission of elec-
trons. The results demonstrate the potential of HF-free MXene
for creating biosensors with outstanding efficiency, including
ultrahigh sensitivity selectivity. HF-free MXene is anticipated
to have tremendous potential for expansion into many other
biological disciplines as a stable and biologically compatible
nanoplatform. The Nb,CT,/AChE-based biosensor measures
the effects of a pesticide called phosmet on the enzyme AChE.
AChE usually breaks down acetylthiocholine into a different
molecule that can be sensed as an electrical signal. Phosmet
decreases the electrical signal because it prevents AChE from
functioning correctly when it is present. The signal gets
weaker the more phosmet there is in the environment. A
unique substance in the sensor, Nb,CT,, helps to intensify
this signal, which facilitates the detection of even minute
levels of phosmet. The evaluation of a biosensor’s sensitivity
and accuracy in detecting phosmet on fruits, such as apples;
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the biosensor’s selectivity was shown by testing it with various
interfering substances, none of which had an impact on the
activity of the enzyme. The sensor demonstrated dependable
and precise identification when phosmet was applied to apple
specimens, showing recovery rates of 98.05%, 105.57%, and
107.77% at various phosmet doses. These outcomes show how
well the biosensor works to identify low concentrations of
phosmet in actual samples, demonstrating both its efficacy
and repeatability. The Nb,CT, nanoplatforms that have been
E-etched exhibit markedly greater sensitivity than the ones
that have been HF-etched. The heightened sensitivity is a
result of the release of HF by HF-etched Nb,CT,, which
hampers the action of AChE, resulting in diminished electroac-
tivity of choline and impaired electron transfer.

On the other hand, E-etched Nb,CT, overcomes this
problem, leading to improved efficiency. This enhances the
efficiency of the E-etched Nb,CT,-based biosensor for real-
time and on-site detection. The E-etched variant of Nb,CT,
exhibits significant enhancements in enzyme activity and elec-
tron transfer compared to its conventional HF-etched counter-
part. Consequently, the resulting biosensor has exceptional
sensitivity, selectivity, and resistance to interference.
Additionally, it demonstrates outstanding recovery rates in
natural specimens and possesses a meagre limit of quantifi-
cation up to 0.046 ng mL~". This research is noteworthy for its
utilization of an MXene that does not contain fluoride for bio-
sensing; this gives the chance to open up avenues for further
biomedical applications such as photothermal therapy and
photoacoustic imaging.

®Al ®Nb @C >0 DH

4h, 50 °C

{ .
Electrochemical
exfoliation

E-etched Nb,CT, MXenes

— HF-free Nb,CT, NSs

(Enhanced enzyme activity
and electron transfer)

HF-free Nb,CT, nanosheets

Fig. 11 The synthesis process for Nb,CT, MXene through an E-etching approach and the influence of the inhibition of enzymes on the ability of a

biosensor based on Nb,CT,/AChE to identify phosmet.172
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7.3. CNT- and MXene-based immunosensors and
aptasensors

Immunosensors and aptasensors are special classes of bio-
sensors. Various biosensing applications have substantially
used electrochemical immunosensors (ECIs) in the last ten
years. The use of enzyme-free systems with immunosensors
and aptasensors in recent biosensor advances has attracted
much interest. In the past several decades, there has been a lot
of interest in developing immunosensors and aptasensors,
which has resulted in the creation of reliable and responsive
sensing systems for identifying biomarkers before the start of
a disease. In this section, we discuss the CNT- and MXene-
based immunosensors and aptasensors for detecting anti-
bodies or toxic chemicals in the human body. Immunosensors
use antibodies to detect a chosen target in a specimen of mix-
tures. Humans are significantly affected by several unantici-
pated protein-based disorders. Conventional methods do not
sense such illnesses. For such diseases, scientists must create
efficient sensors capable of identifying illnesses at the protein
level. Numerous methods and techniques have been devel-
oped, such as the enzyme-linked immunosorbent assay
(ELISA), photoelectrochemical immunoassay, and capacitance
immunoassay.'”® To identify and detect numerous specific dis-
eases, including cancer, pathogens, proteins, peptides, bac-
teria, viruses, and live cells, as well as to track numerous
additional environmental contaminants, several RNA and DNA
electrochemical aptasensors have been created. The perform-
ance and synthesis routes to CNT- and MXene-based immuno-
sensors and aptasensors are discussed in Table 5.

7.3.1. CNT-based immunosensors and aptasensors. Kumar
et al.'’* utilized the chemical reduction technique to syn-
thesize the CNT-based CS-CNT-Pd nanocomposite for effec-
tively sensing zearalenone (ZEN). The synthesis procedure for
the CNT-based CSCNT-Pd-based immunosensor is shown in
Fig. 12a. Among countless mycotoxins, ZEN is the most preva-
lent pollutant in cattle food and feed supplies. Secondary
metabolites can be harmful to both animals and people.
Because most human food is made from crops, including
corn, maize, wheat, and milk, many nations have established
optimum regulatory limits (ORLs) for ZEN in crops and food
products. ZEN pollution exposes living things to several grave
threats; as a result, it must be regulated and its damaging
effects worldwide prevented. The synthesized immunosensor
gives excellent results compared to traditional sensing
techniques.

The surface of a CNT-based nanocomposite is also functio-
nalized with -COOH functional groups. Functionalization
speeds up the oxidation process of the CNT nanocomposite.
This causes flaws to form, allowing for an increase in the
amount of metal nanoparticles loaded with a finer dispersion.
The finer dispersion resulting from this functionalization pro-
cedure encourages the dispersion of CNTs in catalytic ink. The
pores and metallic particles in the CS-CNT-Pd composite were
utilized as a sensor platform to immobilize antibodies. This
enabled the nanocomposite to provide active sites, enhancing
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the catalytic activity and electron transfer mechanisms.
Changes in peak electrical currents and peak-to-peak separ-
ation values were observed at each stage of the fabrication
process, as shown in Fig. 12b. These changes indicated that
the electron transfer rate was subject to alterations as the
screen-printed carbon electrodes (SPCEs) underwent more and
more modifications. It was discovered that a concentration of
2.0 mg mL ™" of the nanocomposite resulted in the best results
for drop-casting. The time the antigen was allowed to incubate
was the most significant aspect that influenced the sensor’s
performance. Following a series of tests that lasted anywhere
from 15 min to 16 h, the best incubation duration was deter-
mined to be 3 h, as shown in Fig. 12c. This was because the
sensor response became stable at that point. Additionally, the
antibody concentration (ZEN-MADb) was an important thing to
consider. After conducting tests with concentrations ranging
from 1/250 to 1/3000, it was discovered that the sensor
response reached a plateau at a concentration of 1/2500, which
resulted in this concentration being the most suitable for sub-
sequent investigations. The investigation shows that the
immunosensor’s response stabilizes when the amount of anti-
body approaches 1/2500. So, for the following experiments, 1/
2500 was the best antibody amount, as shown in Fig. 12d. The
immunosensor’s resistance (R.) values rose in direct pro-
portion to the ZEN concentration. A calibration curve was con-
structed by plotting these values against the amount of ZEN.
The regression coefficient was 0.98, indicating a very accurate
linear relationship between 0.25 and 4.0 ng mL~" ZEN. It was
established that the sensor had a 0.25 ng mL~" LOD, as shown
in Fig. 12e.

The immunosensor’s response, as determined by EIS,
remained relatively constant when subjected to non-specific
analytes, as illustrated in Fig. 12f. The histogram of the
responses revealed that the variation in the electrochemical
impedance spectroscopy response (4a,) for the non-specific
analytes was below 10% compared to the response found for
ZEN. This slight modification affirms that the immunosensor
exhibits a high level of selectivity and is predominantly sensi-
tive to ZEN while experiencing minimal disruption from other
chemicals. The replicability of the designed immunosensor to
identify ZEN was then tested. The experiment involved apply-
ing three groups of ten separate electrodes to test ZEN at three
distinct concentrations: 0.5 ng mL™", 4 ng mL ™', and 16 ng
mL™", as shown in Fig. 12g. The test settings were kept the
same for all three concentrations. The results demonstrated
that the sensor reactions in four separate trials were uniform,
with minimal fluctuation, as seen by a standard deviation of
2.1%. The sensors were held at a temperature of 4 °C for 20
days, after which they were tested to assess their ability to
detect a concentration of 2 ng mL™"' of ZEN, as shown in
Fig. 12h. The results indicated that the sensors exhibited con-
sistent reactions, with just a marginal rise in impedance. This
shows that the immunosensors exhibit robust long-term stabi-
lity, augmenting their viability for practical applications in
real-world environments. The CNT-based ECIs possessed out-
standing LRD and LOD values of 0.25 to 16 ng mL ™" and 0.25

This journal is © The Royal Society of Chemistry 2024
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ng mL ™', respectively. With practical applications and good
results in recovery obtained, the newly developed biocompati-
ble CSCNT-Pd-based immunosensor has much potential for
use in the food sector. An experiment was conducted to assess
the efficacy of the immunosensor in detecting ZEN in actual
maize samples. The corn samples were artificially contami-
nated with ZEN at doses of 2, 8, and 16 pg kg™ '. The immuno-
sensor exhibited favorable recovery rates, ranging from 86.5%
to 98.6%, suggesting its effective detection of ZEN in maize
samples, making it appropriate for practical use.

Lu et al'”® studied the one-step electrochemical co-
reduction technique to synthesize CNT-based AuNPs/
ERGO@CNT immunosensors to detect P-glycoprotein (P-gp)
from tumour cells and blood-brain barrier-related cells. P-gp
concentrations are strongly connected with multi-drug suscep-
tibility, which frequently signals the onset of malignant devel-
opment in treating the disease with drugs. P-gp expression
levels can be significantly expressed naturally or acquired after
chronic drug therapy. Monitoring P-gp expression is crucial for
individualized medication in diagnosing and managing dis-
eases. Additionally, by immobilizing antigens on the electrode
for P-gp identification, a very sensitive competitive LOD of 0.13
ng mL™' was obtained for an EC immunosensor based on
CNTs synthesized for P-gp quantification. The devised tech-
nique can fulfil the criteria for detecting P-gp concentrations
in healthy or pathological circumstances due to its linearity,
limit of detection, and specificity. Additionally, the findings of
this EC immunosensor are consistent with ELISA. It can ident-
ify the presence of P-gp in diluted serum. This quick identifi-
cation method aids in the clinical study of serum P-gp and re-
sistance to drug development in different illnesses. It provides
a scientific foundation for POC diagnosis technology and per-
sonalized medicine. There is little research on the immediate
identification of P-gp in serum via electrochemistry. The pro-
duced AuNPs/ERGO@CNT modifications exhibited a synergis-
tic effect, resulting in improved electrochemical characteristics
of the electrode. When these materials are mixed, their distinct
characteristics combine in a way that elevates the overall
efficiency of the composite to a greater degree than it would be
if they were utilized separately. For instance, AuNPs coated on
ERGO/CNT can benefit from the vast surface area and conduc-
tive network that ERGO and the CNTs supply. This results in
improved sensitivity as well as improved electron transmission.
Furthermore, by stabilizing the AuNPs and preventing their
aggregation, ERGO maintains their vast surface area and func-
tions as an efficient catalytic. In the meantime, CNTs offer
structural support and further improve conductivity. The
immunosensor can quickly, accurately, and specifically ident-
ify the P-gp protein in diluted human serum. This method’s
linear range and detection limit are appropriate for clinical
use, and its results are equivalent to those of ELISA, making it
a promising tool for monitoring the progression of diseases.

Rabbani et al.'’® synthesized the carbon nanotube field-
effect transistor (CNT-FET) immunosensor for the effective
and selective sensing of C-reactive protein (CRP). Belonging to
the pentraxin family, CRP is produced in the liver as an indi-
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This immunosensor offers great repeatability
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accurately measure PSA in the serum of men
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provides satisfactory results for successfully

reproducibility, especially for quantitatively
detecting cortisol in synthetic sweat

identifying archaeological artefacts.
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Remarks

5-180 ng mL™"
0.1 to 20 ng
1.0 x 107° mol

1.0x 1072 to
LAl

Linear range

(M)
0.005-50 ng

mL™
mL™?

107" mol

Limit of
sensing
LAI

1.51 pg
mL™"
0.54 ng

mL™"
0.03 ng

(nM)
mL™!

Biomarker

Ancient silk

Cortisol
Enrofloxacin 5.97 x

PSA

SEM, SAED and
FTIR, TEM, EDS,
and XPS

TEM
SEM, EDX, and

Characterization
techniques

TEM

FTIR, XPS, and

TEM

Sensing
techniques

Synthesis techniques
Simple coating
technique

Simple mixing

The simple wet
chemical technique

Sonochemical
techniques

technique

EIS
CcvV
DPV
1S
EIS: electrochemical impedance spectroscopy, RS: Raman spectra, XPS: X-ray photoelectron spectroscopy.

Table 5 (Contd.)
Names of biosensor
immunosensors &
aptasensor

e ZnO-MX/Ag,S
immunosensors
L-Cys/AuNPs/MXene
immunosensor
Aptamer-CGQDs/
FL-V,CT, aptasensor
Ti;C,-AgBINC
nanocomposites
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Fig. 12 (a) The CNT-based CSCNT-Pd-based immunosensor synthesis procedure, (b) CV curves for the impact of modification on the SPCE elec-
trode, (c) electrochemical impedimetric responses (4,,t0) of the SPCE/CS-CNT-Pd/ZEN-MAb modified electrode after incubation with 4 ng mL™? of
ZEN at different incubation time intervals, (d) impedimetric responses of the SPCE/CS-CNT-Pd/ZEN-MAb modified electrode to varying concen-
trations of antibody (ZEN-MADb), (e) the calibration curve of the ZEN immunosensor based on the change in R, (f) electrochemical impedimetric
responses of the fabricated immunosensor, (g) impedance responses of ten independent immunosensor sets towards ZEN detection, (h) impedance

responses of the ZEN immunosensor for 20 days under ambient conditions toward the detection of 2.0 ng mL™ of ZE

cator of inflammation brought on by injury and infection. The
CNT-based biosensor possessed a dynamic detection range of
0.01-1000 pg mL™" and the LOD of the target CRR was 0.06 ug
mL~". It gives outstanding results within 120-180 s. It is an
affordable, effective immunosensor for identifying coronary
heart disease. The sensing procedure for CRP antibodies by
the CNT-FET immunosensor in blood samples is presented in
Fig. 13a.

The CNT-FET immunosensor’s characterization involves
testing its reaction time, detection range, and limit of detec-
tion by employing escalating quantities of CRP antigen. At the
beginning, a volume of 1 pL of PBS was used to stabilize the
sensor signal for 12 s. Following stabilization, the CRP antigen
was incrementally added, with each drop of 1 pL injected at
intervals of 10 s. The immunosensor’s real-time response was
observed, with each subsequent concentration being intro-
duced once the I, signal had reached a stable state, as shown
in Fig. 13b. The process involves developing a calibration curve
for identifying C-reactive protein (CRP) utilizing a carbon

This journal is © The Royal Society of Chemistry 2024

N .174

nanotube field-effect transistor (CNT-FET) immunosensor in a
solution of 0.01x phosphate-buffered saline (PBS). The
sensor’s response was tested at various CRP concentrations on
a semi-logarithmic scale, as shown in Fig. 13c. The results
demonstrated that AI/I, grew in direct proportion to the CRP
concentration. This can be attributed to negatively charged
CRP molecules accumulating within the Debye length.
Nevertheless, when the CRP concentrations reach incredibly
high levels (5000 pg mL™"), there is no additional increase in
AI/l,. This is most likely because the binding sites on the CNT
surface become saturated. The sensor exhibited a linear detec-
tion range for CRP from 0.01 to 1000 ug mL™". The sensor was
initially subjected to undiluted serum obtained from a healthy
individual. The Ijs signal remained unchanged, suggesting
that the serum had low or undetectable levels of CRP. To evalu-
ate the specificity of the sensor, it was subsequently subjected
to real-time testing using four non-specific antigens (Hb, HSA,
hTF, and a1-AG), commonly found proteins in serum, as pre-
sented in Fig. 13d. Each antigen was administered in a volume

Nanoscale, 2024, 16, 21216-21263 | 21243
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Fig. 13 (a) The sensing procedure for CRP antibodies by the CNT-FET immunosensor in a blood sample, (b) real-time detection response properties
after the addition of increasing concentrations of CRP antigen, (c) calibration curve of spiked CRP in human serum detected by the CNT-FET immu-
nosensor, (d) real-time testing for the selectivity of the immunosensor, (e) quantitative comparison of Al/l, with the injection of target CRP and non-

target antigens, (f) storage stability of the immunosensor.'”®

of 1 pL at a concentration of 0.1 pg mL™". The findings indi-
cated that these obstructive proteins did not impact the
sensor’s Iys signal, confirming the sensor’s exceptional speci-
ficity for CRP. The CNT-FET immunosensor demonstrated a
robust reaction to CRP at a concentration of 0.1 ug mL™" while
displaying little reaction to non-specific proteins such as Hb,
HSA, hTF, and o1-AG, as shown in Fig. 13e. This illustrates the
sensor’s exceptional selectivity for CRP. The sensor is also
appropriate for utilization in human serum samples, indicat-
ing its suitability for medical applications. The time-depen-
dent storage stability of the CNT-FET immunosensor was
assessed by storing the sensor at room temperature and con-
ducting tests on CRP antigen binding for 120 days. The sensi-
tivity remained consistent at 97% of the initial level for the
first 30 days, progressively declining but still maintaining 94%
of the original reaction after 120 days, as shown in Fig. 13f.
This demonstrates that the sensor’s performance remains con-
sistent over time, exhibiting no notable decline and affirming
its appropriateness for real-world use due to its exceptional
stability. The developed immunosensor offers several major
advantages, including a rapid response time of 2-3 min, excel-
lent sensitivity with repeatability (2.1% RSD), and stability over
the long term with a minimal 6% decline in response over 120
days. The immunosensor is an extra cost-effective and scalable
option for clinical applications compared to enzyme-linked
immune-sorbent assay (ELISA). The new device’s exceptional

21244 | Nanoscale, 2024, 16, 21216-21263

stability in ambient circumstances makes it a suitable detec-
tion system for practical uses. The instrument’s wide analytical
range, limited nonspecific binding, rapid response, and low
sample needs make it a highly beneficial tool for various
applications.

Li et al.'”’ synthesized the In,S;/MoS,@Fe-CNT aptasensor
for sensing Staphylococcus aureus (S. aureus). The most fre-
quent pathogen associated with human blood infections is
S. aureus, a member of the Gram-positive bacterial group.
S. aureus can parasitize the bodies of humans and animals,
wastewater, air, and other environmental sources to cause
serious illnesses. Therefore, preserving human health and
achieving accurate ecological surveillance depends on accu-
rately and sensitively identifying S. aureus. The ongoing inves-
tigation can address this issue. The synthesized CNT-based
aptasensor possessed an excellent LOD and the LRD of
S. aureus was 2 CFU per mL and 0.1 x 10’ CFU per mL. The
designed PFC-driven self-sustaining aptasensor showed
superior selectivity, outstanding repeatability, solid stability,
acceptable recycling, and tremendous potential practicality for
S. aureus detection. The synthesis process for the In,Ss;/
MoS,@Fe-CNT nanocomposite aptasensor is shown in
Fig. 14a. The gradual alteration of the electrode surface sub-
stantially affects the electrochemical characteristics of the pro-
duced photoelectrochemical aptasensor, as demonstrated in
Fig. 14b. The progressive decline in open circuit potential

This journal is © The Royal Society of Chemistry 2024
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(a) The synthesis process for the In,Sz/MoS,@Fe-CNT nanocomposite aptasensor, (b) OCP—time curves of the photocathodic aptasensor

based on In,S3z/MoS,@Fe-CNTs for the sensing of S. aureus (10 CFU per mL), (c) EIS Nyquist plots, (d) OCP-time curves for the self-powered PFC
system for the detection of S. aureus at different concentrations, (e) dependence of AOCP on the S. aureus concentration, (f) the corresponding cali-
bration curves between AOCP and S. aureus concentration, (g) selectivity, (h) reproducibility, (i) stability, and (j) regenerability of the proposed PFC

aptasensor for the analysis of S. aureus (10 CFU per mL).*””

values, along with the concomitant rise in charge transfer re-
sistance exhibited in the EIS Nyquist plots, validate the
effective encapsulation of the aptamer and the subsequent
binding of S. aureus, as shown in Fig. 14c. The continuous
fluctuations in both open circuit potential and charge transfer
resistance seen throughout every alteration step highlight the
effectiveness of the sensor’s construction, suggesting its poten-
tial for accurate and selective detection of S. aureus. The PFC
aptasensor exhibited exceptional sensitivity, as evidenced by
the OCP-time curves associated with different concentrations
of S. aureus. The LOD of 1.6 CFU per mL, over a wide linear
range of 10~ to 10" CFU per mL, demonstrates the sensor’s
capacity to detect deficient levels of S. aureus, as shown in
Fig. 14d-f. The strong correlation between the change in open
circuit potential and the logarithm of S. aureus concentration
provides additional evidence of the sensor’s precision and
dependability for quantitative evaluation. This makes it a
promising instrument for the early and sensitive identification
of pathogens. The aptasensor, which operates without external
power, demonstrates outstanding selectivity, repeatability,

This journal is © The Royal Society of Chemistry 2024

stability, and regeneration qualities. The device can specifically
identify S. aureus while minimizing interference from other
chemicals, ensuring its accuracy. The sensor exhibits consist-
ent findings over several tests, hence proving its reliability.
Despite being used 15 times in a row, the sensor maintains its
stability and can be refreshed and recycled with only a minor
decrease in efficiency. The aptasensor possesses these charac-
teristics, making it a highly viable option for practical use in
detecting S. aureus. The detailed selectivity, reproducibility,
stability, and regenerability of the synthesized In,S;/MoS,@Fe-
CNTs aptasensor are presented in Fig. 14g-j. The extreme LOD
of the In,S;/MoS,@Fe-CNTs/ITO-based self-powered PFC apta-
sensor can be attributed to several important reasons. These
include the Schottky heterojunction’s ability to exchange and
separate charges in an effective manner, the dual-photoelec-
trode system’s ability to improve photoelectric conversion, and
the structural characteristics of the heterojunction that offer a
large number of locations for aptamer adhesion. The sensor’s
efficiency is greatly improved due to these elements working
together. Su et al.'”® utilized the facile solvothermal technique
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to synthesize the CNT-based CNTs/PU aptasensor for sensing
stress biomarkers. Cortisol, a hormone generated by the
adrenal cortex in response to stress, is an indicator of stress
and is essential for many physiological functions, including
regulating blood pressure and blood sugar levels, metabolism
in many organs, and other functions of the body. The LOD of
cortisol is 0.032 ng mL ™", whereas the synthesized CNT-based
had an outstanding LRD of 0.1-100 ng mL~". In the meantime,
under circumstances involving deformation due to force, the
sensor demonstrated outstanding precision for cortisol identi-
fication. This adaptable and simple sweat cortisol aptasensor
has a lot of promise for handling and tracking quantitative
stress.

7.3.2. MXene-based immunosensors and aptasensors.
Kalkal et al.'’® utilized a one-pot direct reduction technique to
decorate the surface of Ti;C,-MXene with silver nanoparticles
(AgNPs) to synthesize the MXene-based Ag@Ti;C, immuno-
sensor for the detection of the target neuron-specific enolase
(NSE). NSE is believed to be a useful biomarker for tracking
the effectiveness of treatments, the course of diseases, deter-
mining the extent of tumors, and early identification. In this
section, we summarize the sensing power of pure MXene and
MXene-based synthetic materials. According to a study, virgin
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MXene has a lower detection limit for the target sample than
MXene-based composites. The synthesized MXene-based
immunosensor exhibited LOD and LRD values up to 0.05 ng
mL ™" and 0.0001-1500 ng mL™". The response time for synthe-
sizing the MXene-based immunosensor is 12 min. The NSE
sensing mechanism of the MXene-based immunosensor is
shown in Fig. 15a. Fluorescence spectroscopy was employed to
assess the efficacy of two distinct fluorescent immunosensing
systems: anti-NSE/amino-GQDs/Ag@Ti;C,-MXene and anti-
NSE/amino-GQDs/Ti;C,-MXene. These systems were specifi-
cally constructed to identify various amounts of NSE antigens.
The protein-functionalized amino-GQDs exhibit a boost in
fluorescence intensity when the quantity of NSE rises. This is
attributed to the creation of an antigen-antibody complex,
which hinders energy transfer to the MXene components. The
calibration curve plots demonstrate that the anti-NSE/amino-
GQDs/Ag@Ti;C,-MXene platform has a linear effect over a
wider range (0.0001-1500 ng mL™') in comparison with the
anti-NSE/amino-GQDs/Ti;C,-MXene platform (1-1000 ng
mL™"). The detailed electrochemical performance of the anti-
NSE/amino-GQDs/Ti;C,-MXene fluorescent biosensor toward
detecting selective NSE species is presented in Fig. 15b-e. The
physical appearance of the synthesized MXene-based nano-
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Fig. 15 (a) The NSE sensing mechanism for the MXene-based immunosensor, (b) analytical performance of the MXene-based fluorescent bio-
sensor, (c) the graph of recovered fluorescence vs. different NSE concentrations, in the range of 0.0001-1500 ng mL™, (d) selectivity of the bio-

sensors, (e) control experiment for the amino-GQDs/Ag@TizC,-MXene immunoelectrode.
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composite was dark gold because of the reduction of AgNPs at
the interface of MXene nanosheets.

Furthermore, blood specimens have shown exceptional bio-
sensing abilities with a fluorescence recovery rate of roughly
98%. The biosensor based on Ag@Ti;C,-MXene exhibits more
than double the sensitivity of conventional graphene and
AuNP systems. In addition, it shows a superior identification
range and a smaller limit of identification in comparison with
both bare Ti;C,-MXene and graphene. The biosensor has high
efficacy when used with serum samples, with a recovery rate of
around 98% for spiked NSE.

In summary, this immunosensor demonstrates significant
promise for correctly identifying NSE and has the potential to
be developed into a compact, portable apparatus for point-of-
care diagnostics. As a viable framework for quantitative NSE
identification, the proposed immunosensor demonstrates excep-
tional biosensing properties. More work should be put into
combining this perspective platform with microfluidics and flex-
ible electronics to create miniature point-of-care apparatus.

Using self-adsorption, Liu et al.”? synthesized the AuNPs/
MXene@PAMAM immunosensor to detect human cardiac tro-
ponin T (cTnT). The designed immunosensor was electroche-
mically active enough to detect the intended analyte. The
structured biosensor exhibited a good dynamic detection
target of up to 0.1-1000 ng mL ™', and the LOD was 0.069 ng
mL~". When identifying the desired analyte, the sample had
exceptional sensitivity and stability. Analyses of its dependabil-
ity, validity, and effectiveness using serum samples were used
to illustrate its importance in the biomedical field. The devel-
oped MXene-based immunosensor’s excellent structural and
functional advantages influenced such ideal results. The work
mentioned above increases the use of MXenes in industries
related to biosensors by providing a reliable and viable substi-
tute. Laochai et al'®' synthesized the MXene-based r-Cys/
AuNPs/MXene immunosensor for sensing cortisol in sweat.
Because cortisol inhibits the electron flow mechanism, corti-
sol’s electrochemical identification depends on reducing the
oxidation current towards the antigen-antibody binding
contact. The synthesized immunosensor utilizes the synergis-
tic properties of MXene’s enormous surface area, electrical
conductivity, and the biological compatibility and functionali-
zation capacities of PAMAM dendrimers and AuNPs to detect
human cardiac ¢TnT. The PAMAM dendrimers attached to the
MXene interface offer many active sites where anti-cTnT anti-
bodies can be immobilized. Upon introducing a sample con-
taining ¢TnT, the c¢TnT molecules selectively attach to these
antibodies, forming an antigen-antibody complex. The associ-
ation event results in an alteration of the sensor’s electrical or
optical signal. This alteration is then recognized and linked to
the amount of ¢InT in the specimen. The addition of gold
nanoparticles improves the sensor’s ability to detect and its
reliability by aiding in electron transfer and amplifying the
signal. This makes the AuNPs/MXene@PAMAM immunosensor
an extremely efficient platform for quickly and accurately detect-
ing cTnT, a crucial biomarker for myocardial infarction. This
immunosensor provides outstanding sensitivity, a LRD of 5-180

This journal is © The Royal Society of Chemistry 2024
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ng mL™', a LOD of 0.54 ng mL™', and has a minimal inter-
ference impact. Additionally, this immunosensor offers great
repeatability and stability during storage for 6 weeks or longer.
In conclusion, this technique provides satisfactory results for
successfully detecting cortisol in synthetic sweat. Therefore,
incorporating this platform into a wristband might work well as
a wearable electrochemical sensor for cortisol in sweat.

Zhou et al.*® utilized the sonochemical technique to syn-
thesize a MXene-based ZnO-MX/Ag,S immunosensor for
sensing ancient silk. A naturally occurring polymer with poor
durability and rapid degradation is silk fibroin (SF). Most
identified fabrics for this silk were ashed, marginalized,
mineralized, or carbonized, making it difficult to recognize
correctly. Analytical methods used in the past have a tough
time analyzing historical silk microtraces. Because of the
recent discovery of countless textile artefacts on the Silk Road,
it is extremely hard to detect minute remnants of silk. The
chances and difficulties outlined above demonstrate the
importance of developing exact and delicate detection algor-
ithms to detect SF. To overcome the issue of accurate SF detec-
tion, current research provides an effective and rapid-response
immunosensor. In this investigation, researchers compare the
sensing performance of ZnO-MX/Ag,S-based and ZnO-M-X-
based immunosensors for sensing SF. The immunosensor,
which is based on MXene and consists of ZnO and Ag,S nano-
particles, can detect ancient silk by utilizing the distinctive
characteristics of its components. MXene functions as a highly
conductive base with a substantial surface area, facilitating
effective electron transport and offering several sites of activity
for binding ZnO and Ag,S nanoparticles. The sensor’s sensi-
tivity is increased by the presence of ZnONPs, which possess
exceptional photocatalytic capabilities and exhibit a robust
interaction with silk proteins. Ag,S plays a role in the detection
process by either reducing the fluorescence or enhancing the
signal. The sensor undergoes a detectable alteration in its
optical or electrical signal when it comes into contact with
ancient silk due to the particular interconnections between
the silk proteins and the functionalized ZnO-MX/Ag,S surface.
This alteration is directly linked to the existence and amount
of silk proteins, which enables the precise and reliable identifi-
cation of ancient silk objects. Additionally, they found that the
response of the ZnO-MX/Ag,S-based immunosensor was 6.8
times greater than the ZnO-M-X-based immunosensor under
visible light. The synthesized MXene-based immunosensor
possessed good LOD and LRD values up to 1.51 ng mL~" and
0.005-50 ng mL " for sensing Bombyx mori silk traces. The
immunosensor also demonstrated remarkable specificity,
stability, and reproducibility, especially for quantitatively iden-
tifying archaeological artefacts. Particularly promising photo-
active nanomaterials for vis/NIR PEC immunosensors include
ZnO-MX/Ag,S nanocomposites. Furthermore, this approach
provides a workable way to investigate the origins and circula-
tion of ancient silk.

The development procedure for the ZnO-MX/Ag,S nano-
material and the development procedure for the PEC immuno-
sensor are schematically given in Fig. 16a. Zhu et al.'®* syn-
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Fig. 16 (a) The ZnO-MX/Ag,S nanomaterial development procedure and the PEC immunosensor development procedure,*€° (b) fluorescence emis-
sion spectra, (c) fluorescence intensity of aptamer-CGQDs with FL-V,CT, concentrations, (d) AF of the aptasensor for PSA in the presence of 3-fold
BSA, HSA, CEA, CA125, and AFP, respectively. Conditions: PSA concentration was 15 ng mL™*.182

thesized the MXene-based CGQDs-FL-V,CT, aptasensor to
identify prostate-specific antigens (PSA) in human blood. The
availability of higher concentrations of PSA in human blood is
responsible for early-stage prostate cancer. Prostate cancer may
be indicated by human blood PSA concentrations higher than
4 ng mL™'. Traditional techniques have a higher response
time and poor PSA detection performance. However, the cur-
rently developed MXene-based aptasensor is an effective
device for detecting PSA in human blood. The LOD