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6.1 Introduction to sensors

A receptor–transducer sensor device is used to convert a biological re-
sponse into an electrical signal. The design and development of biosen-
sors have attained a greater interest nowadays because biosensors find
widespread applications in the medical field, diagnosis of the disease,
ecology monitoring, and maintaining the quality of food, drug, and wa-
ter. The biosensing devices attained a greater demand and face many
challenges to fabricate the sensing device with better sensitivity, a lower
limit of detection, good stability, quick response time, reduced device
size, and simple operation. These challenges can be fulfilled by the in-
terphase of chemical and morphological properties of the nanomaterials
with the sensor technology. The nanomaterials from zero to three dimen-
sions are having advantageous properties like high surface area, enhanced
conductivity, and tunable electrical and mechanical properties making
these nanomaterials potential candidates to fabricate biosensors. Among
the nanomaterials, nanoparticles, nanowires, and nanorods find advan-
tageous properties because of their high stability, high carrier capacity,
high detection limit, large surface area, active sites, and more thermal
conductivity. The ferrites, polymers, metal, metal oxides, carbon-based
materials, and their composites are widely used in the fabrication of
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2 Novel Nanostructured Materials for Electrochemical Bio-sensing Applications

biosensors. In this chapter, the evolution of the sensors, types of sensors,
and biosensor types are discussed deliberately. This chapter provides dif-
ferent methods which have been used in the synthesis and fabrication of
biosensors using nanomaterials.

In this modern world, as awareness of man increased to lead a so-
phisticated life, the need for science and technology has gained momen-
tum (Amrutha et al., 2021; Chethan et al., 2019; Gleiter, 2000; Ha-
reesha & Manjunatha, 2021; Hareesha et al., 2021; 2021; Manju-
natha et al., 2014; Pal et al., 2011; Pushpanjali et al., 2021; Tigari
& Manjunatha, 2019; Manjunatha, 2020). Nowadays civilized peo-
ple depend more on the gadgets like computers, Xerox machines, air
conditioning, cell phones, television, smoke detectors, and refrigerators.
Many of these gadgets work with the help of sensors. The term sensor
refers to a device or module that assists in detecting changes in physi-
cal quantities, such as pressure, heat, humidity, movement, force, and an
electrical quantity like current, and then turns these physical quantities
into signals that can be monitored and analyzed. Sensors are the brains
of measuring systems. An ideal sensor should have the following qual-
ities: high resolution, reproducibility, repeatability, range, drift, calibra-
tion, sensitivity, selectivity, and linearity (Chethan et al. 2022, 2023;
Chethan et al., 2018; Chethan Ramana et al., 2019; El-Denglawey
et al., 2021; El-Denglawey Manjunath et al., 2021; Manjunatha et
al., 2019; Pratibha & Chethan, 2022; Pratibha et al., 2020; Raviki-
ran & Chethan, 2022; Rupashree et al., 2021; Shanawad Chethan et
al., 2023; Shanawad et al., 2023; Sunilkumar et al., 2023).

Today, we benefit from science and technological advancements that
make our lives run more smoothly. We frequently rely on various de-
vices that help us to interact with the physical environment, such as televi-
sion remote controls, smoke detectors, infrared (IR) thermometers, lamp
switches, and fans. Due to numerous applications, including environmen-
tal and food quality monitoring, medical diagnostics and health care, au-
tomotive and industrial manufacture, as well as space, defense, and secu-
rity, the advancement of sensor technology has assumed increasing sig-
nificance (Dincer et al., 2019; Ensafi et al., 2011; Ensafi, 2019;
Theavenot et al., 2001).



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

3

6.1.1 Classification of sensors

Depending on the physical quantity and analyte to be measured, sensors
can be broadly categorized into a number of categories, which include: (1)
energy source, (2) physical contact, (3) comparability, (4) analog and dig-
ital sensors, and (5) signal detection. Based on these quantities, sensors
are broadly classified as follows (Khanna, 2012; White, 1987).

Energy source: Two types of sensors are employed based on energy
sources:
1. Active and passive sensors: Active sensors, such as microphones,

thermistors, strain gauges, and capacitive and inductive sensors, re-
quire an external energy source. These kinds of sensors are known as
parametric sensors (the output depends on the parameter). Thermocou-
ples, piezoelectric sensors, and photodiodes are examples of passive
sensors that produce signals without requiring external energy. These
sensors are referred to as self-generating sensors.

2. Physical contact: Based on physical contact, sensors can be classified
as contact or noncontact.

3. Contact and noncontact sensors: Contact sensors, like temperature
sensors, need to make physical touch with their stimulus, whereas non-
contact sensors include optical, magnetic, and infrared (IR) thermome-
ters.

4. Comparability sensors can be either absolute or relative.
5. Absolute and relative sensors: Thermistors and strain gauges are ex-

amples of absolute sensors. Relative sensors, such as a thermocouple
that measures temperature differences and a pressure gauge that mea-
sures pressure, relative to atmospheric pressure, perceive the stimulus
in relation to a fixed or changing reference.

6. Analog and digital sensors: Sensors come in two varieties: analog
and digital. An analog sensor converts a measured physical quantity
into an analog form (continuous in time). This group of analog sen-
sors includes thermocouples, strain gauges, and resistance temperature
detectors (RTDs). Pulses are the output that a digital sensor produces.
Encoders fall under the category of digital sensors.

7. Signal detection:

The basic classification of sensors based on signal detection and trans-
formation of information is as follows:

Design of nanostructured biosensors based on organic and other composite materials
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a. Physical sensors: A physical quantity is measured by a physical sen-
sor, which then transforms into a signal that the user can recognize.
The force, acceleration, rate of flow, mass, volume, density, and pres-
sure are just a few of the environmental changes that these sensors can
identify. The use of physical sensors has increased significantly in the
biomedical industry, especially with the development of novel mea-
surement technologies and the improvement of microelectromechan-
ical system technology for the creation of more precise and smaller
sensors.

b. Thermal sensors: A thermal sensor is a device that measures the tem-
perature of an environment and converts the measured data into elec-
tronic data for recording or monitoring temperature change signals.
Thermistors, RTDs, and thermocouples are a few types of temperature
sensors.

c. Biological sensors: Biological sensors keep an eye on biomolecular
interactions like those involving antibodies and antigens, DNA and en-
zymatic reactions, or cellular communication. The abbreviated form of
the term “biosensors” refers to biological sensors.

d. Chemical sensors: The International Union of Pure and Applied
Chemistry defines a chemical sensor as a device that converts chem-
ical information into an analytically useful signal ranging from the
concentration of a particular sample component to total composition
analysis. Chemical sensors are used to keep an eye on the quantity
or activity of the relevant chemical species in the gaseous or liquid
phase. In addition, they are used to monitor assays for organophospho-
rus chemicals, food and drug analyses, and environmental pollution.
They can be utilized for clinical diagnostic applications as well.

6.1.2 Biosensor

A biosensor is a tool or probe that combines an electronic component
with a biological element, like an enzyme or antibody, to produce a quan-
tifiable signal. Information about a physiological change or the presence
of different chemical or biological components in the environment is de-
tected, recorded, and transmitted by the electronic component. Biosensors
are available in a variety of sizes and designs, and they have the abil-
ity to measure and detect even very low quantities of certain diseases,
harmful chemicals, and pH values. Certain static and dynamic require-
ments are required to develop a highly effective and capable biosensor



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

5

system. These requirements allow for the optimization of the biosensors’

performance for commercial applications.

6.1.2.1 Constituents of biosensors

The main constituents of biological sensors comprise of:
1. Analyte: A material of interest whose components are being deter-

mined or detected is an analyte. The biological constituents may be
in the form of glucose, lactose, ammonia, and glucose (Bhalla et al.,
2016).

2. Transducer: One crucial component of a biosensor is the transducer
which is a device that converts energy from one form to another. It
transforms the biorecognition event into an electrical signal that is
quantifiable and connected to the quantity or the presence of a chemi-
cal or biological target.

3. Bioreceptor: Bioreceptors are biological components such as en-
zymes, cells, aptamers, deoxyribonucleic acid (DNA or RNA), and an-
tibodies that are capable of recognizing the target substrate. Biorecog-
nition is the process of producing a signal when a bioreceptor and an
analyte interact.

4. Electronics: To get the signal ready for the display, it is processed.
Amplification and digitalization take place on the electrical signals
collected from the transducer. The display unit quantifies the signals
that have been processed.

5. Display: The display unit is made up of a user interpretation system,
such as a computer or a printer, that provides the output so that the
user can read and understand the appropriate response according to the
end-user requirement.

6.1.2.2 Evolution of biosensors

Leland Charles Clark Jr., the father of the biosensors, reported about the
components of the biosensors in this work in the year 1956. He fabri-
cated the electrode which is possible to determine the oxygen content
in the blood. Later in 1962, Clark reported about the amperometric en-
zyme electrode for glucose detection. In the upcoming year 1967, Updike
and Hicks modified the Clarks work and find out the first functional en-
zyme electrode for oxygen sensor. After, in 1969 Guilbault and Montalvo
depicted the first urea detection sensor based on potentiometric enzyme
electrode. In the year 1973, Guilbault and Lubrano fabricated the hydro

Design of nanostructured biosensors based on organic and other composite materials



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

6 Novel Nanostructured Materials for Electrochemical Bio-sensing Applications

gen peroxide detection sensor based on the lactate enzyme sensor. In this
way, many researchers have fabricated many biosensors in these years.

6.1.2.3 Characteristics of biosensors

There are some static and dynamic conditions that must be met to create
a highly effective and powerful biosensor system. These requirements al-
low for the performance of the biosensors to be enhanced for commercial
applications which are as follows.

Selectivity: When choosing a bioreceptor for a biosensor, selectivity
is an important attribute to be taken into account. A bioreceptor may iden-
tify a specific target analyte molecule in a sample that contains undesired
pollutants and admixture compounds.

Sensitivity: It is defined as the smallest amount of analyte that can be
accurately detected or recognized in the fewest steps at low concentra-
tions (ng mL−1 or fg mL−1) to confirm the presence of analyte traces in
the sample.

Linearity: Linearity helps ensure that the findings of measurements
are accurate. The substrate concentration can be detected at higher levels
when linearity (straight line) is increased.

Reproducibility: Reproducibility is defined by precision (similar out-
put when the sample is measured multiple times) and accuracy (the ability
of a sensor to generate a mean value that is more closely related to the
actual value when the sample is sampled multiple times). When the same
sample is analyzed more than once, the biosensor’s ability to produce the
same results is what matters.

Stability: One essential quality in biosensor applications where ongo-
ing monitoring is necessary is stability. Stability is the degree to which the
biosensing equipment is vulnerable to environmental perturbations both
inside and outside. The affinity of the bioreceptor (the degree of analyte
binding to the bioreceptor) and bioreceptor degradation with time are the
variables that determine stability.

Response period: It is playing a very crucial role in selecting the
best sensor which is having short response time and recovery time factors
which implies its effectiveness.

6.1.3 Classification of biosensors based on bioreceptors

Bioreceptors are regarded as the key element in the development of
biosensors, as it was previously discussed. Enzymatic biosensors are the
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most prevalent type of biosensor. Other types include immunosensors,
which have high specificity and sensitivity and are particularly useful in
diagnosis, aptamer- or nucleic acid-based biosensors, which have high
specificity for microbial strains and nucleic acid-containing analytes, and
microbial or whole-cell biosensors.

The second division is based on the transducer, and the sensors are
divided into the following groups: electrochemical (which is further di-
vided into potentiometric, amperometric, impedance, and conductometric
groups), electronic biosensor, thermal biosensor, optical, and mass-based
or gravimetric. Bioreceptor–analyte combinations fall under a different
group and are few. Various classifications are made based on the tech-
nology (nano, surface plasmon resonance [SPR], biosensors-on-chip
[lab-on-chip], electrometers, and deployable) and the detection sensor
systems (optical, electrical, electronic, thermal, mechanical, and mag-
netic).

According to the quantity of interactions between analyte and biore-
ceptor, transducers produce visual or electrical signals. The working prin-
ciple divides transducers into the following major categories: electro-
chemical, optical, thermal, electronic, and gravimetric transducers. De-
pending on the input, the output may take the form of a figure, numerical,
graphic, or tabular result.

Catalytic and affinity/noncatalytic biosensors are two categories of
biosensors that fall under the biorecognition principle. Analyte–biorecep-
tor interaction leads to the creation of a novel biochemical reaction prod-
uct in a catalytic biosensor. Enzymes, microbes, tissues, and entire cells
are all a part of this biosensor. An irreversible binding between the ana-
lyte and the receptor occurs in the case of affinity (noncatalytic) biosen-
sors, and no new biochemical reaction product is produced as a result of
the contact. The detection targets for this sort of sensor include antibodies,
cell receptors, and nucleic acids.

6.1.3.1 Enzyme-based biosensors

Enzymes are typical biocatalysts that are effective at accelerating the rate
of biological reaction. An enzyme-based biosensor’s operation is based
on the catalytic reaction and binding properties for detecting the target an-
alyte. The process of recognizing analytes involves a number of poten-
tial mechanisms: analyte concentration is correlated with decreased enzy-
matic product formation because
1 The analyte is metabolized by the enzyme.

Design of nanostructured biosensors based on organic and other composite materials



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

8 Novel Nanostructured Materials for Electrochemical Bio-sensing Applications

2 The analyte activates the enzyme.
3 The enzyme concentration is tracked by monitoring the change in en-

zyme characteristics.
Because enzyme-based biosensors have a long history, different

biosensors can be created based on the specificity of the enzyme. Im-
proving the sensitivity, stability, and flexibility of the enzyme structure is
costly and difficult due to the exceedingly sensitive nature of the enzyme
structure. For enzyme-based biosensors, electrochemical transducers are
most frequently employed. Glucose and urea biosensors are the most
used enzyme-based biosensors. Due to the long history of enzyme-based
biosensors, many biosensors can be developed depending on the speci-
ficity of the enzyme (Schroeder & Cavacini, 2010).

6.1.3.2 Antibody-based biosensors

Affinity biorecognition elements like antibodies have been in use for more
than 20 years due to their broad variety of applications and potent anti-
gen–antibody interactions. Immunoglobulins (Ig) have a “Y” shape with
two heavy and two light polypeptide chains joined by disulfide bonds, and
antibodies have this structure as well. Immunosensors are biosensors that
rely on the interaction between an antibody and an antigen or that incor-
porate antibodies as ligands.

There are two types of immunosensors:
1 Nonlabeled and
2 Labeled.

To precisely identify the antigen–antibody complex, nonlabeled im-
munosensors are built by calculating the physical alterations brought on
by the formation of the complex. An easily detectable label is added in the
case of labeled immunosensors (Bhardwaj et al., 2021).

6.1.3.3 Aptamer-based biosensors

The synthetic single-stranded nucleic acids known as aptamers can fold
into two-dimensional (2D) and three-dimensional (3D) structures and can
bind to target molecules in a selective manner. Because there is less spa-
tial blocking and more surface area on the targets in 2D or 3D struc-
tures, their binding efficiency is high. Aptamers are nucleic acid mole-
cules, which makes them physically and functionally stable throughout
a wide variety of temperatures and storage conditions. Aptamers may be
chemically synthesized, are stable in the pH range of 2–12, and have some
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thermal refolding properties, in contrast to antibodies, which must be pro-
duced by biological systems. Aptamers also have the advantage of being
chemically altered to meet the detection requirements for the target mol-
ecule. Fluorescent nanoparticles, like QDs, offer significant advantages
over conventional fluorescent dyes for tracking biological systems in real
time. Aptamer–QD conjugates were employed to pinpoint targets, includ-
ing cancer cells, bacterial spores, and proteins (He et al., 2021).

6.1.3.4 Whole-cell-based biosensors

Since microbes (bacteria, fungi, algae, protozoa, and viruses) have the po-
tential to serve as biorecognition components, they are used in the con-
struction of whole-cell-based biosensors. They can manufacture recogni-
tion components, such as antibodies, on their own and without the need of
extraction and purification. Whole-cell-based biosensors are simple to use
and are developing quickly compared to animal or plant cells.

The whole-cell-based biosensor principle states that the cells may in-
teract with a wide range of analytes, display the electrochemical response
that a transducer can detect, and communicate. These biosensors were ef-
fectively used in environmental monitoring, food analysis, pharmacology,
heavy metals, pesticides, detection of organic pollutants, and drug screen-
ing due to their high selectivity, good sensitivity, and capability of detec-
tion (Riangrungroj et al., 2019).

6.1.3.5 Nanoparticle-based biosensors

A new class of bioreceptor nanomaterials have recently been proposed
in addition to the ones mentioned above. Numerous nanomaterials have
been used as bioreceptors as a result of advances in nanotechnology and
nanoscience. In terms of biosensing applications, nanoparticles offer a
wider variety in both transducers and bioreceptors. For instance, nano-
materials based on cerium oxide show catalytic activity that is biorecep-
tor-friendly and mimics biological processes. Many inorganic materials,
including graphene- and CNT-based nanomaterials, noble metal nanopar-
ticles, and quantum dots, have been successfully used as transducers be-
cause of their effective transduction capabilities.

6.1.4 Emerging nanomaterials used in the fabrication of biosensors

Through specific self-assembly techniques nanomaterials are synthesized.
These nanomaterials have many distinct properties including elec

Design of nanostructured biosensors based on organic and other composite materials
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trical, mechanical, optical, and magnetic. Nowadays, many nanomaterials
are used in drug delivery, bloodless surgery, multifunctional device fabri-
cation, and the fabrication of biosensors. Nanomaterial-based biosensors
have attained advanced properties compared to conventional biosensors.
These nanobiosensors got epitome sensitivity, stability, and selectivity for
the detection of various biomolecules.

Advanced nanomaterials are broadly classified into two types: 2D
transition metals and 2D organic polymers.

6.1.4.1 Two-dimensional transition metals

Transition metals are those elements in groups 4–11 in the periodic table.
Due to its intriguing characteristics, including a significant surface area
and an ultrathin planar structure, transition metal nanomaterials can be
used to create biosensors.

6.1.4.1.1 Transition metal chalcogenides
The transition metal dichalcogenides (TMDCs) are a class of 2D graphene
cognate/nanosheets that are considered to be advanced. They are typi-
cally represented by the formula MX2, which stands for a hexagonal layer
of a transition metal (M) and two layers of chalcogen (X). They can be
made using a variety of techniques, such as mechanical cleavage, epitax-
ial growth, and chemical vapor deposition (CVD).

Recently, a hybrid structure of blue phosphorene (BlueP)/TMDCs,
graphene, and Ag–Au bimetallic sheets was used to create a surface
plasmon resonance (SPR)-based biosensor. The study’s findings showed
that compared to traditional biosensors, the monolayer BlueP/MoS2 and
graphene structure significantly increase the biosensor’s sensitivity by
19.73%.

A photoelectrochemical immunosensor for the detection of carcinoem-
bryonic antigen was made using tungsten disulfide (WS2) nanosheets in
a different investigation. The development of a gold nanoparticle (GNP)/
WS2 nanocomposite. According to the performed investigation, the pho-
toelectrochemical responses of WS2 combined with GNPs were improved
(Singh et al., 2020). To achieve photoelectrical immune sensing of
the antigen in clinical samples, the nanocomposite was coated onto a
glass surface, and then, antibodies specific to carcinoembryonic anti-
gens were immobilized. Additionally, 2D TMDC-de



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

11

rived quantum dots have demonstrated their value in the optical detection
of neurotransmitters without the use of antibodies.

6.1.4.1.2 Advanced transition metal oxides
Comparable to TMDCs, transition metal oxide displays a variety of dis-
tinctive qualities, such as electrocatalytic and magnetic capabilities, which
make them a fantastic choice for use in the construction of biosensors.
Due to their distinctive electrical, optical, and chemical properties in com-
parison to other transition metal oxides (TMOs), manganese oxides are
the most widely employed advanced materials in sensing applications.
TMOs and 2D transition metal carbides were combined in a recent work
to create a biosensor.

For the separation and purification of proteins, a biosensor based on
molecularly imprinted polymers has been developed. In this study, the
surface of tubular carbon fibers with carboxyl modifications was grown
with MnO2 nanosheets. The outcomes demonstrated that the develop-
ment of MnO2 shells increases the quantity of protein-imprinting sites. An
electrochemical biosensor was created to detect hydrogen peroxide using
a MnO2–graphene nanosheet nanocomposite on a glassy electrode. The
findings of this study showed that TMOs’ electrocatalytic activity is bene-
ficial in the oxidation of H2O2, which results in the catalytic activity of the
biosensor at extremely low concentrations. Metal–organic gels were uti-
lized to create copper oxide nanoparticles, another TMO that can mimic
peroxidase activity and be used to detect cholesterol and glucose. To cre-
ate diverse nanostructures for drug delivery, therapy, and the monitoring
of various diseases, 2D organic polymers are utilized. These polymers
have the ability to mimic a wide range of biomolecules. These sensors
have promising applications in clinical medicine, food analysis, environ-
mental analysis, and other fields.

6.1.4.2 Two-dimensional organic polymers

Due to their exceptional qualities, including great flexibility and tunabil-
ity, ultrathin structure, and adaptability, organic polymers have been em-
ployed extensively which are still in demand. Modified metal–organic
frameworks and polypeptides are the two organic polymers in this group
that are most frequently employed, and they have become the preferred
materials for making biosensors.

Design of nanostructured biosensors based on organic and other composite materials
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6.1.4.2.1 Metal–organic frameworks
Inorganic and organic crystalline porous hybrid materials are arranged in
metal–organic frameworks (MOFs) to form a cage-like structure. Typ-
ically, positively charged metal ions are surrounded by organic linker
molecules. A MOF’s hollow structure provides an incredibly large inter-
nal surface area which greatly increases its utility. Photodynamic treat-
ment for tumors can be performed with organic polymer-based MOFs.
By using platinum nanoparticles to magnify the signals, a MOF-based
biosensing device has also been created for the detection of neurotrans-
mitters. A MOF containing 2D palladium nanosheets, doxorubicin, and
polydopamine was used to create a theranostic nanoplatform to improve
biocompatibility. The application of this mixture as a medication delivery
component resulted from its impressive photothermal conversion and op-
toacoustic properties. As a result, these nanoparticles can be used success-
fully in applications for sensing, imaging, and drug delivery when com-
bined with other materials. They can also be employed for both treatment
and bacterial eradication. A biosensor for augmented anti-infective ther-
apy has been created using 2D carbon nanosheets generated from MOFs.

6.1.4.2.2 Black phosphorous
The most thermodynamically stable form of phosphorus is called black
phosphorous (BP). Phosphorene, also known as BP, offers important
characteristics as a nanomaterial, including strong electroconductivity, an
ambipolar field effect, high carrier mobility, and an adjustable bandgap.
For the purpose of creating biosensors for the diagnosis and treatment of
various diseases in recent years, numerous researchers have employed BP.
The application of a 3D BP nanoscaffold for recovering neurogenesis was
the subject of a revolutionary work which is presented in the year 2020.

For instance, cellulose hydrogels were used in the construction of 2D
BP nanosheets (BPNSs) for photothermal therapy against cancer. These
hydrogels and BPNS 3D networks have improved stability, strong pho-
tothermal responsiveness, and flexibility. The clinical study demonstrates
the unique applications of this nanoplatform which is also 100% safe and
biocompatible. In another fascinating study, BP was used to construct a
3D-printed scaffold that participates in bone regeneration and is intended
to be used in the photothermal ablation therapy of osteosarcoma. As a re



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

13

sult, researchers frequently use BP to create nanodevices for the treatment
of diseases due to their photothermal characteristics. A 2D fingerprint
nanoprobe based on BP has been used to demonstrate an enhanced fabri-
cation method for biological surface-enhanced Raman scattering (SERS)
characterization. This work created flake-shaped BP–gold nanoparticle
nanohybrid theranostic nanoplatforms for phototherapy, bioimaging, and
drug delivery. Genome editing, antibacterial effectiveness, photodynamic
anticancer therapy, imaging, and cancer theranostics have all utilized
BP-containing biosensors.

6.1.5 Distinct platforms in the fabrication of advanced biosensor

devices

In these decades, more advanced biosensing devices are fabricated using
different device fabrication techniques. These biosensors are fabricated
by many more techniques, viz., ion beams, microfluidics, near-field elec-
trospinning, lab-on-a-chip, and chip calorimetry. Fabrication of the inte-
grated biosensing device for local and real-time sensing applications got
epitome scope. Micro- and nanoscale patterning on the surface of the sen-
sor enhances the sensing performances by getting over the surface-based
limitations. Miniaturization in device fabrication has helped to get re-
markable sensing performances in biosensors. Several types of biosensors
based on the different fabrication techniques are made, and they depicted
better sensitivity and little limit of detection. Nowadays, versatile biosen-
sors are being fabricated to detect various biomarkers or diseases, namely,
cancer, cholesterol, bacterial infection, and exosomes.

6.1.5.1 Focused ion beam technique

This technique is usually used for the deposition of nanomaterials. These
days, this technique has got widened the scope for the fabrication of the
biosensing device. The probe attached to the ion beam is used for the
fabrication of the biosensing devices. This technique is the more consis-
tent way of preparing biosensing devices. Many more modifications are
applied to the focused ion beam (FIB) technique to fabricate more reli-
able nanobiosensor devices. The FIB-made biosensors are compact, less
costly, and can be used as a refractive index for various chemical and bi-
ological sensing applications (Erdman et al., 2019).

Principle: High- and low-gallium ion-beam focusing is used for
site-specific sputtering in this technique.

Design of nanostructured biosensors based on organic and other composite materials
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Advantages: Multiple specimens are formed in a small area and are time
efficient, and beam strength can be adjusted.

Disadvantages: The use of gallium may contaminate the samples, and
physical and electrical properties can be affected.

6.1.5.2 Electrospinning

This is the oldest technique used by researchers for many decades. Ac-
cording to their convenience, the researchers have made many modifica-
tions to this technique for the fabrication of biosensors. By decreasing the
electrode gap distance, one can successfully deposit the nanomaterials on
the sensing device. Through the electrospray technique, this technique has
evolved. M13 bacteriophage microfabrication has been achieved with this
technique (He et al., 2017).

Principle: By decreasing the spinning gap, controllable deposition can
be achieved.

Advantages: This method is simple and cost-effective, and large-scale
processing is possible. All polymers (high molecular weight) can be eas-
ily processed by this method.

Disadvantages: This method is not suitable for 3D structures, and
synergistic porosity for achieving good biosensing is unable to be
achieved by this method.

6.1.5.3 Paper-based microfluidics

This technique is based on the principle of fluid action. The paper-based
devices are easy to fabricate and of less cost. Usually, cellulose paper is
used for the fabrication of the device followed by computer-based print-
ing. The printing can be performed through different methods, namely,
wax printing, laser printing, and conducting inkjet printing. Among these
printing techniques, wax printing is widely used because it is effective,
easier, and cost-effective. These paper-based microfluid devices will per-
form better sensitivity than other techniques. The paper-based CMOS
photodiode biosensor is used to detect and diagnose sepsis (Hu et al.,
2020). By using this paper-based sensing device, biomarkers are formed
to detect glucose and lactate in human serum. A 3D paper-based sens-
ing device with glucose detection has been developed to detect silver ions
(Xiao et al., 2019).

Principle: This method is mainly based on fluidic actuation.
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Advantages: This method is of low cost, easily desirable, simple, pos-
sibility of rapid detection, flexible substrate, easily degradable, and
eco-friendly.

Disadvantages: This method is limited to multiple detections, it is not
operable at room temperature, and extra heating is very much necessary
for proper sensing.

6.1.5.4 Microelectromechanical systems

Microelectromechanical systems (MEMSs), nanoelectromechanical sys-
tems (NEMSs), and bio-nano-electromechanical systems (bio-NEMS) are
the major biosensing fabrication techniques used for micro- and nanoscale
device fabrication. For the detection of biochemical components, MEMS
fabrication techniques are widely used (Bryzek, 2005). Bio-NEMS tech-
nique is majorly used to detect highly complex biochemical components.
Moreover, the MEMS techniques are used in biosensors for diagnosis of
diseases, therapeutics, and monitoring ecosystem and human health. To
detect genome bacteria and viruses, a miniaturized silicon-chip biosensor
has been fabricated by the MEMS technique (Battaglia et al., 2019).

Principle: This method is mainly based on capacitive piezoresistive
resonant thermoelectric principle.

Advantages: Industrial production is possible, cost-effective, and low
power consumption is possible for device fabrication.

Disadvantages: For the production of a single unit, it is too expensive,
especially during the initial developmental stage.

6.1.5.5 Surface plasmon resonance-based biosensor

Using incident light to stimulate the electrons at the interfaces of the ma-
terial is the basic technique of the SPR technique. An SPR biosensor is
used to detect the gluten in the urine samples of people to detect celiac
disease. A highly sensitive biosensor to detect microRNA was developed
(Wei et al., 2020).

Principle: The incident polarized light falls on the metal film at the
interface of the media with varying refractive index (RI).

Advantages: Miniaturized devices can be prepared with this method,
and the devices prepared through this method are highly sensitive.

Disadvantages: Calibration has to be done for a long time.

Design of nanostructured biosensors based on organic and other composite materials
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6.1.5.6 Whispering-gallery-mode biosensors

Whispering-gallery-mode (WGM) biosensing devices are very much sen-
sitive to biomolecules and chemical ions. Usually, this technique is used
for the examination of the modifications occurring on the surface of the
material. For the ultrasensitive detection of the biomolecules, this method
is preferable. For the detection of the grapevine virus, an optical im-
munosensor device was fabricated using the WGM resonator technique
(Fu et al., 2020; Tereshchenko et al., 2020).

Principle: It works on the principle of the wave that travels on the
concave surface.

Advantages: Q-factor is high, low mode volumes, small size, easy to
integrate with the chip, and high tenability.

Disadvantages: Bending loss and evanescent coupling loss are ob-
served.

6.2 Conclusion

In these decades, tremendous improvements happened in the fabrica-
tion of biosensor devices for better management of health. These days,
many more opportunities are opening for the development, implementa-
tion, and acquisition of versatile properties of nanomaterials in the fabri-
cation of biosensors. The use of advanced 2D transitional materials and
organic polymers has attained better sensitivity, selectivity, and stability
in biosensors. The biocompatible nature, enhanced conductivity, and good
sensing response of the nanomaterials and their composites made it eas-
ier to develop biosensing devices. Using nanomaterial composites leads
to fabricating the sensing devices with less detection limit. These types
of quick-responding, lower-LOD biosensing devices are used for health
monitoring applications. The recently flourished SERS and WGM tech-
niques have remarkable advantages for device fabrication, miniaturiza-
tion, and possible easy handling. With the use of the new fabrication tech-
nology, using advanced nanomaterials finds a way to develop versatile de-
vices for biosensing (Table 6.1).
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Table 6.1 Timeline of the biosensors developed in these years.

Sl.

no.

Researchers

name Year Biosensor References

1. M. Cramer 1906 Electric potential arising
between parts of the fluid

Cremer (1906)

2. Soren
Sorensen

1909 Concept of pH and pH
scale

S�rensen and
Mitteilung
(1909)

3. Griffin and
Nelson

1909–22 First to demonstrate the
immobilization of the
enzyme invertase on
aluminum hydroxide and
charcoal

Griffin and
Nelson (1916)

4. W.S. Hughes 1922 Discovered a pH
measurement electrode

Hughes
(1922)

5. Leland C.
Clark

1956 Invented the first oxygen
electrode

Heineman et
al. (2006)

6. Leland C.
Clark et al

1962 Experimentally
demonstrated an
amperometric enzyme
electrode for detecting
glucose

Clark and
Lyons (1962)

7. Updike and
Hicks

1967 First functional enzyme
electrode based on
glucose oxidase
immobilized onto an
oxygen sensor

Updike and
Hicks (1967)

8. Guilbault and
Montalvo

1969 Reported the first
potentiometric enzyme
electrode-based sensor for
detecting urea

Guilbault and
Montalvo
(1969)

9. Bergveld 1970 Discovery of ion-sensitive
field-effect transistor

Bergveld
(1970)

10. Guilbault and
Lubrano

1973 Defined glucose and a
lactate enzyme sensor
based on hydrogen
peroxide detection at a
platinum electrode

Bergveld
(1970)
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Sl.

no.

Researchers

name Year Biosensor References

11. K. Mosbach
and B.
Danielsson

1974 Developed enzyme
thermistor

Mosbach and
Danielsson
(1974)

12. D.W.
Lubbers and
N. Opitz

1975 Demonstrated fiber-optic
biosensor for carbon
dioxide and oxygen
detection

L�bbers and
Opitz (1975)

13. Suzuki et al. 1975 First demonstrated
microbe-based
immunosensor

Suzuki et al.
(1975)

14. Clemens et
al.

1976 First bedside artificial
pancreas

Clemens et al.
(1976)

15. Peterson 1980 Demonstrated the first
fiber-optic pH sensor for
in vivo blood gases

Yoo and Lee
(2010)

16. Schultz 1982 Fiber-optic biosensor for
glucose detection

Schultz (1982)

17. Liedberg et
al.

1983 Surface plasmon
resonance (SPR)
immunosensor

Liedberg et al.
(1983)

18. Roederer and
Bastiaans

1983 Developed the first
immunosensor based on
piezoelectric detection

Roederer and
Bastiaans
(1983)

19. Cass. A. E 1984 First mediated
amperometric biosensor

Cass et al.
(1984)

20. Pharmacia
Biacore

1990 SPR-based biosensor Mun’delanji
and Tamiya.
(2015)

21. Poncharal et
al.

1999 First nanobiosensor Poncharal et
al. (1999)

22. S. Girbi et al. 2018 Nerve-on-chip-type
biosensor for assessment
of nerve impulse
conduction

Gribi et al.
(2018)
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4.1 Introduction

The word surfactant is a contraction of surface active agents. These are
chemical compounds that decrease the surface tension between liquid–gas,
solid–liquid, and liquid–liquid. Surfactants behave as emulsifiers,
detergents, foaming agents, and wetting agents. Every molecule comprises
both hydrophilic and hydrophobic properties. Hydrophilic means the
molecules have a quest for water molecules and hydrophobic relates to the
exclusion of water molecules.1 Surfactants in water form aggregates based on
the chemical structure; these surfactants unite the hydrophilic head and
hydrophobic tail. In general, for surfactants like foaming agents and emul-
sifiers, the dynamics at the interfaces play a significant role in their
behavior. To achieve stabilization at an interface, the adsorption and
desorption of surfactants, along with surface rheology, play an important
role. Surfactants can be both toxic and non-toxic in nature.2
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Quats, also known as quaternary ammonium cations, are made by alkyl-
ating tertiary amines with halocarbons that have long alkyl chains. The
charge of the quaternary ammonium compounds is independent of the pH
of their solution. There are numerous quaternary ammonium compounds,
including domiphen bromide, cetrimonium, cetrimide, didecyldimethyl
ammonium chloride, benzethonium chloride, methyl benzothonium chlor-
ide, cetalkonium chloride, and dofaniumchloride. These quats have pro-
found applications as antimicrobials in detergents and disinfectants. Based
on the concentration level they can cause health problems to mankind, in-
cluding mild skin and respiratory irritation.3

Surfactants uses in daily life are depicted in Figure 4.1. Human beings
depend heavily on surfactants, which are used in a variety of processes such
as cleaning, dispersion, wetting, foaming, and anti-foaming. Many sur-
factants are used in everyday applications, such as detergents, fabric soft-
eners, motor oils, emulsions, soaps, adhesives, and inks. Surfactants are also
used in formulations of agrochemicals like insecticides, spermicides and
biocides. In personal care items like toothpaste, shampoo, shower gel, hair
conditioners, and cosmetics, surfactants are also used. Oils in oil wells are
mobilized using alkali surfactant polymers.4 Bio-surfactants can be used in
medicinal lotions and sprays on the surface of the skin and mucous mem-
branes. Surfactants are used with quantum dots to control their growth.
Surfactants have even brought a new era in the field of nanoscience.5

Chemical sensors are made of various sensory parts that have an additive
effect on analyte detection. The classification of different chemical sensors

Figure 4.1 Surfactant usage in day-to-day life.
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includes optical, electrical, acoustic wave, and potentiometric systems.
Sensor components are chosen based on their preferred sensing character-
istics, such as sensitivity, selectivity, method of detection, response and re-
covery time, specificity for a given class of analyte, and molecular
interaction.6 A multi-analyte test demonstrates the efficiency of the sensor,
which employs various, unique sensor materials for targeted analyte
detection in a mixture. Development of single-sensor technology for a target
analyte based on physical, optical, and electrical characteristics comprises
particular molecular targets to sustain strong and specific binding with
the analyte. The performance of chemical sensors is frequently enhanced
by inhibited sensing settings and changes in the ambient environment. In
order to enable sensing in various combinations under all circumstances,
chemical sensors work via an arrangement of conjunctional responses of
cross-reactive sensors. A specific analyte’s fingerprints are produced by
combinatorial reactions to its various components. A complex mixture of
phospholipids (PL) and proteins (SP) called pulmonary surfactant lowers
surface tension at the air–liquid interface of the alveolus, preventing its
collapse during end-expiration. Additionally, it helps the host’s natural
defenses against infections that are inhaled.7

Pneumocytes in human gestation secrete surfactant. It is mostly com-
posed of cholesterol, phospholipids, protein, and neutral lipids. Dipalmi-
toylphosphatidylcholine (DPPC) phospholipid is the main surface-active
agent of this surfactant. Surfactant proteins include SP-A, SP-B, SP-C, and
SP-D. Surface tension is reduced and surface pressure is increased by sur-
factant. High surface pressure prevents the alveolar surface area from
shrinking, whereas low surface tension maintains lung stability by lowering
the pressure gradient of the surfactant.8

Olivera Galovic et al. have described a new graphene-based surfactant
sensor for the detection of anionic surfactants in real samples. The di-
methyldioctadecylammonium–tetraphenylborate (DDA–TPB) ion pair is
used as a sensing material, and graphene is used as the supporting
material, to create a new high-sensitivity potentiometric solid-state sensor
for the measurement of anionic surfactants.1 Dubravka Madunic et al.

have shown the detection of cationic surfactants employing a novel sensitive
potentiometric sensor in pharmaceutical disinfectants. A novel, sensitive
potentiometric surfactant sensor was developed using a highly lipophilic 1,3-
didecyl-2-methylimidazolium cation and a tetraphenylborate antagonist ion.
This sensor was inserted into a PVC-membrane that had been plasticized as
a sensing component. These sensors exhibited effective sensing applications
in biochemical detection.2 Nikola Sakac et al. reported a study of anionic and
non-ionic surfactants in disinfectants and personal care products by direct
potentiometry using a new surfactant sensor based on 1,3-dihexadecyl-1H-
benzo[d]imidazol-3-ium. Results from direct potentiometric titrations of
readily available cleaning products and personal care products that
included cationic surfactants were in good agreement with those obtained
by employing a surfactant sensor.10,11 Hui Li et al. utilized acetylene black
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electrodes enhanced with zwitterionic surfactant and carbon nanotubes to
detect triclosan in household products. A brand-new electrochemical
sensor based on acetylene black, carbon nanotubes, and cetylsulfonyl-
betaine was developed to measure triclosan and used as a sensitizing
material.12

There are many different mechanisms that stabilize surfactants. Use of pH
buffers, chelating agents, and anti-foamers are all part of chemical stabil-
ization. Selecting surfactant characteristics like charge, hydrophobicity, and
hydrophilicity carefully is the key to achieving physical stabilization. Using
surfactants and co-solvents allows microemulsions to be stabilized. The
utilization of naturally occurring or biodegradable surfactants allows for the
stabilization of biological processes.

Surfactants are molecules with a hydrophilic head that attracts water and
a hydrophobic tail that repels it. They are employed in a number of products,
including emulsifiers, detergents, and shampoos. The kind of surfactant,
the concentration of surfactant, the pH of the solution, the temperature, and
the presence of other substances in the solution are all variables that affect
how stable a surfactant solution will be. The stability of a surfactant solution
is significantly influenced by the type of surfactant used. It is crucial to select
the appropriate type of surfactant for the application since some surfactants
are more susceptible to degradation than others. Its stability is also influ-
enced by the surfactant’s concentration. Generally speaking, more stability
will result from higher surfactant concentrations.13

A surfactant sensor’s lifespan is influenced by the type of sensor used and
the application. A surfactant sensor typically has a lifespan of several months
to several years. This can be impacted by elements such as surrounding
conditions, temperature, and mechanical or chemical stress.

There are many uses for recycled surfactant sensors. They can be used to
control the addition of surfactants to industrial process streams, measure
the concentration of surfactants in water and wastewater, monitor the
effectiveness of surfactant-based treatments of contaminated soils,
detection, and tracking the presence of oil and grease in air and water. They
can be used in agriculture to identify pesticide presence, track the concen-
tration of surfactants in agricultural runoff, and assess the efficacy of sur-
factant-based crop disease treatments. They can be used in the medical
industry to gauge the amount of pharmaceutical surfactants present and to
track how well respiratory disorders are being treated with surfactant-based
therapies. They might be utilized in industrial settings to keep an eye out for
dangerous surfactants in the streams of industrial process.14

This chapter on surfactant sensors focuses more on the design and
development of highly stable, enhanced lifespan and reusable sensors for
chemical and biochemical detection. Some examples of fascinating research
fields that support the field of surfactant sensors include optical, thermal,
and surface acoustic wave sensors. Chemical sensor research appears to
have undergone a significant shift recently. It is among the most productive,
interesting, and interdisciplinary analytical chemistry research topics. In
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addition, it seems to be one of the most experimental disciplines right now,
where fresh ideas and thoughts have been recently explored.12

4.2 Classification of Surfactants

Surfactants are almost identical in nature, and comprise a hydrocarbon
chain which can be framed as linear, branched, or aromatic in nature.
Fluorocarbon and siloxane surfactants have identical chains and many
surfactants consist of polyether chains usually ending with polar anionic
groups. These materials enhance the hydrophilic property of the surfactants.
Polypropylene oxides contrarily enhance the lipophilic property of a sur-
factant. The tail comprises the chain formation of the surfactant molecule.
Based on their solubility, surfactants are mainly categorized into hydrophilic
and hydrophobic, which are soluble in water and lipids respectively. Most
ionic surfactants are usually water soluble.13 Surfactant types and their
general applications are shown in Figure 4.2.

Surfactants are classified into four types based on their charge of their
polar head group, generally:

1. Anionic surfactants
2. Cationic surfactants
3. Non-ionic surfactants
4. Amphoteric surfactants

Figure 4.2 Classification of surfactants based on their composition.
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4.2.1 Anionic Surfactants

The charge of the head group is generally negative and such a group comprises
of sulfates, sulfonates, phosphates, and carboxylates. The most important alkyl
sulfates are sodium lauryl sulfate, ammonium lauryl sulfate, sodium myreth
sulfate and alkyl ether sulfates.14 Sodium stearate incorporated in carboxylate
salts produces perflorooctanaesulfonate, Doclsate along with special char-
acteristics in sodium lauryl sarcosinate and carboxylate-based fluoro-
surfactants.15 The general applications of these surfactants are shampoos
and dishwashing liquids. The most common surfactants include alkyl ether
sulfates, soaps, alkyl benzene sulfonates, and alkyl sulfates.

4.2.2 Cationic Surfactants

The charge of the head group is generally positive, which exhibits pH-based
surfactant properties. Cationic surfactants possess adsorption behavior on
charged surfaces. Most cationic surfactants comprise quaternary ammo-
nium compounds. These surfactants can be used in softening agents,
hydrophobic agents, and for hydrotropism and antistatic applications.16

4.2.3 Non-ionic Surfactants

These surfactants are formed by enclosing the non-charged head group.
Formation of a covalent bond between the surfactants leads to a change
in its structure. The oxygen-containing hydrophilic groups are covalently
bonded to the hydrophobic parent molecule. The water solubility of the
surfactant is the direct cause of the formation of hydrogen bonding at a
particular temperature. The sensitivity of non-ionic surfactants reduces with
hardness of the water. Dissociation of ions in hydrated solutions does not
occur with non-ionic surfactants.17

4.2.4 Amphoteric (Zwitterionic) Surfactants

The charge on the head group consists of both positive and negative
charges. The dual nature of these surfactants arises from both of the charged
centers of the same molecule. Cations are formed by primary, secondary
and ternary ammonium cations; anions are formed by CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, sulfonates, and
cocamidopropyl. These surfactants have biological applications with the
formation of amines such as phospholipids, phosphatidylethanolamine,
phosphatidylserine and sphigomyelins.18

4.3 Characterization Methods for Surfactants

Surfactants play a crucial function in the mixing of liquids and when they
come into contact with solid materials as wetting agents, emulsifiers,
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cleansers, or foaming agents. Figure 4.3 shows the various characterization
methods for surfactants along with their applications. The creation, opti-
mization, and proper dosage of surfactants are usually thorough analysis of
the interface. We can assess the effectiveness and efficiency of surfactants
using tensiometers, which measure surface tension. They aid in the con-
struction and optimization of emulsions by precisely measuring the inter-
facial tension. The knowledge required to use surfactants in quick processes
is provided by dynamic tensiometers. The degree of wetness can be accur-
ately determined by analyses performed with contact angle measurement
equipment. Furthermore, a foamy product can be optimized or foam avoi-
ded with the use of foam analysis tools.19 The different types of character-
ization methods for surfactants are:

� Measurement of surface tension.
� Measurement of the critical micelle concentration (CMC).
� Measurement of the interfacial tension between liquids.
� Measurement of dynamic surface tension and interfacial tension.
� Measurement of contact angle.
� Foam analysis.
� Surface rheological investigations.

Figure 4.3 Various characterization methods and their uses.
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4.3.1 Measurement of Surface Tension

The high surface tension of water makes it difficult to moisten hydrophobic
surfaces and particles. Surfactants reduce surface tension, which helps to
moisten solid surfaces and make powders more dispersible. Tensiometers
precisely measure the surface tension, in order to calculate the impact of the
surfactant. Drop shape analysis equipment uses optical pendant drop
measurements to analyze the smallest sample volumes.20

4.3.2 Measurement of the Critical Micelle Concentration
(CMC)

The level at which all of the surface is covered in surfactant molecules is
known as the critical micelle concentration (CMC). Surfactant molecule
clusters, or micelles, start to appear in the solution above this concentration.
Micelles, which can accept and mobilize hydrophobic molecules, are
among the factors that contribute to a surfactant’s cleansing action. CMC
measurement can be used to determine the surfactant concentration at
which the cleansing effect becomes apparent.21

4.3.3 Measurement of the Interfacial Tension Between
Liquids

Surfactants act as emulsifiers by lowering the interfacial tension between
incompatible phases and enhancing mixing. They simultaneously facilitate
the formation of tiny droplets and stabilize the emulsion by slowing or
preventing droplet fusion. The interfacial tension between a liquid and water
determines its hydrophobic nature. The interfacial tension is therefore
measured in order to assure the quality of liquids where a phase mixing with
water is undesirable.22

4.3.4 Measurement of Dynamic Surface Tension and
Interfacial Tension

Various applications and manufacturing processes involve the rapid for-
mation of surfaces and interfaces. But the diffusion and adsorption times for
surfactants are very particular. Consequently, the surface tension and
interfacial tension are influenced by the amount of time that has passed for
the development of a new phase boundary. As a result, with dynamic pro-
cesses, in a steady state, the interfacial tension or surface tension might be
significantly larger. The appropriate selection and dosage of a surfactant are
substantially impacted by the circumstances. Dynamic surface tension is
visible above the surface, using bubble pressure tensiometers. Printing,
painting, coating, and bonding are quick industrial wetting processes.
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Atomization and its ability to moisten liquid emulsification are possible
through mixing.23

4.3.5 Measurement of Contact Angle

When a surfactant is added, the wetting of a liquid is improved to a certain
extent, which is indicated by the contact angle. Depending on the require-
ment, the contact angle is measured by drop form analysis tools with a high
degree of automation. The conditions of a wetting process can be accurately
simulated by measurements at high or low temperatures, under controlled
humidity, or with varying dosing dynamics.24

4.3.6 Foam Analysis

Surfactants regularly create foams and are frequently employed alone to do
so. Specific application areas necessitate varied standards for foamability,
foam stability, moisture content, and bubble size. Foam analysis tools
measure the foam height with relation to time using repeatable foam gen-
eration processes and methods. A conductivity module can measure the
amount of moisture in the foam as well as how the height of a foam column
changes over time at various heights. For the purpose of specifically opti-
mizing the foam’s characteristics, an optical foam structure analysis module
estimates the bubble size distribution and its time dependency.25

4.3.7 Surface Rheological Investigations

In surface rheology, the rate of change in the interface region is compared to
the rate of change in surface tension or interfacial tension. Surface rheology
equipment evaluates a number of factors, including the interface viscosity
and elasticity. Using these numbers, inferences can be made about the
stability of liquid films and droplets in emulsions, as well as the mobility of
surfactants. Additionally, the outcomes are typically connected with foam
properties like drainage rate and foam bubble stability.26,28,29

4.4 Stability of Surfactant Sensors

Surfactants are ‘‘head-and-tail’’ molecules that interact with other mol-
ecules in a solution. The hydrophobic/hydrophilic balance, head and tail
size, charge, and other parameters affect the stability of a surfactant solu-
tion. The stability of the solution may be harmed if the surfactant con-
centration is too high because it may become overly viscous and form an
impenetrable layer. The stability of the surfactant is also influenced by the
pH of the solution. The majority of surfactants are most stable at a pH of 7.
The stability of the solution can be decreased by surfactant molecule
breakdown brought on by an excessively high or low pH. Surfactant stability
is also influenced by the temperature of the solution, that is, lower
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temperatures can result in the surfactants precipitating out of solution,
while higher temperatures typically increase stability. The stability of the
surfactant may also be impacted by the presence of other compounds in the
solution. The surfactant stability can be decreased by interactions with
certain chemicals, such as salts. Making sure that all these elements in the
solution are compatible with the surfactants is crucial for their stability.
Some of them are given below:

1. Balancing between hydrophilic and hydrophobic molecules: the
hydrophilic (attracted to water) head of the surfactant molecule and
the hydrophobic (repelled by water) tail (not attracted to water). When
the equilibrium between hydrophobic and hydrophilic molecules is
preserved, a surfactant solution is stable.

2. Size of the head and tail: the solubility of the surfactant in a solution
depends on the size of the head and tail. The surfactants with larger
heads and tails are more soluble.

3. Charge: the charge of the surfactant molecule has the potential to
impact stability. Positively charged surfactants tend to be more stable,
whereas negatively charged surfactants are less stable.

4. Temperature: the stability of a surfactant solution can be impacted by
temperature. Lower temperatures increase stability.

5. Solvent: the choice of solvent can have an impact on how stable a sur-
factant solution is. A surfactant’s stability is more likely to eteriorate in
polar solvents like water than in non-polar solvents like oils.

6. Critical micelle concentration (CMC): the CMC is the amount of sur-
factant molecules present in a solution that is required for the for-
mation of micelles. Micelles are surfactant molecule aggregations that
form a stable, spherical structure that can aid in stabilizing emulsions
and raising surface tension.

7. pH: surfactant stability is significantly influenced by the pH of a
solution. Surfactants are more soluble and stable at higher pH levels.

8. Additives: surfactant solutions can be supplemented with additives to
improve the stability of the surfactant. Electrolytes, alcohols, and
polymers are examples of typical additives.

9. Molecular weight: the stability of a surfactant in aqueous solutions is
significantly influenced by its molecular weight. Surfactants with a
higher molecular weight are typically more stable than those with a
lower molecular weight.

10. Chain length: the chain length of a surfactant has a significant impact
on its stability in aqueous solutions. Short-chain surfactants are fre-
quently less stable than long-chain surfactants.

4.5 Lifetime of Surfactant Sensors

Depending on the type of sensor, the usage environment, and the frequency
of use, the lifespan of surfactant sensors can vary significantly. Surfactant
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sensors typically survive up to 10 years, while some can last far longer, de-
pending on the usage circumstances. The lifespan of a surfactant sensor may
be impacted by the following factors:

1. Chemical exposure: some substances, such as acids and bases, which
can corrode the electrodes, can harm sensors.

2. Temperature: extreme heat will short circuit a surfactant sensor by
causing condensation to form on the electrodes; low temperatures will
prolong the life of a surfactant sensor.

3. Humidity: excessive humidity can lead to electrode degradation, while
low humidity can lead to the sensor drying up and malfunctioning.

4. Electrical interference: electrical interference can affect the sensor
readings and lead to the sensor failing before its time.

5. Contamination: the sensor may malfunction or fail if it is contamin-
ated with dust, dirt, oil, or other contaminants.

6. Use frequency: using a sensor frequently might shorten its lifespan
by causing it to wear out more quickly than if it is used less frequently.

Surface bubbles are a common occurrence in many natural phenomena
and technical applications. There are several theories and some experi-
mental research, but a thorough comprehension of the lifetime phenom-
enon is still lacking. In view of the simulations and past findings, we will
also analyze the trends in the lifetime of bubbles and drops, which have
been documented in earlier experimental research.

The lifespan of surfactant sensors can be increased in the following ways:

1. Consistent maintenance: consistent maintenance is necessary to prolong
the life of the sensors and ensure that they are functioning properly.
Cleaning and part replacement should both be done on a regular basis.

2. Temperature control: keeping temperatures under control can extend
the lifespan of surfactant sensors. Keep the temperature within the
prescribed range and store the sensors in a cool, dry location.

3. Correct installation: surfactant sensors can be damaged and have their
lifespan shortened if they are not installed properly. For the sensors to
have the longest possible lifespan, it is crucial to make sure they are
installed correctly.

4. Consistent calibration: the sensors must be calibrated consistently in
order for them to function accurately and effectively. Their lifespan will
be extended as a result of this.

5. Protective coating: to shield the sensors from the elements and
lengthen their lifespan, a protective coating can be added.

4.6 Reuse of Surfactant Sensors

Many industries, such as cosmetics, laundry detergents, and cleaning goods,
allow the reuse of surfactants. It can be done by employing a variety of
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methods, including recycling, centrifugation, distillation, and electrolysis.
Used surfactants must be broken down into their component elements in
order to be recycled. Surfactants and water or other contaminants
are separated using centrifugation. Using evaporation, the process of dis-
tillation allows components of a mixture to be separated. An electric current
can be used to purify compounds in a process called electrolysis. Reusing
surfactants can cut waste and save money by lowering environmental
pollution.

When reusing surfactants, however, the following safety measures must
be taken:

1. Verify that no dangerous substances are present in the surfactants.
2. When handling surfactants, keep your skin and eyes away from con-

tact, and use protective gear.
3. Ensure that surfactants are stored safely away from heat sources,

sparks, and open flames.
4. In compliance with local laws, dispose of any unused or contaminated

surfactant.
5. Before reusing a surfactant, familiarize yourself with its risks by con-

sulting safety data sheets (SDSs).

4.7 Chemical Surfactants and Sensing

In order to simulate the function of olfaction, many chemical sensor arrays
have been created with the intention of integrating an electronic nose with a
range of materials. Figure 4.4 shows chemical surfactants in chemical
sensing. Combining pattern recognition techniques with chemical sensor
arrays replicates biological sensory recognition techniques. There are elec-
tronic nose systems for sale that are used in the food sector to ensure
product quality. Current research focuses on the use of consumer-grade
wearable electronic devices and commercial equipment to implement the
electronic nose principle in environmental monitoring and medicine.

The idea that analytes will interact with various materials in different ways
is at the core of chemical sensor arrays. As a result, any type of material may
be utilized in sensors.27 Polyacetylene, polythiophene, and polyaniline are
some of the substances that can be chemically doped to make them con-
ductors. The chemical and morphological properties of conductive polymers
are affected by monomer identity, polymerization conditions, and device
fabrication techniques.

Figure 4.5 shows the structure of surfactants and micelle formation. The
ions that surround ionic surfactant micelles in solution, referred to as
counterions, are attracted electrostatically. The effects of micelle charge on
the structure of the surrounding solvent are visible at substantial distances
from the micelle, despite the fact that the closest counterions can partially
hide a charged micelle. The electrical conductivity of the mixture is one of
the numerous qualities influenced by ionic micelles. Smaller ionic micelles

76 Chapter 4



Figure 4.4 Usage of surfactants in chemical detection.

Figure 4.5 Structure of a micelle.
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can be generated when salts are added to a colloid containing micelles,
weakening the electrostatic connections in the process.

The response from the sensing device is recognized and processed using a
known array of data patterns. The identification of signals is analyzed by
various processes including the principal component method, neural net-
work method, least square method, and machine learning for designated
analysis of certain sequences. Chemical sensors play a major role in the
analysis of data pertaining to sensing devices. The investigation of sensing
parameters depends on various factors to give information on both quali-
tative and quantitative aspects of a sensor. Based on the techniques used for
sensing properties, chemical sensors are usually classified into four types,
namely, electronic chemical sensor, acoustical wave chemical sensor, optical
chemical sensor, and electrochemical sensor.

4.7.1 Electronic Chemical Sensors

The modulation of an electronic signal has become of prime importance in
these kinds of sensors. These sensors employ semiconducting materials,
nanomaterials, and conducting polymers as sensing materials to enhance
the sensitivity of the sensor. The basic design of chemical sensor comprises
chemiresistors with capacitors and transistors in the architecture of a sen-
sor. The variation in resistance is due to chemisorption or physisorption of
the target molecules.12 Various categories of materials for use of nanoelec-
tronic detection systems have been discovered, notably graphene, carbon
nanotubes, and 2D and 3D framework materials. Leading-edge location
flaws and surface modification by covalent or non-covalent modifications
are utilized as host–guest interaction sites in graphene-based materials, re-
spectively.30 An example of this involves the alteration of single-walled car-
bon nanotubes with multiple important protective factors to enable
separation of volatile organic compounds.

4.7.2 Optical Chemical Sensors

Optical chemical sensor grids use light to examine chemical relations
between an analyte and a sensing material, which distinguishes them
from electronic chemical sensing devices. Generally, optical sensors use
quantitative approaches like absorbance, diffraction, fluorescence, re-
fraction, and scattering for examining how molecules react to light.
Fluorescence sensors typically display better sensitivity than other im-
aging sensors.31 The phrase ‘‘optoelectronic nose’’ has been utilized to
categorize optical chemical sensor devices by constructing thumbprints
for particular compounds and using predictive modelling to recognize
those components in mixtures.32 In addition to selectively engaging with
solutes, optical sensors require two aspects: a probe material and a
fluorophore. The chemical interactions between probes and analytes
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should be properly taken into account when developing cross-reactive
optical and fluorescent matrices.33,34

4.7.3 Acoustic Wave Chemical Sensors

Acoustic wave devices, thickness shear mode resonators (TSM), and quartz
crystal microbalances are just a few of the very broad categories of wave
device technology. These devices oscillate at fixed frequencies, and variations
in the mass of the device modulate particular frequencies. These devices can
be modified using a number of the materials that have previously been
described as also being suitable for chemical sensor arrays. The broad range
of inter-molecular reactivity and specific interactions with such a variety of
compounds that each of these materials exhibits, when combined, permits
the fingerprint detection of individual compounds in mixtures.35

Wave devices can be adapted for various combinations of volatile organic
chemicals, hydrogen gas, and mercury vapor. These materials use micro-
fabricated metal-oxide cantilevers that have polymer sheets on top of them.
These higher-order sensors use bulk and surface acoustic wave devices, in
addition to electrical and optical signaling molecule channels.11

4.7.4 Electrochemical Sensors

Electrodes are different classes of material that can be utilized in elec-
trochemical sensing devices. Electronic tongues are a common name for
electrochemically based sensors. The surface of an electrode can be
altered, which allows the system to target specific molecular interactions.
The ability of partially permeable membrane materials to specifically
oxidize or reduce targeted particles allows electrodes to be converted into
sensors.37 The ability to monitor the amounts of nitrate, nitrite, and
ammonium in an aqueous phase has been demonstrated for a number of
selectively permeable membrane sensors built from potentiometric poly-
mers such as poly(vinyl chloride). The technique, which has been pion-
eered using these voltametric and potentiometric methods, is a popular
subject of study since it provides classification of redox products as well
as multi-analyte analysis of aqueous solutions such as cerebrospinal
fluid.36

4.8 Surfactant Sensors in Chemical Detection and
Application

4.8.1 Anionic Surfactant Sensors

Anionic surfactant sensors are used in thin films for analyzing conjugated
polydiacetylenes based on imidazolium. In recent years, research on
polydiacetylenes (PDAs), which are produced by UV irradiating self-
assembled diacetylene (DA) supramolecules, has received a lot of attention.
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Numerous PDA-based chemosensors have been developed as a result of its
stimulus-induced blue-to-red shift. An example of an anionic surfactant-
selective sensor based on PDA and an imidazolium polymer exhibited fluo-
rescence amplification and colorimetric alterations in the presence of several
anionic surfactants.37 The conducting nature of poly(3,4-ethylenedioxy-
thiophene) was significantly increased by incorporating anionic surfactants
into the polymer solution, producing poly(styrenesulfonate) films. Addition
of anionic surfactants to PEDOT:PSS aqueous solution has been suggested as
a strategy to improve the conductivity of PEDOT:PSS film. According to the
study, TsO anions improved the conductivity of PEDOT:PSS when added to its
aqueous solution. The preparation of conducting polymer films involved
spin-coating the polymer solution on glass substrates.38

Anionic sensors can be employed in cationic–anionic surfactant two-phase
systems where temperature-sensitive aqueous surfactants manifest inter-
esting phase behaviors and features. The cationic and anionic surfactant
aqueous mixtures are mostly the result of electrostatic interactions between
opposing charged head groups.8,41 These interactions can be tuned to form
different microstructures with distinctive geometries ranging from spherical
to cylindrical to planar, which have been extensively researched both theo-
retically and empirically in the literature.39

4.8.2 Cationic Surfactant Sensors

A cationic surfactant–liquid crystal sensor platform for detecting thrombin
has been developed. Based on the high specificity of aptamer identification,
the liquid crystal (LC) sensing platform was shown to be effective. At first,
LCs doped with octadecyl-trimethyl ammonium bromide (OTAB), a cationic
surfactant, adopted a homeotropic orientation matching a dark optical
picture. Thrombin and the matching aptamer were used to build the LC
sensing platform.40 The detection of thrombin by the LC sensing platform
exhibited outstanding, consistent performance. A sensitive quinoline yellow
sensor based on liquid crystals coated with cationic surfactants exhibited
effective results in chemical detection. One of the synthetic colorings widely
used in the food business is quinoline yellow (QY). The development of
precise and straightforward QY detection procedures is crucial to guarantee
food safety. In order to lower risk, it is crucial to effectively detect this food
colorant. By using a cationic surfactant-decorated LC interface, an inventive
liquid crystal (LC)-based sensor was created for the label-free and ultra-
sensitive detection of the QY.41 This work is the first to describe how cetyl-
trimethylammonium bromide (CTAB) affects the electrochemical behavior
of folic acid (FA) on the surface of a carbon paste electrode (CPE) in actual
samples. Cyclic voltammetry (CV), chronocoulometry, and differential pulse
voltammetry (DPV) were used to conduct the experiments.45 Creation of a
folic acid (FA) sensor based on the CTAB enhancing effect. Various electro-
chemical analyses of FA in the presence of CTAB have been explored.42,46
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4.8.3 Non-ionic Surfactant Sensors

Poly ethoxylated non-ionic surfactant determination using a potentiometric
sensor has been investigated. Different ethoxylated non-ionic surfactants
(EONSs) and polyethylene glycols were examined using a novel liquid mem-
brane surfactant sensor based on a 1,3-didecyl-2-methylimidazolium–tetra-
phenylborate ion-exchange complex. Amphipathic compounds known as non-
ionic surfactants do not ionize in aqueous solution.43 The potentiometric be-
havior of various barium-polyethoxylate complexes, including ethylene oxide
units, has also been studied because ethoxylates have significant applications
as surfactants.44 The determination of the homologs of polyoxyethylated
nonylphenols used arrays of non-selective non-ionic-surfactant sensors. It was
shown that polyoxyethylated nonylphenols with various numbers of oxyethyl
groups, which are homologs of non-ionic surfactants, may be independently
determined using multisensor systems of the electronic tongue type based on
non-selective solid-contact potentiometric sensors. A novel barium pseudoca-
tionic combination of a strongly ethoxylated fatty alcohol polyglycol ether and
tetraphenylborate has been developed as the basis for a liquid membrane non-
ionic surfactant-sensitive electrode. The compound has been integrated into a
PVCmembrane that has been plasticized and employed as a sensingmaterial.45

4.8.4 Amphoteric (Zwitterionic) Surfactant Sensors

The effective reusability of a taste sensor with lipid polymer membranes via

amphoteric surfactant cleaning has shown enhanced results in chemical de-
tection. The purpose of the study was to improve the effectiveness of the
cleaning procedure in order to make a taste sensor more reusable. This study
used hydrophobic lipid polymer membranes in a surfactant cleaning approach
for two different types of bitterness sensors. Four different types of surfactants
with various polarities and ionicities were tested for usability in order to choose
the best ones for cleaning. Use of both the normal cleaning solution and the
LDA acid solution together significantly increased the reusability of an astrin-
gency sensor in numerous measurements of black tea. Effects of zwitterionic
surface activity wormlike micelles driven by Na1, ionic liquid, and anionic
surfactant. The physicochemical characteristics of a mixed sodium dodecyl
sulfate/N-alkyl-N0-carboxymethylimidazolium inner salt ionic liquid with zwit-
terionic surface activity has been investigated. The mixture under study dis-
played a stronger synergism, that is, more negative interaction characteristics,
when compared to the mixed zwitterionic betaine surfactant/SDS system.
Acetylene black electrodes enhanced with zwitterionic surfactant and carbon
nanotubes to detect triclosan in household products have been examined.11

4.9 Biochemical Surfactants and Sensing

Figure 4.6 shows surfactants used in biochemical detection. Surfactants have
emerged as versatile materials for many biological applications. The search
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for new surfactants for the betterment of biological applications is a con-
tinuous process, and in this regard bio-surfactants are considered to be fa-
vorable compounds. The use of bio-surfactants, bio-transformation and bio-
degradation has been discussed deliberately. The use of enzymes such as
protease and amylase requires bio-technological skills for analysis of enzyme
production, isolation, thermal behavior, storage stability, and pH stability.
The invention of nanoparticle technology has profound applications in
many biological activities with enhanced characteristic properties, such as
enzyme encapsulation in spherulites, colloidal gas aphrons using multilayer
surfactants, recovery of cells, proteins, biological molecules, and gas trans-
formation in bio-reactors. The recent advancement in high-pressure phase
transformation in phospholipid bilayers has become a model system for
detection of biomembranes. Surfactant membranes are used in medicine,
biotechnology, as an environmental protective shield for isolation of
hydrocarbons and gases, and for the separation of metal ions, amino acids,
and other suspensions. Sugar surfactants are used in the determination of
various properties related to microemulsions.8

In order to lower surface tension at the air–liquid interface of the alveolus,
pulmonary surfactant, a complex mixture of phospholipids and proteins, is
used. The alveolus receives the generated, assembled, transported, and
secreted surfactant, where it undergoes degradation and is subsequently
recycled. In comparison to adults, babies, particularly premature ones, have
a slower metabolism of surfactant. Respiratory distress from a problem with

Figure 4.6 Usage of surfactants in biochemical detection.
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pulmonary surfactant metabolism is accompanied by morbidity and mor-
tality. This happens because the metabolism of surfactants is impaired due
to genetic abnormalities, proteolytic degradation, or rapid breakdown. The
management of some of these conditions has been successful with the use of
prenatal corticosteroids, surfactant replacement, whole lung lavage, and
lung transplantation. Pulmonary surfactants lower surface tension at the
alveolus’ air–liquid contact, preventing the alveolus from collapsing during
end-expiration. Additionally, it takes part in the host’s natural defensive
mechanism against inhaled infections.50

Non-ionic surfactants and organic solvents with low concentrations have
enhanced the properties of cholesterol oxydase by increasing the activity of
the enzyme. The cationic surfactants in reversed micelles in organic solvents
emphasized two hydrolyzing enzyme proteases and amylase on detection of
DNA from salmon testes. The evolution of surfactant-based sensors in bio-
chemical detection is evidence of its various applications, which include
medical and healthcare, antiviral activity, cyclic lipopeptide antibiotic, and
clinical symptoms like irritation, skin dryness, itching, and stinging. In the
view of all these, surfactant-based biochemical detection is very much ne-
cessary to prevent and to take measures after the serious effects. The most
appropriate, simple, and cost-effective surfactant sensors are explored.

Electrochemical surfactant sensors will be described, focusing specifically
on developments that have already been published.51 In accordance with the
actual measured value, electrochemical sensors are usually categorized as
highly sensitive and selective, amperometric, conductometric, or impedi-
metric surface sensors.5 Some of most significant are potentiometric sur-
factant sensors due to how simple and adaptable they are. There are various
amperometric surfactant sensors that are real biosensors and involve living
cells and microorganisms.

4.9.1 Potentiometric Surfactant Sensors

Even though several direct potentiometric sensors have been reported,
potentiometric surfactant sensors are typically employed as quantitative
terminal sensors. Among the most common types of sensor in this category
are coated wire-type, liquid membrane, and ISFET (ion-selective field effect
transistor) sensors. The sensors can be used to recognize non-ionic as well
as ionic (cationic and anionic) surfactants.6 They can be operated con-
stantly in flow injection analysis (FIA) mode or intermittently in batch
mode. Although several direct potentiometric sensors have been described,
potentiometric surfactant sensors are typically employed as titration end-
point sensors.47–49 For sensors designed using liquid membrane sur-
factants and coated wire it is indeed difficult to distinguish between liquid
membrane sensors and coated wire sensors. These variants employ ISE
membranes to operate. Since these membranes are generally solid for
practical purposes, the term liquid membrane can be misleading. Yet, the
smart phone complexing agents known as sites are typically included in a
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matrix gel after being dissolved in a suitable solvent.50 An ion-selective
electrode has been described as the end-point titration sensor for deter-
mining the concentration of anionic and cationic surfactants via titration.
It demonstrated that surfactant mixtures and non-ionic surfactants can
both be tested using the same electrode. As precisely and easily as the pure
surfactant, the concentrations of combinations of anionic and non-ionic
surfactants may be calculated.51

4.9.2 Impedimetric Surfactant Sensors

Direct affinity sensors have been presented with simple preparation ap-
proaches. The oligonucleotide or antibodies were similarly immobilized as a
result of the self-consistent introduction of a hydrocarbon chain attached to
an oligonucleotide pentadecathymidylate into the hydrophobic region of the
surfactant bilayers or as a result of the adsorption of antibodies on the
surface of the bilayers. Impedance spectroscopy was utilized to find the re-
sponses and antibody–antigen interactions increased the impedance,
whereas particular DNA-coupling decreased the actual fraction of the im-
pedance.52 Easy procedures have been suggested for making direct affinity
sensors. The generation of immunosensors is a result of antibodies adhering
to bilayer surfaces. Significant alterations in impedance spectra have
been seen in both trials. The results are encouraging for the development of
impedimetric affinity sensors for use in healthcare or the environment. The
lubricating qualities of motor oil can be adversely affected by as little as a few
hundred ppm of water. The oil additives (surfactants) and water molecules
started interacting right away after the injection, creating an inverse micelle-
based water-in-oil emulsion. After emulsification, water in the solution was
gradually removed by evaporation and electrolysis. A computer analysis
model was created using the literature equations defining these interactions
in order to support the experimental findings and demonstrate the kinetics
of the water–oil interactions. The model enhanced understanding of the
experimental data by illuminating the processes taking place in the water–oil
system.

4.9.3 Conductometric Surfactant Sensors

This sort of surfactant sensor for conducting conductivity measurements to
track the evolution of a number of particles in the emulsion polymerization
has been discussed. The three main phases of the polymerizing latex were
assumed to be equally divided among the surfactant in the developed model.
A soft-sensor approach was then suggested for counting the amount of
polymer particles by fusing the conductivity model with the available con-
version, temperature, and conductivity signals (N-P). The major objectives
were to watch the evolution of N-P (nucleation/coagulation) in real time
under varied reaction scenarios and to validate the conductivity model over a
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larger variety of operational settings. Several batch and semi-batch poly-
merization operations were conducted.53

4.9.4 Amperometric Surfactant Sensors

Several real surfactant biosensors using microorganisms or cells are
available alongside amperometric surfactant sensors. Numerous modified
PVC membranes have been characterized based on their permeability and
selectivity for electrochemically active substances. The species were
identified using a two-electrode amperometric cell in phosphate buffer
solution. The diffusing species were observed to be paracetamol, catechol,
ascorbic acid, and hydrogen peroxide. Cationic and non-ionic surfactants
were employed as the membrane modifying agents in the research.54 The
detection of anionic surfactants was achieved by building a Pseudomonas

rathonis T-based amperometric biosensor. Plasmids used in surfactant
degradation were found in microorganisms. Sodium dodecyl sulfate and
volgonat were quite corrosive to the sensor. The selectivity of PVC
membranes plasticized with surfactants and liquid crystals was studied
using an amperometric sensor, and the results were presented. The ef-
fects of non-ionic surfactants on the electrochemical behavior of the
compounds might be studied by including ubiquinone and menaquinone
in a carbon paste electrode. Additionally, impacts on the sensitivity of the
glucose biosensor were shown when a similar modification was applied to
create an enzyme electrode in which the quinone molecule functions as a
redox mediator.55

4.10 Surfactant Sensors in Biochemical Detection
and Applications

4.10.1 Anionic Surfactant Sensors

A microbial sensor for the measurement of anionic surfactants has been
investigated. For the purpose of detecting anionic surfactants in an aquatic
environment a unique biosensor has been built. Analyzing anionic sur-
factants was quick and easy, and no hazardous organic reagents were
needed.56 Patients may get anaphylactic shock as a result of ingesting food
allergens, particularly buckwheat proteins.63 There is a need for the cre-
ation of an easy and quick screening approach using a field effect transistor
biosensor for food allergens in food products. In this investigation, a
buckwheat allergenic protein was successfully detected using FET.57 So-
dium dodecyl sulfide (SDS), an anionic surfactant, served as a signal
amplifier for FET detection. For the purpose of detecting allergens in in-
dustrial domain, the suggested approach attained the desired level of
sensitivity. An anionic surfactant-based electrochemical nicotine sensor
based on cerium nanoparticles has been explored. The primary alkaloid in
tobacco leaves (Nicotianata bacum L. Solanaceae) is nicotine, also known as
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3-(1-methyl-2-pyrrolidinyl) pyridine. These leaves are more famous for their
use in cigarettes than for their therapeutic uses.17

4.10.2 Cationic Surfactant Sensors

A glucose-modified carbon paste sensor in the presence of a cationic sur-
factant for mefenamic acid detection in urine and pharmaceutical samples
has been studied. A unique and reliable carbon paste electrode (CPE)
modified with glucose was created for the ultrasensitive detection of mefe-
namic acid (MA).58,64 Diffusion–adsorption control was visible in the sensing
results. The technique displayed a low detection limit and a broader linear
dynamic range. Both biological and pharmacological samples of MA were
successfully detected by the newly designed sensor.58 A dangerous analog of
glucose called alloxan (AL) selectively kills the pancreatic cells that make
insulin, acting as a strong inducer of diabetes. In order to analyze AL in the
presence of anthrone, a sensitive and focused carbon paste electrode im-
mobilized with cetyltrimethylammonium bromide (CTAB) was used.59

A study of its increased voltammetric determination in cationic surfactant
medium employing a boron-doped diamond electrode served as the first
electrochemical evaluation of the antiviral drug favipiravir used to treat
COVID-19.60 The lipophilicity affects the membrane resistance, ionophore
solubility, ion exchange across the membrane, and ultimately the analytical
signal. All of the examined cationic surfactants could be titrated using
potentiometric titration, and P1 plasticizer demonstrated exceptional titra-
tion performance, rapid reaction time, high signal change, and signal
stability.48

4.10.3 Non-ionic Surfactant Sensors

A sensitive and specific protein detection method using a non-ionic sur-
factant-decorated liquid crystal sensor has been developed. In the human
body, proteins are in charge of most biochemical processes. The creation of
sensitive and focused protein detection techniques is crucial. This study
used a liquid crystal-based sensor for highly sensitive and specific lysozyme
detection. By employing an LC interface and dodecyl b-D-glucopyranoside, a
non-ionic surfactant, concanavalin A and bovine serum albumin were cre-
ated. Pseudomonas aeruginosa proliferation has been studied using a new
sensor technique. To investigate how surfactants affect Pseudomonas aeru-

ginosa growth in media, a novel sensor technology based on series piezo-
electric quartz crystal sensing was developed. The frequency shift curves
produced under various growth circumstances were compared with one
another. Three kinetic parameters were obtained to explain the growth of
microorganisms by fitting frequency shift curves. When it came to bacterial
growth, surfactants were a growth inhibitor.17

Applications for mesostructured polyaniline in H2O2 and glucose sensing
have been found utilizing a combination of mixed surfactants, anionic
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sodium dodecylsulfate, and non-ionic polymers. Mesostructured polyaniline
was made by allowing a mixture of a non-ionic polymeric surfactant and so-
dium dodecyl sulfate, an anionic surfactant, to self-assemble. The approach
used in this study created a novel platform for the creation of high-
performance glucose and other biosensors based on polyanilines. Immobil-
izing the sensingmaterial within themembrane with graphene nanoparticles
lowered the electrical resistance and signal noise of the membrane by pre-
venting the leaching of electroactive material from the membrane.61,62

4.10.4 Amphoteric (Zwitterionic) Surfactant Sensors

A biosensor based on laccase-halloysite nanotubes and imidazo-
liumzwitterionic surfactant for determining dopamine has been developed.
Improved catalytic activity and stabilities in biosensing are provided by
zwitterionic surfactants that integrate nanomaterials and biomolecule
architectures.9 A novel electroanalytical approach for the measurement of
dopamine by square-wave voltammetry was created using the biosensor.
This review summarizes the most recent developments in membranes,
micro-nanocapsules, nano-microgels, as well as multilayered thin films with
amphoteric properties. In light of their prospective use in nanotechnology,
biotechnology, and medicine, as well as their stimuli responsive behavior,
synthetic methods for amphoteric materials and physicochemical charac-
teristics have been described.51 As a result of their strong propensity for self-
organization in aqueous conditions, amphoteric macromolecules with
hydrophobic moieties can act as a crude model of biological membranes.
For peroxidase immobilization in the creation of biosensors, gold nano-
particles have been disseminated in zwitterionic surfactants.

4.11 Conclusion

This chapter consists of basic information on the stability, life time, and
reuse of surfactants, and their applications in chemical and biochemical
detection. Here, the impact of surfactants in daily life has been discussed
extensively along with their applications. Most of the surfactants are similar
in nature, including a hydrocarbon chain which can be framed as linear,
branched, or aromatic in nature, which enhances the hydrophilic property of
the surfactants. Nonionic surfactants contain both hydrophilic and lipo-
philic groups. Surfactants are classified into four types, based on the charge
of their polar head group: anionic, non-ionic, amphoteric and cationic
surfactants. The creation, optimization, and proper dosage of surfactants are
carried out through analysis of the interface. We can assess the effectiveness
and efficiency of surfactants using tensiometers, which measure surface
tension. They aid in the construction and optimization of emulsions by
precisely measuring the interfacial tension. Current research focuses on the
use of consumer-grade wearable electronic devices and commercial equip-
ment to implement the electronic nose principle in environmental
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monitoring and medicine. The idea that analytes will interact with various
materials in different ways is at the core of chemical sensor arrays. As a
result, any type of material may be utilized in sensors. The use of bio-sur-
factants, bio-transformation and bio-degradation has been reviewed in this
chapter. The use of enzymes such as protease and amylase requires bio-
technological skills for analysis of enzyme production, isolation, thermal
behavior, storage stability, and pH stability. The invention of nano-
technology has profound applications in many biological activities with
enhanced characteristic properties.
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Chapter 5

Graphene-modified electrochemical sensors for
estimation of food contaminants

B Chethan, V Prasad, A Sunilkumar and S Thomas

In the present situation, it is essential to detect food pollutants to maintain the
excellent health of humanity. In this regard, electrochemical sensors work effectively
to sense food contaminants. The primary food contaminants are bio-molecules and
food pollutants. Nowadays, two-dimensional (2D) materials are extensively used to
fabricate the sensing device. Among these 2D materials, graphene, its derivatives
and their composites are highly workable materials. The chapter extensively studies
graphene derivatives and their composites-based electrochemical sensors to detect
food pollutants. The present chapter focuses on the organic and inorganic pollutants
contaminating food. The organic contaminants like food colouring agents, pesti-
cides and drugs, and the inorganic pollutants like metal cations and anions influence
contaminating food is deliberately discussed. The use of the nanocomposites and
derivatives of graphene to develop sensing material is briefly outlined. In the last
section, the challenges faced and the conclusion are sketched.

5.1 Introduction

Food is the primary source of energy for human beings and living organisms.
Getting nutrient and pollutant-free food is the fundamental right of every individual
[1–11]. Food pollution and adulteration occur naturally and artificially in every food
production and processing step. The presence of pollutants damages the health
condition of human beings. According to the World Health Organization, con-
taminated and adulterated food may lead to more than 200 diseases [12–18]. The
main reason for food contamination is a polluted ecosystem. Hence, identifying,
detecting and controlling food pollutants is challenging. Food security is essential to
secure human beings’ health and increase the standard of life [19].
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Today many analytical techniques, namely chromatography, spectrophotometry,
and electrochemical techniques, are more popular to estimate and determine food
pollution [20–22]. These techniques are precise, sensitive and selective for detecting
and determining food pollutants. But these techniques find more disadvantages like
high cost, sophisticated instrumentation, miniaturisation not being possible, and
multiple pretreatments required [22]. So, the scientific community finds many
challenges to fabricating low-cost, reliable, versatile, miniaturised, and accurate
methods to detect pollution in food products. With great anticipation, the research
community has proposed the electrochemical sensor. Electrochemical sensors have
found significant applications in ecosystem monitoring, agriculture, and industrial
applications in recent decades [23, 24]. The great interest in electrochemical sensors
is due to their trustable sensitivity, timing characteristics, better selectivity and
portability.

Electrochemical sensors work on the principle of the redox process to detect the
electroactive analyte [25, 26]. The changes in the physical impulse are determined by
measuring the changes in the applied potential. Usually, many researchers are
working on metals and metal oxide-based sensors, but graphene, a carbon-based
material, gives more promising applications than the rest of the other materials
because of its astonishing applications, such as rapid timing behaviour, multiple
detection ability and over potential. Compared to other 2D materials (carbon
nanotubes (CNTs), graphite and fullerene), graphene-based materials have more
potential [27]. Usually, in the electrochemical process, graphene nanosheets attach
to the graphitic electrodes through a π–π interaction [28]. This interaction negatively
affects the sensing ability of the graphene system. Because of these reasons, the
research community has increased their studies on graphene oxide (GO) and reduced
graphene oxide (RGO) materials. GO and RGO contain hydroxyl, carboxyl and
epoxy functional groups, forming a good interaction with the analyte, facilitating
the easier hopping of the electrons [29]. The polar functional groups also enhance the
interlayer separation between the graphene nanosheets and convert it into a
hydrophilic material. With all these efforts, graphene and its derivative-based
material synthesise the electrochemical sensors for pollutant detection in food
materials.

With these ideas, this chapter focuses on detecting particular types of pollutants.
We discuss the graphene-based electrochemical sensor system for detecting organic
contaminants like food colourants, drugs, and pesticides and inorganic pollutants
like metal cations and anions in food items (figure 5.1). The last part of the chapter
consists of the conclusion and the challenges faced in this area of research.

5.2 Graphene and its derivatives-based electrochemical sensors

for organic food pollutants

5.2.1 Food colourants and preservatives

The colouring agents and preservatives are added to the food items to attract
consumers. The colouring agents include two types, namely, natural and synthetic
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food colours. These artificial colouring agents are added to beverages, bakery items,
ice cream and meat products to increase their flavour, colour and perishability
[30, 31]. The natural colourants are extracted from plants, vegetables, fruit and
animals. Usually, these natural colourants are non-toxic and safe. But the synthetic
colouring agents are synthesised in artificial mode and are unrealistic.

5.2.1.1 Pure material for pollutants detection

Jampasa et al fabricated an RGO on screen-printed carbon electrode to detect sunset
yellow and tartrazine in soft drinks, juice, and energy drink. At particular electro-
chemical conditions, the fabricated sensor has shown good sensitivity in detecting
sunset yellow and tartrazine in food items. The fabricated sensor has seen a sunset
yellow in the 0.01–20.0 mM concentration range and tartrazine concentration range
from 0.02 to 20.0 mM [32].

5.2.1.2 Nanocomposites for pollutants detection

To enhance the sensitivity and timing behaviour and decrease the detection limit, the
graphene-based composites are synthesised by compositing with polymers, metal
nanoparticles and metal oxides. Many researchers have fabricated. The graphene-
based sensor devices for the detection of pollutants in food products. Some of the
reviews are provided in table 5.1.

Figure 5.1. Food pollutants classification.
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5.2.2 Pesticides

Chemicals like insecticides, fungicides, and herbicides are included in the category of
pesticides [39]. The primary purposes of their addition to farming areas are to boost
crop output and safeguard agricultural products from pests. Extensive use of
pesticides in agriculture may result in health hazards such as neurological disorders,
respiratory problems, bone marrow disorders, infertility, and carcinogenicity [40]. It
has also been generally established that pesticides accumulate in food goods.
Pesticides in food goods must be identified for safe food and healthy life.

5.2.2.1 Pure graphene material

Tasaltin et al published an article based on a fungicide called propamocarb that can
be detected in cucumbers using an RGO/Au electrode. In contrast, this electrode
does not respond to cypermethrin, deltamethrin, or malathion and only responds
favourably to propamocarb. This electrode has good sensitivity and responds to
propamocarb quickly within short intervals [41].

5.2.2.2 Doped graphene materials

Mousavi and Moradian and Hong et al have shown that the conductivity of host
materials is typically improved by doping with impurity atoms at an ideal
concentration [42, 43]. Chen et al reported that nitrogen (N)-doped holey graphene,
a graphene derivative with nanopores on a basal plane, modified GCE to quantify
methyl parathion. This study shows that the N-configurations (pyridinic N, pyrrolic
N, and graphitic N) play an essential role in detecting methyl parathion (pH = 8).
Doped holey graphene containing pyrrolic N exhibits a comprehensive dynamic
response (1 ng mL to 150 g mL) and a meager detection limit (3.5 pg mL). This
sensor’s apple, grape, and cucumber samples exhibit respectable recoveries [44].

Table 5.1. Graphene-based nanocomposites for various food pollutants detection.

Material Dye detected
Detection
limit Food item Ref.

Ag/graphene/screen-printed carbon electrodes
(SPCEs)

Rhodamine B 1.9 μM Crackers [33]

Ag/RGO/paper electrode Sudan I 41.3 nmol Chilli
powder

[34]

RGO/5-amino-1,3,4-thiadiazole-2-thiol/Pt/GCE Orange II 3.4 × 10−10

M
Ketchup [35]

NiO/Ag/RGO/GCE Sunset Yellow 13 nM Soft drinks [36]
Poly(diallyldimethylammonium chloride) RGO/

GCE
Quinoline

Yellow
0.002 μM soft drink [37]

Poly(diallyldimethylammonium chloride)–
graphene/Ni/GCE

Allura Red 8.0 nmol l−1 Strawberry
juice

[38]
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5.2.2.3 Graphene-based nanocomposites

Research on nanocomposites based on graphene derivatives as electrode modifying
layers has also been found to be generally advantageous in pesticide detection.
Nehru et al used Ce-doped TiO2/GO/GCE as an example to detect methyl parathion
[44, 45]. Nanocomposite electrode exhibits excellent sensitivity, a small detection
limit (0.0016 M), and a broad dynamic range (0.002–48.327 M) for the measurement
of methyl parathion. This composite electrode demonstrates excellent selectivity,
stability, and real-world applications with positive recoveries. Notably, N-doped
holey graphene/GCE has picomolar level sensing capability towards methyl para-
thion [44].

Wang et al built an Ag/RGO/GCE-based pentachlorophenol sensor. This sensor
responds to pentachlorophenol gradually in the 0.008–10.0 M range. By using this
electrode, pentachlorophenol can be detected down to 0.001 M. With good
recoveries (DPV, 94.0%–108.0%), this electrode successfully detects pentachloro-
phenol in vegetables. High-performance liquid chromatography (96.0%–103.3%)
could also be used to verify this result. The appropriate surface area and electron-
transfer capability of the Ag/RGO nanocomposite are credited with the improved
sensing performance [46].

Ijaz et al showed that the insecticide paraquat (C12H14Cl2N2) is another
significant one frequently used on crops like cotton and coconuts. However, research
on the toxicity of paraquat has also been deliberately discussed [47].

Sant’Anna et al have created activated biochar/RGO/CPE for paraquat deter-
mination using the DPV approach. With a more excellent cathodic current
responsiveness than bare CPE (pH = 6), the one-electron process reduces paraquat
on this modified electrode. Oxygen and nitrogen chemical groups make paraquat
interact more favourably, which improves detection. The detection limit, linearity,
and sensitivity of activated biochar/RGO/CPE are 3.52 AL mol 1 Q1, 0.74–9.82 mol l−1,
and 23.1 nmol l−1, respectively. This sensor could also be used successfully with
honey, coconut water, lemon, and lettuce leaf samples [48].

5.2.3 Drugs

Antibiotics are examples of drugs that treat illnesses, soothe pain, and safeguard
people’s lives. However, their incorrect use has adverse effects on both people and
animals. For instance, overuse of antibiotics will result in poor taste perception and
inadequate nutrition in people [49, 50]. Sensors are being made to assess the presence
of antibiotics in food samples [49, 50].

5.2.3.1 Pure graphene derivatives

Pan et al, by utilising differential pulse anodic stripping voltammetric methods,
presented GO/SPCE for the detection of ciprofloxacin [51]. The complex that forms
when ciprofloxacin and Mn2+ ions interact is the basis for the sensing technique.
This technique has been performed on milk samples with recoveries ranging from
81.4% to 95.4% (1–8 M). In a study by de Faria et al, the detection threshold for the
ciprofloxacin analysis was shown to be 0.3 M. An RGO/GCE sensor for
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chloramphenicol determination was explored in another study. The study’s
researchers utilised adsorption stripping differential pulse voltammetry as an
analytical technique. This electrode’s sensitivity is nearly ten times higher than
plain GCE. Additionally, RGO/GCE has been used on milk samples (whole and
skimmed) and has shown recovery rates of 93%–108% for the measurement of
chloramphenicol [52].

5.2.3.2 Graphene derivatives-based nanocomposites

Many binary/ternary nanocomposites made from graphene and its derivatives have
been employed as drug sensors. The following are the points derived from the earlier
literature.

(a) Sensors with nano-molar detection limits could be easily identified by
utilising graphene-based composites.

(b) The analytical performance of composite-modified electrodes is affected by
drug structure.

(c) The sensing ability is also affected by the type of working electrodes.
(d) Most of the sensors have been tested in natural water and biological

samples. They’ve also been found in food samples.
(e) Polymers or metal oxides have been discovered to be the best components to

be added to graphene or its derivatives for the best sensing capability.

5.2.4 Other compounds

Willson et al showed that caffeine, or 1,3,7-trimethyl xanthine, is an active
component in food. However, it causes various issues in people. Thus, its presence
must be approximated as mandatory in food samples. As a result, a caffeine sensor
was created [53]. Further, Shehata et al developed GO/reduced glutathione/CPE for
the fast detection of caffeine in water. Caffeine was determined using DPV with a
linear range of 8–800 M (detection limit = 0.153 M). This caffeine sensor’s
performance has been tested against black tea, coffee, Nescafe, and Cola with
outstanding results [54].

Jose et al created a new caffeine sensor by altering the electrode material for GCE
with nicotinic acid hydrazide/GO. This composite-modified GCE has a higher peak
current for caffeine than bare GCE and a lower detection limit (8.7–10 9 M). This
sensor also showed good recoveries for caffeine added to Imol plus and energy
beverages. The detection ability of nicotinic acid hydrazine/GO is superior to that of
GO/reduced glutathione/CPE [55].

Tian et al described a PtFe/graphene-based voltammetric sensor for detecting
bisphenol A. De-alloying of PtFeAl ternary alloy results in nanoporous PtFe.
Bisphenol A could be calculated linearly using this sensor in the 0.2–96 M range.
The lowest concentration of bisphenol A detectable by PtFe/graphene is 0.17 M.
Furthermore, a PtFe/graphene sensor was used to detect bisphenol A in natural
water samples with high recoveries (96%–101%) [56].

Wang et al employed iodine-doped graphene/GCE for bisphenol A measurement.
In a simulated solution (10 M bisphenol A in 0.1 M phosphate buffer solution,
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pH = 6), this electrode exhibits redox peaks with high peak currents and a lower
detection limit (0.02 M). The electrode has been employed for bisphenol A sensing in
milk samples with adequate recoveries (95%–110%) [57].

5.3 Electrochemical sensors based on graphene and its derivatives

for inorganic food contaminants

5.3.1 Metal ions

Kharazi et al metal ions may reach the human body through the nutrient chain and
deposit in tissues, producing severe health problems. As a result, graphene
derivatives-based electrochemical detectors have been demonstrated to measure
traces of metal ions precisely. In most cases, electrochemical build-up followed by a
stripping technique will be used to quantify metal ions. The initial procedure is
aggregation (or pre-enrichment), during which metal ions become embedded on the
outermost layer of the working electrode by applying an appropriate negative
voltage. The reduction process will deposit a specified concentration of metals at
regular times [58].

The following procedure, stripping, includes oxidising (dissolving) the metal that
has been applied as a layer to form equivalent metal ions. The peak current of
anodic reactions will be commensurate to the amount of these ions containing
metals. Highly dangerous metal cations such as mercury, lead, and cadmium ions
were found in diverse food samples.

5.3.1.1 Pure graphene derivatives

Liendo et al built antimony (Sb3+) sensors entirely from pristine eRGO. The surface
area of the eRGO/GCE is 0.28 cm2, which is greater than the surface area of the bare
GCE (0.11 cm2). The ideal pH, accumulation period, and voltage potential are 4.3,
150 s, and 1.0 V, respectively. This sensor performs well in determining Sb3+ ions in
lettuce, celery, and canned drinks [59].

5.3.1.2 Graphene derivative-based nanocomposites

Ma et al demonstrated Ag/RGO-modified GCE for sensing Hg2+ ions. Hg2+ ions
were placed for thirty seconds at 1.1 V (pH = 5.0). Exfoliating was done using DPV
at possibilities ranging from 0 to +0.4 V. This electrode’s wavelength detection limit
and dynamic spectrum are 0.018 nM and 0.01–100 μg l−1, respectively. The higher
electrochemical surface space (0.13 cm2) and the enhanced electron-transfer capa-
bilities of the Ag/RGO composite contribute significantly to its sensing performance.
With acceptable recoveries, this electrode also identifies Hg2+ ions in fish (head,
body, and tail section) samples [60].

Wang et al discovered that sulphur-doped C3N4/graphene composites can detect
trace quantities of Hg2+, Cd2+, and Pb2+ ions. This redesigned electrode has a
detection threshold of 1.17, 0.38, and 0.61 nM for Cd2+, Pb2+, and Hg2+ ions,
respectively. This electrode’s improved detection abilities are due to its multilayer
permeable layer framework, distinctive tube bundle topology, and larger active
centres [61].
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Jeong et al recently developed graphene fibre using a laser-assisted technique for
the simultaneous measurement of Cd2+ and Pb2+ ions. As the source and laser, an
authorised polyimide film and a CO2 laser (energy = 46 J cm−2) were employed,
respectively. Bismuth might additionally be electrochemically synthesised on gra-
phene fibre. At pH = 4.5, the graphene fibre/Bi electrode exhibits an excellent linear
response (1.0–140.0 g l−1) and a meager detection limit (0.4 g l−1) for both Cd2+ and
Pb2+ ions [62].

Guo et al in another work investigated the RGO/MoS2/chitosan/GCE as a Pb2+

ion sensor. This system’s variable range and threshold for detection have been
determined to be 0.005–0.05–2.0 and 0.0016 mM, correspondingly. This research
found that this electrode may detect Pb2+ ions in tobacco leaves (sensitivity = 31.12
mA mM RGO and MoS2 nanoflowers enhanced electrical conduction and a
particular surface area, respectively [63].

5.3.2 Inorganic anions

Xu et al elevated quantities of inorganic anions in food, such as nitrite, sulphite, and
others, are also hazardous to living creatures. The subsequent article covers
electrochemical detectors for anions. Although a metal–graphene hybrid might
improve electrochemical capabilities, current combinations cannot overcome the
limitations of their intrinsic properties because metals and graphene are conductors.
This paper describes the creation of a ruthenium–graphene quantum dot hybrid by
reducing RuCl3 with aspartic acid and arginine-functionalized graphene quantum
dots (Asp–Arg–GQDs). Asp–Arg–GQDs are a synthesis reducing agent, stabiliser,
linker, and semiconductor. The resulting Ru–Asp–Arg–GQDs have a three-dimen-
sional network structure of tiny Ru nanoparticles and graphene sheets. The
suggested technique was effectively employed in the electrochemical detection of
carbendazim in strawberries. This research also provides the path for developing a
metal–graphene hybrid with good catalytic performance in sensing, energy storage,
and catalysis [64].

In work by Qu et al it is demonstrated that food contains several chemicals that
impact daily life. Food additive safety guidelines currently focus on the toxicity of
single additions; however, food additives are frequently combined and may have
additive, synergistic, or antagonistic effects. The current study used high content
analysis (HCA) to explore the toxicity of dietary additives and damage pathways in
HepG2 cells. To assess cell viability, we used the CCK-8 test. They were providing
an experimental basis for establishing the safety of food additives. All of the dietary
additives tested were found to inhibit the development of HepG2 cells in a dose-
dependent manner. Sunset yellow and sodium sulphite had IC50 values of 1.06 and
0.30 g l−1 after 24 h, respectively. According to HCA, sunset yellow and sodium
sulphite synergistically affected cell number, membrane permeability, mitochondrial
membrane potential, intracellular calcium level, oxidative stress, and high-dose
group DNA damage [65].
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5.3.2.1 Pure graphene

In a study by Zhang et al for the measurement of chloride ions, graphene nanosheets
incorporating CPE have been developed. The researchers investigated various
voltammetry techniques (cyclic voltammetry, DPV, linear sweep voltammetry,
and square-wave voltammetry) and discovered that DPV is the most effective
approach for determining chloride ions. Considering several chloride ion sources,
the typical peak value for chloride ions was determined to be 0.05 V. Graphene/CPE
attained a sensitivity of 0.156 A mM cm2

Q2in 30 s. The degree of linearity and
threshold for detecting this sensor are 0.5–1000 and 0.2 mM, respectively. This
technological innovation worked well as a chloride sensor in ordinary water but not
when applied to food samples. This study additionally discovered that the reaction
of CPE and graphene-modified CPE is superior to that of bare GCE [66].

5.3.2.2 Composite-based electrodes

Katabami et al and Berardi et al state that nitrite ions are a popular food additive;
however, in large quantities, they have detrimental effects on people. Surplus nitrite
ions can interact with the amines to generate unpleasant nitrosamines. Nitrite gauges
have been developed utilising graphene derivatives such as distinctive nanomate-
rials. The electrochemical detection of nitrite is based on its oxidation, which
requires two electrons and two proton reactions [67, 68].

Jian et al, for nitrite detection, for instance, described eRGO/Au composite-
modified SPCE. The nanoparticles of Au act as nitrite electrocatalytic locations,
while the eRGO provides a place for the Au nanoparticles to soak up nitrite ions.
This nitrite sensor’s sensitivity, linear response, and detection limit are 0.3048 AM−1

cm−2, 1–6000M, and 0.13 M, respectively. Nitrite detection entails the adsorption of
nitrite, complex formation, NO2 creation, and, finally, nitrate formation [69].

In recent years, Yang et al developed an amperometric sensor for nitrite
measurement using an Au/MoS2/RGO ternary nanocomposite. The nitrite detection
performance of the Au/MoS2/RGO/GCE sensor depended on the presence of Au
nanoparticles. The optimised Au4.5/MoS2/RGO sample has good sensitivity (0.805
A M−1 cm−2), linear range (0.2–2600 M), and low detection limit (0.038 M). This
sensor could be used to detect nitrites in natural water. Nitrite sensors have been
successfully tested in various food samples [70] (table 5.2) Q3.

5.4 Conclusions and current challenges

Analytical scientists have devised electrochemical ways for detecting food contam-
inants using nanotechnology to ensure food safety. Graphene and its derivatives, for
illustration, have been extensively researched as electrochemical sensing probes for
organic and inorganic food contaminants. Pure graphene, doped graphene, and
graphene-based nanocomposites have been developed as electrode components.
Graphene-based electrodes were used to determine artificial food colourants,
medicines, insecticides, and other chemical substances. Metal ions of mercury,
lead, and cadmium have also been precisely selected. Food specimens have also been
found to include anions such as nitrite, nitrate, sulphite, and chloride.
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The remarkable electrochemical sensing properties of graphene derivatives-based
nanomaterials are related to their rapid transfer of electrons ability, various modes
of contact, huge electroactive active sites, and stability. The concentration of
modifying layers, the unique morphology and nature of the working electrode, the
pH of the solution, the electrode surface area, and the structure of the organic
pollutant all impact sensing performance. Despite great inspiration for graphene-
based electrochemical sensors, obstacles still need to be overcome. The electrodes’
operating stability and repeatability are critical concerns. To build a stable sensor,
the distinctive morphology of the nanomaterials must be preserved during the redox
process. Some graphene-based electrodes could be used in food samples, utilising
routine addition procedures.
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