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Abstract: A biosensor is an integrated receptor-transducer device, which can convert a biological
response into an electrical signal. The design and development of biosensors have taken a center stage
for researchers or scientists in the recent decade owing to the wide range of biosensor applications,
such as health care and disease diagnosis, environmental monitoring, water and food quality moni-
toring, and drug delivery. The main challenges involved in the biosensor progress are (i) the efficient
capturing of biorecognition signals and the transformation of these signals into electrochemical,
electrical, optical, gravimetric, or acoustic signals (transduction process), (ii) enhancing transducer
performance i.e., increasing sensitivity, shorter response time, reproducibility, and low detection
limits even to detect individual molecules, and (iii) miniaturization of the biosensing devices using
micro-and nano-fabrication technologies. Those challenges can be met through the integration of
sensing technology with nanomaterials, which range from zero- to three-dimensional, possessing
a high surface-to-volume ratio, good conductivities, shock-bearing abilities, and color tunability.
Nanomaterials (NMs) employed in the fabrication and nanobiosensors include nanoparticles (NPs)
(high stability and high carrier capacity), nanowires (NWs) and nanorods (NRs) (capable of high
detection sensitivity), carbon nanotubes (CNTs) (large surface area, high electrical and thermal
conductivity), and quantum dots (QDs) (color tunability). Furthermore, these nanomaterials can
themselves act as transduction elements. This review summarizes the evolution of biosensors, the
types of biosensors based on their receptors, transducers, and modern approaches employed in
biosensors using nanomaterials such as NPs (e.g., noble metal NPs and metal oxide NPs), NWs,
NRs, CNTs, QDs, and dendrimers and their recent advancement in biosensing technology with the

expansion of nanotechnology.

Keywords: biosensors; nanomaterials; nanobiosensing; gold nanoparticles; carbon nanotubes; quan-
tum dots

1. Introduction
1.1. Sensors

Nowadays, we enjoy the results of science and technology for the smoothly running
lives. We frequently rely on various types of appliances or gadgets, such as computers,
copy machines, mobile phones, microwave ovens, refrigerators, air conditioning and
television remotes, smoke detectors, infrared (IR) thermometers, turning on and off lamps
and fans, which help us interact with the physical environment. Many of these applications
perform with the help of sensors. A sensor is defined as a device or module that aids
in detecting changes in physical quantities, such as pressure, heat, humidity, movement,
force, and an electrical quantity like current, and thereby converts these to signals that
can be detected and analyzed [1,2]. A transducer is defined as a device that can convert
energy from one form to another. The sensor is the heart of a measurement system.
An ideal sensor should possess certain characteristics, such as range, drift, calibration,
sensitivity, selectivity, linearity, high resolution, reproducibility, repeatability, and response
time [3,4]. The progress of sensor technology has become increasingly important, owing
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to various applications, such as environmental and food quality monitoring, medical
diagnosis and health care, automotive and industrial manufacturing, as well as space,
defense, and security.

1.2. Classification of Sensors

Sensors are broadly classified into various categories (Figure 1) depending on the
physical quantity (substance) or analyte to be measured, such as (a) energy source (active
and passive sensors), (b) physical contact (contact and non-contact sensors), (c) com-
parability (absolute and relative sensors), (d) analog and digital sensors, and (e) signal
detection (physical, chemical, thermal, and biological) [5,6]. Details of each classification
are as follows.

"L

ENSors

!
e

IAcoustlc I I Electrical I I Optical ‘ IActive I Biological I I Physical
« Wave amplitude + Charge, Current * Wave . i * Bi
« Wave velocity « Potential * Wave velocity « Strain gauges « Physical i
« Phase + Electric field + Phase + Ci iti * Spe Py + Photomagnetic
+C ity « Polarization + Inductive « Effect on test . i
I l I Mechanical | I Passive I m’ . Thermoelegtric
* Biomass I Magnetic I + Elastoelastic
i « Position + Thermocouples * Chemical : 9
identities, states) + Magnetic field « Velocity « Piezoelectric * Physical * ¢
. ic flux «A i .Pp i . + Photoeleastic
I Chemical | + Permeability « Force process
N  Mass, Density RN Application Specifications
i ities, states) . + Moment, Torque Contact . . i
« Thermal * Speed of flow . i . range
iati i N Y * Thermistors « Engineering + Stability
* Specific heat + Crystallinky + Strain gauges + Domestic Appliance * Resolution
« Energy - C iti . ion and . ivil
+ Intensity « Speed of response

+ Health and medicine + Operating life

(_' (_I Non-contact * Marine * Resolution
+ Defense + Linearity
+ Thermocouples « Space + Response time
+ Bi i + Photodiode « Energy « Precision, Accuracy
+ Thermocouples || - Digital satellite « Chemical .
« Strain gauge service « Electric

+ Electromagnetic Comparablllty
* Heat
« Temperature Relative

* Mechanical
- Wave + Thermistors * Thermocouples
+ Radioactivity « Strain gauges || + Pressure

Figure 1. Classification of sensors based on measurand, energy/power, physical contact, signal
conversion, output signal, comparability, sensor material, specification, and applications (reproduced
from White et al. Ref. [6]).

(a) Active and passive sensors: Active sensors need an external energy source to operate,
for example, microphones, thermistors, strain gauges, and capacitive and inductive
sensors. These types of sensors are called parametric sensors (output is a function
of the parameter). Passive sensors generate their signals but do not require external
energy, for example, thermocouples, piezoelectric sensors, photodiodes. These types
of sensors are called self-generating sensors.

(b) Contact and noncontact sensors: Contact sensors require physical contact with a
stimulus, for example, temperature sensors, while non-contact sensors require no
physical contact, such as optical and magnetic sensors and IR thermometers.

(c) Absolute and relative sensors: Absolute sensors, such as thermistor and strain gauge,
react to a stimulus on an absolute scale. Relative sensors sense the stimulus relative
to a fixed or variable reference, like a thermocouple that measures the temperature
difference and the pressure that is measured relative to atmospheric pressure.

(d) Analogand digital sensor: An analog sensor transforms a measured physical quantity
to an analog form (continuous in time). Thermocouples, resistance temperature detec-
tors (RTD), and strain gauge belong to this class of analog sensors. A digital sensor
generates output in the form of a pulse. Encoders belong to the digital sensor category.
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(e) Signal detection: Based on the form of signal detection, sensors can be divided as (i)
physical, (ii) chemical, (iif) thermal, and (iv) biological sensors.

(1) Physical sensors: Physical sensors measure a physical quantity and convert
it into a signal, which can be identified by the user. These sensors can detect
environmental changes, such as force, acceleration, rate of flow, mass, volume,
density, and pressure. Physical sensors have been largely employed in the
biomedical field, particularly with the advancement of microelectromechanical
system (MEMS) technology for developing more precise and compact sensors,
along with the development of novel measuring technology.

(i1) Chemical sensors: According to the international union of pure and applied
chemistry (IUPAC), a chemical sensor is defined as, “a device that converts
chemical information into an analytically useful signal ranging from the con-
centration of a particular sample component to total composition analysis.”
Chemical sensor is employed to monitor the activity or concentration of the
respective chemical species in the gas or liquid phase. They are also used for
environmental pollution monitoring, food and drug analysis, and assay moni-
toring of organophosphorus compounds. They can also be used for clinical
diagnostic purposes.

(7ii)  Thermal sensors: A thermal sensor is a device that is used to measure the tem-
perature of an environment and transforms the input data into electronic data
to record or monitor signal of temperature changes. Examples of temperature
sensors include thermocouples, thermistors, and RTDs.

(iv)  Biological sensors: Biological sensors monitor biomolecular processes, such
as antibody/antigen interactions, DNA interactions, enzymatic interactions,
or cellular communication processes. Biological sensors can be referred to as
biosensors in short form.

2. Biosensor
2.1. Design and Principle

A biosensor is a device or probe that integrates a biological element, such as an enzyme
or antibody, with an electronic component to generate a measurable signal. The electronic
component detects, records, and transmits information regarding a physiological change
or the presence of various chemical or biological materials in the environment. Biosensors
come in different sizes and shapes and can detect and measure even low concentrations of
specific pathogens, or toxic chemicals, and pH levels. A typical biosensor comprises (a) an
analyte, (b) bioreceptor, (c) transducer, (d) electronics, and (e) display (Figure 2) [7].

(a) Analyte: A substance of interest whose constituents are being identified or detected
(e.g., glucose, ammonia, alcohol, and lactose).

(b) Bioreceptor: A biomolecule (molecule) or a biological element that can recognize
the target substrate (i.e., an analyte) is known as bioreceptor (e.g., enzymes, cells,
aptamers, deoxyribonucleic acid (DNA or RNA), and antibodies). The process of
signal production (in the form of light, heat, pH, charge or mass change, plant or
animal tissue, and microbial products) during the interaction between bioreceptor
and analyte is called biorecognition.

(c) Transducer: A device that transforms energy from one form to another. The trans-
ducer is a key element in a biosensor. It converts the biorecognition event into a
measurable signal (electrical) that connects with the quantity or in the presence of
a chemical or biological target. This process of energy conversion is known as sig-
nalization. Transducers generate either optical or electrical signals proportional to
the number of analyte-bioreceptor interactions. According to the operating principle,
transducers are broadly categorized as electrochemical, optical, thermal, electronic,
and gravimetric transducers
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(d) Electronics: The transduced signal is processed and prepared for the display. The
electrical signals obtained from the transducer are amplified and converted into digital
form. The processed signals are quantified by the display unit.

(e) Display: The display unit is composed of a user interpretation system, such as a
computer or a printer that generates the output so that the corresponding response can
be readable and understandable by the user. Depending on the end-user prerequisite,
the output can be in the form of a numerical, graphical, or tabular value, or a figure.
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Figure 2. Schematic diagram of typical biosensor consisting of bioreceptor, transducer, electronic
system (amplifier and processor), and display (PC or printer) and various types of bioreceptors and
transducers used in the biosensors are also shown.

2.2. Evolution of Biosensors

The evolution of biosensors has been classified into three generations based on the
attachment of the components, that is, according to the method of integration of the bio-
recognition element (bioreceptor) to the transducer. In the first generation (Ist gen), the
biosensors measure the content of the analytes and products of the bioreceptor reactions,
which diffuse to the surface of the transducer and produce an electric response. This type
of sensor is also called mediator-less amperometric biosensors. Leland Charles Clark Jr.,
the father of biosensors, described components of a biosensor in his first report. This report,
published in 1956, was about an electrode that can measure the oxygen concentration in
blood [8]. In 1962, Clark experimentally described the employment of an amperometric
enzyme electrode for glucose detection [9]. In 1967, Clark’s work was modified by Updike
and Hicks, who realized the first functional enzyme electrode-based on glucose oxidase
immobilized on an oxygen sensor [10].

In 1969, Guilbault and Montalvo demonstrated and reported the first potentiometric
enzyme electrode-based sensor for detecting urea [11]. In 1973, Guilbault and Lubrano
described glucose and a lactate enzyme sensor based on hydrogen peroxide detection at
a platinum electrode [12]. A heat-sensitive enzyme sensor known as “thermistor” was
developed by the Klaus Mosbach group in 1974 [13]. In 1975, Lubbers and Opitz extended
the concept to make an optical biosensor for alcohol [14]. In the second generation (IInd
gen), individual components such as auxiliary enzymes and co-reactants (artificial or
partially toxic mediators or nanomaterials), are integrated into the biological component
layer of the biosensor with the view of enhancing analytical efficiency. These types of
sensors are called mediator amperometric biosensors. In 1976, Clemens et al. incorporated
an electrochemical glucose biosensor in a “bedside artificial pancreas” [15,16]. VIA Medical
introduced a novel semi-continuous catheter-based blood glucose analyzer and, later
in 1976, La Roche presented the lactate analyzer LA 640, which was used for electron
transport from lactate dehydrogenase to an electrode [17]. In the third generation (Illrd
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gen), the bioreceptor molecule becomes an integral part of the base sensing element,
that is, biosensors progressed toward employing enzymes and mediators on the same
electrode rather than freely diffusing mediators in the electrolyte. A direct interaction was
established between the enzymes and electrode through the transfer of electrons, without
any requirement of intermediate stages like in nanomaterials. Besides the interaction,
low design cost and feasibility of having repeated measurements are the advantages of
this generation of biosensor [18]. In 1983, Liedberg identified dependency reactions in
real-time using the surface plasmon resonance (SPR) technique [19]. The blood glucose
level was measured in 1987 with a pen-sized detector by Cambridge, USA. Figure 3 shows
the three generations of the biosensors and Table 1 presents the timeline for the historical
development of biosensors.

Table 1. Development of biosensors in different timelines.

Year Development of Biosensor

1906 M. Cramer observed electric potential arising between parts of the fluid [20]

1909 Soren Sorensen developed the concept of pH and pH scale [21]

1909-1922 Griffin fmd Nelson were the first to demonstrate the immobilization of the enzyme invertase on aluminum

hydroxide and charcoal [22,23]

1922 W.S. Hughes discovered a pH measurement electrode [24]

1956 Leland C. Clark, Jr invented the first oxygen electrode [8]

1962 Leland C. Clark, Jr et al. experimentally demonstrated an amperometric enzyme electrode for detecting glucose [9]

1967 Updike and Hicks and realized the first functional enzyme electrode based on glucose oxidase immobilized onto
an oxygen sensor [10]

1969 Guilbault and Montalvo demonstrated and reported the first potentiometric enzyme electrode-based sensor for
the detecting urea [11]

1970 Discovery of ion-sensitive field-effect transistor (ISFET) by Bergveld [25]

1973 Guilbault and Lubrano defined glucose and a lactate enzyme sensor based on hydrogen peroxide detection at a
platinum electrode [12]

1974 K. Mosbach and B. Danielsson developed enzyme thermistor [13]

1975 D.W. Lubbers and N. Opitz demonstrated fiber-optic biosensor for carbon dioxide and oxygen detection [14]

1975 First commercial biosensor for glucose detection by YSI [26,27]

1975 Suzuki et al. First demonstrated microbe-based immunosensor [28]

1976 Clemens et al. demonstrated first bedside artificial pancreas [15]

1980 Peterson demonstrated the first fiber-optic pH sensor for in vivo blood gases [29]

1982 Fiber-optic biosensor for glucose detection by Schultz [30]

1983 Liedberg et al. observed surface plasmon resonance (SPR) immunosensor [19]

1983 Roederer and Bastiaans developed the first immunosensor based on piezoelectric detection [31]

1984 First mediated amperometric biosensor: ferrocene used with a glucose oxidase for glucose detection [18]

1990 SPR-based biosensor by Pharmacia Biacore [32]

1992 Handheld blood biosensor by i-STAT [32]

1999 Poncharal et al. demonstrated the first nanobiosensor [33]

2018 S. Girbi et al. demonstrated nerve-on-chip type biosensor for assessment of nerve impulse conduction [34]
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Figure 3. Three generations of the biosensor construction (Mpx: Oxidized mediator; Mgeq: Re-
duced mediator).

2.3. Characteristics of Biosensors

To develop a highly effective and capable biosensor system, certain static and dynamic
requirements are necessary. Based on these specifications, the performance of the biosensors
can be optimized for commercial uses [3,4,35].

(a) Selectivity: Selectivity is a crucial feature to consider when selecting a bioreceptor for
a biosensor. A bioreceptor can detect a particular target analyte molecule in a sample
comprised of admixture spices and unwanted contaminants.

(b) Sensitivity: The minimum amount of analyte that can be correctly detected /identified
in a minimum number of steps and in low concentrations (ng/mL or fg/mL) to verify
the existence of analyte traces in the sample.

(c) Linearity: Linearity contributes to the accuracy of the measured results. The higher
the linearity (straight line), the higher the substrate concentration detection.

(d) Response time: The time is taken for obtaining 95% of the results.

(e) Reproducibility: Reproducibility is characterized by precision (similar output when
the sample is measured more than once) and accuracy (capability of a sensor to
generate a mean value closer to the actual value when the sample is measured every
time). It is the ability of the biosensor to produce identical results whenever the same
sample is measured more than once.

(f) Stability: Stability is one of the key characteristics in biosensor applications where
continuous monitoring is required. Stability is the extent of vulnerability to environ-
mental disturbances inside and outside the biosensing device. The factors that affect
stability are the affinity of the bioreceptor (the extent of binding of the analyte to the
bioreceptor) and the degradation of the bioreceptor over time.

2.4. Classification of Biosensors

Classification of biosensors is a diverse and multidisciplinary field. Various criteria are
involved in the classification of biosensors and the outline classification scheme is shown
in Figure 4.

As discussed earlier, bioreceptors are considered as the primary component in biosen-
sor construction. Based on the bioreceptor, biosensors are classified as enzymatic biosensors
(most common biosensor class), immunosensors (possess high specificity and sensitivity
and are specifically useful in diagnosis), aptamer or nucleic acid-based biosensors (possess
high specificity for microbial strains and nucleic acid-containing analyte), and microbial
or whole-cell biosensors. The second classification is made on the basis of the transducer
and sensors are categorized as electrochemical (which is further grouped as potentiometric,
amperometric, impedance and conductometric), electronic biosensor, thermal biosensor,
optical, and mass-based or gravimetric. Another classification includes bioreceptor-analyte
combinations, which are limited. Some classifications are made depending on the detec-
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tion system (optical, electrical, electronic, thermal, mechanical, and magnetic) and the
technology (nano, surface plasmon resonance (SPR), biosensors-on-chip (lab-on-chip),
electrometers, and deployable).

BIOSENSORS

Classification

[ Based on bioreceptors r \l Based on detection system
Enzyme-based Based on transducers \ Based on Optical
biosensor technology biosensors
i X A ) Electrical
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Figure 4. Classification of biosensors based on various bioreceptors and transducers used.

2.5. Classification of Biosensors Based on Bioreceptors

According to the biorecognition principle, biosensors are classified as catalytic biosen-
sors and affinity or non-catalytic biosensors [36]. In a catalytic biosensor, analyte-bioreceptor
interaction results in the development of a new biochemical reaction product. This biosen-
sor includes enzymes, microorganisms, tissues, and whole cells. In the case of affinity
(non-catalytic) biosensor, the analyte is bound to the receptor irreversibly, and during the
interaction no new biochemical reaction product is formed. This type of sensor comprises
antibodies, cell receptors, and nucleic acids as the target for detection [37].

2.5.1. Enzyme-Based Biosensors

Enzymes are common biocatalysts, which are efficient at increasing the biological
reaction rate. The working principle of an enzyme-based biosensor depends on the catalytic
reaction and binding capabilities for the target analyte detection [38]. Various possible
mechanisms are involved in the analyte recognition process: (i) The analyte is metabolized
by the enzyme, so the enzyme concentration is estimated by measuring the catalytic
transformation of the analyte by the enzyme, (if) an enzyme inhibited or activated by
analyte, so the analyte concentration is related to decreased enzymatic product formation,
and (iii) tracking of the alteration of enzyme characteristics [39-42]. Owing to the long
history of enzyme-based biosensors, various biosensors can be produced on the basis of
enzyme specificity. However, the enzyme structure is extremely sensitive, which makes
it expensive and complicated to improve its sensitivity, stability, and adaptability [42].
Electrochemical transducers are most commonly used for enzyme-based biosensors. The
most common enzyme-based biosensors are glucose and urea biosensors. Cordeiro et al.
developed and characterized W-Au based amperometric enzyme-based glucose biosensors
for real-time monitoring of glucose in the brain in vitro. Their experiments revealed
that developed W-Au-based sensor can monitor changes in brain glucose in response
to relevant pharmacological challenges [43]. Uygun et al. developed a highly stable
potentiometric urea biosensor using nanoparticles. The response time and detection limit
of their developed sensor were 30 s and 0.77 uM, respectively [44]. Integrating enzymes
with nanomaterials has resulted in increased use of enzymes as recognition elements in
biosensors [45].

2.5.2. Antibody-Based Biosensors

Antibodies are affinity biorecognition elements, which have been used over two
decades because of their wide application range and strong antigen—antibody interactions.
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Antibodies possess the structure of immunoglobulins (Ig) in the form of “Y” shape, which
consists of two heavy and two light polypeptidic chains connected by disulfide bonds. Five
classes of antibodies have been defined based on differences in heavy chains: IgG, IgM, IgA,
IgD, and IgE [45]. Biosensors that have an embedded antibody as ligands or function on the
antibody-antigen interaction are called immunosensors. Inmunosensors are classified as
(i) non-labeled and (ii) labeled. Non-labeled immunosensors are constructed to specifically
determine the antigen—antibody complex by estimating the physical changes caused by the
development of the complex. In the case of labeled immunosensor, a sensitively detectable
label is introduced. The antigen—antibody complex is sensitively assessed through label
measurement [46,47]. Madurro et al. constructed a label-free immunosensor to detect
ovarium cancer. The system has a linear relationship of anti-CA125 concentration in the
range of 5 to 80 U mL~1, exhibiting a limit of detection of 1.45 U mL~1 [48]. Marquette
et al. developed electrical and optical biosensing for label-free detection of Aflatoxin B1
(AFB1) using gold (Au) nanobipyramids (NBPs). SPR-based AFB; detection was found to
be in the linear range of 0.1-500 nM with a detection limit of 0.4 nM, while impedimetric
AFB; detection was exhibited in the linear range of 0.1-25 nM, having a detection limit of
0.1 nM [49].

2.5.3. Aptamer-Based Biosensors

Aptamers are synthetic single-stranded nucleic acids (sequences of DNA or RNA)
that bind to target molecules selectively and can be folded into two-dimensional (2D) and
three-dimensional (3D) structures. In 2D or 3D structures, the targets have high-binding
performance due to greater surface density and less spatial blocking [50-52]. Due to the
nucleic acid character of aptamers, they are structurally and functionally stable over a
wide range of temperatures and storage conditions. Unlike antibodies that require bio-
logical systems to be generated, aptamers can be chemically synthesized, are stable in a
pH range of 2-12, and have certain thermal refolding capabilities. A further benefit of
aptamers is that they can be chemically modified according to the detection criteria for the
target molecule [53]. By an in vitro selection mechanism, SELEX (Systematic Evolution
of Ligands by EXponential enrichment), aptamers can be isolated from oligonucleotides
libraries [54,55]. Several SELEX variants have recently been established, including cell-
SELEX, capillary electrophoresis-based SELEX, microfluidics-SELEX, FACS-based SELEX,
microtiter plate-SELEX, magnetic bead SELEX, and in vivo SELEX [56]. Optical, electro-
chemical, and piezoelectric techniques are the most frequently used in biosensors. De-
pending on different transduction techniques, these biosensors are further categorized as
labeled or label-free aptasensors. Surface plasmon resonance (SPR) is the most commonly
used method for the label-free optical sensors, whereas fluorescent dyes (fluorescein) are
used for label-based optical aptasensors [57]. For tracking biological systems in real-time,
fluorescent NPs, such as QDs, provides many benefits over regular fluorescent dyes. To
identify targets, such as cancer cells, bacterial spores, and proteins, aptamer-QD conjugates
were used [58,59]. Starno et al. demonstrated aptamer capped NIR PbS QDs to detect
thrombin protein, based on selective charge transfer, within 1 min and with a detection
limit of ~1 nM [60]. Gold nanoparticles (GNPs) have demonstrated interesting absorption
characteristics that vary depending upon their aggregation state. Furthermore, GNPs
are more biocompatible, easier to bioconjugate, and less toxic than QDs [61]. Feng et al.
fabricated an electrochemical impedance spectroscopy (EIS)-based biosensor for L-Arg
detection, which exhibited acceptable performance in the linear range of 0.1 pM-0.1 mM
with a detection limit of 0.01 pM [62].

2.5.4. Whole-Cell-Based Biosensors

Whole-cell-based biosensors utilize microbes (bacterial, fungi (yeasts and molds),
algae, protozoa, and viruses), since they possess potential biorecognition elements, in the
construction of whole-cell-based biosensors. They are self-replicating and can produce
recognition elements, such as antibodies, without the need for extraction and purifica-
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tion [63,64]. Compared with animal or plant cells, whole-cell-based biosensors are easy
to handle and rapidly proliferating. The cells can interact with a wide variety of ana-
lytes, display the electrochemical response that a transducer can register, and can transmit
(whole-cell-based biosensor principle) [65]. Owing to their good sensitivity, high selectivity,
and capability of detection, these biosensors were successfully employed in environmental
monitoring, food analysis, pharmacology, heavy metals, pesticides, detection of organic
contaminants, and drug screening [66]. Polizzi et al. developed label-free optical whole-cell
Escherichia coli biosensors to detect pyrethroid insecticide exposure with a detection limit of
3 ng mL~! 3-PBA in the linear range of 0.01-2 ng mL~! [67].

2.5.5. Nanoparticle-Based Biosensors

Apart from the above class of bioreceptors, NMs have recently been considered as a
new category of bioreceptors. With the advancement of nanotechnology and nanoscience,
different NMs have been used as bioreceptors [68]. NPs deliver a more vast range of
applications in biosensing technology. NMs can act as bioreceptors as well as transducers.
For example, cerium oxide-based NMs exhibit biomimetic catalytic activity favorable
for bioreceptors [69]. Due to their effective transduction capabilities, different inorganic
materials, such as graphene and CNTs-based NMs, noble metal NPs, and QDs, have
successfully been used as transducers.

2.6. Immobilization Techniques in Biosensors

To design the biorecognition part of a biosensor, immobilization of biological ele-
ments on the surface of the transducer is necessary. One of the key aspects of sensor
preparation is the selection of the appropriate immobilization technique. This is because
after immobilization there will be chances for the biorecognition element/molecule to
become inactivated or leached away. The biomolecules should be capable to preserve their
structure, function, and biological activity during biosensor use. Enzyme immobilization
techniques in biosensors are shown in Figure 5. Two important immobilization methods
are widely familiar: Physical (reversible) and chemical (irreversible). The selection of a
suitable technique relies on the biorecognition element chosen, the transducer, and the
physical-chemical environment and on the characteristics of the analyte [61,70].

Enzyme  Adsorption Cross-linkage

Y
Enzyme .

Cross-links
Immobilization
Techniques

Matrix “ “

Entrapment

“ “ “ Covalent
| Support

Covalent bonding

__Semi-permeable
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Figure 5. Enzyme immobilization techniques.
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2.6.1. Physical or Reversible Immobilization

This technique is based on attaching enzymes to the surface of the transducer without
the creation of chemical bonds. These immobilizations include (a) physical adsorption, and
(b) physical entrapment (electropolymerization, sol-gel technique, and microencapsula-
tion) [36,70-73].

(a) Physical adsorption

In the adsorption technique, a biorecognition element immobilized on the outer
surface of the inert solid material by weak attractive forces, such as van der waals force,
the electrostatic force, ionic bonding, or hydrogen bonding. This method is seen in the
case of enzyme biosensors. Advantages of physical adsorption method include its simple
and economical process that it is non-destructive toward bioreceptor activity, and requires
no modification of biological elements and generation of a matrix. The disadvantages of
this method include that immobilization is susceptible to changes in pH, temperature, and
ionic strength, is connected by a feeble interactions, and has poor operational and storage
stability [61,70-73].

(b) Physical entrapment

In this process, biorecognition elements are physically entrapped within the 3D matri-
ces via covalent or non-covalent bonds. The entrapment immobilization process can occur
via two paths: The enzyme is mixed into a monomer solution, followed by polymerization
of monomer solution by a chemical reaction, or by changing experimental conditions. The
biorecognition elements are attached inside the 3D network of organic or inorganic materi-
als. The organic materials used are polydimethylsiloxane, photopolymer, gelatin, alginate,
cellulose, acetate phthalate, modified polypropylene, and polyacrylamide, whereas the
inorganic materials are activated carbon and porous ceramic materials. Frequently used
techniques in this process are (i) electropolymerization, (ii) the sol-gel process, and (iif)
microencapsulation [61,70-73].

(1) Electropolymerization is a simple process in which a current or potential is applied
to an aqueous solution or electrolyte containing both biomolecules and monomer molecules.
Either reduction or oxidation of the monomer occurs on the surface of the electrode in the
electrolyte, producing reactive radical species that join together and result in the formation
of a polymer, which traps the biorecognition elements (enzymes) that are near the electrode
in the aqueous solution. The electropolymerized films used for enzyme immobilization are
aniline, pyrrole, and thiophene. [61,70-73].

(i) The Sol-gel process is the most frequently used technique maintained at low-
temperatures for enzyme trapping. A nanoporous material is formed via hydrolysis and
condensation of metal alkoxides. As the network grows with time and temperature, a
3D matrix is formed in which the bio-elements are encapsulated. The advantages of this
technique are thermal and chemical stability, easier way of synthesis, and the ability to en-
capsulate high concentrations of biomolecules at mild immobilizing conditions [61,70-73].

(iif) The Microencapsulation technique is a simple and inexpensive process where
biorecognition elements (enzymes) are enclosed in a spherical semi-permeable membrane.
The membrane can be of polymeric, lipoidal, lipoprotein based, or non-ionic. In microen-
capsulation, two methods are preferred: (i) Phase separation (coacervation) of enzyme
micro-droplets in water-immiscible liquid phases and (ii) polymerization of a monomer at
the interface of two immiscible substances (interfacial polymerization). This process results
in the obscuration of the enzyme within the polymeric membrane [61,70-73].

2.6.2. Chemical or Irreversible Immobilization

This method deals with the formation of strong chemical bonds, like covalent binding
or covalent linking, between biorecognition element functional groups and the transducer
surface. Based on the chemical bonding, chemical immobilization methods are categorized
as (a) direct covalent binding and (b) covalent cross-linking [61,70-73].
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(a) Covalent binding

Direct covalent binding is the most widely used enzyme immobilization technique,
in which the biorecognition element is firmly bonded either to the electrode/transducer
surface or to the inert matrix of the membrane. The immobilization process through the
membrane matrix involves two steps: Synthesis of the functional polymer and covalent
immobilization. The binding mechanism depends on the interaction between biorecog-
nition element and functional protein groups (usually side chains of amino acids) and
reactive groups of the transducer/membrane matrix surface. The advantages of direct
covalent binding include strong resistance to environmental changes, little leakage of
biorecognition element (enzyme), and strong bond formation between the biorecognition
element (enzyme) and matrix. The main disadvantages of this method are the use of harsh
chemicals and that the developed matrix cannot be regenerated once used [61,70-73].

(b) Cross-linking

The mechanism of cross-linking occurs via the creation of intermolecular covalent
cross-linkages between biorecognition elements (enzymes) or between biorecognition
elements and functionally inert proteins (for example bovine serum albumin). This process
is performed with the help of multi-functional reagents that act as a linker to connect
enzyme molecules in 3D cross-linked aggregates to the transducer surface. The optimal
conditions required for cross-linking are pH, temperature, and ionic strength. It allows
shorter response time, stronger attachment, and higher catalytic activity of enzymes. The
advantages are less leakage of enzymes, stronger chemical binding, and the possibility to
adjust the environment for the biorecognition element using appropriate stabilizing agents,
The disadvantages are the formation of covalent cross-links between protein molecules
instead of the matrix and protein and that partial denaturation of protein structure limit
the application of cross-linking immobilization [61,70-73].

2.7. Classification Based on Transducers

According to their operating principle, transducers are broadly categorized as electro-
chemical, optical, thermal, electronic, and gravimetric (shown in Figure 4).

2.7.1. Electrochemical Biosensors

Electrochemical biosensors are the most widely investigated and used biosensors
whose operating principles rely on the electrochemical properties of the analyte and trans-
ducer. Electrochemical biosensors exhibit high sensitivity, selectivity, and the capability of
detection. In this biosensor, an electrochemical reaction occurs on the transducer surface
between bioreceptor and analyte producing detectable electrochemical signals in terms of
voltage, current, impedance, and capacitance [74,75]. Based on the transduction principle,
electrochemical biosensors are categorized as: (a) Potentiometric, (b) amperometric, (c)
impedimetric, (d) conductometric, and (e) voltammetric [74-77]. Figure 6 illustrates the
schematic diagrams of (a) amperometric/voltammetric, (b) potentiometric, (c) conducto-
metric, and (d) impedimetric (showing the equivalent circuit) biosensors.

(a) Potentiometric biosensors: Potentiometric biosensors measure the charge accumu-
lated due to the analyte and bioreceptor interaction at the working electrode relative
to the reference electrode under zero current. To transform a biochemical reaction into
a potential signal, ion-selective electrodes and ion-sensitive field-effect transistors are
used [74-78].

(b) Amperometric biosensors: Amperometric biosensors operate in a two or three-
electrode configurations. These sensors measure the current produced due to elec-
trochemical oxidation or reduction of electroactive species at the working electrode
when a constant potential is applied to the working electrode with respect to the
reference electrode. The current produced on the surface of the working electrode is
proportional to the concentration of the analyte present in the solution [74-77]. Com-
pared with potentiometric biosensors, this method allows sensitive, fast, precise, and
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linear response, which makes it more suitable for mass production. However, poor
selectivity and interferences from other electroactive substances are the disadvantages
of these sensors [79,80].

(c) Conductometric biosensors: Conductometric biosensors quantify the change in the
conductance between the pair of electrodes because of an electrochemical reaction
(change in conductivity properties of the analyte). Conductometric and impedimet-
ric biosensors are usually used to monitor metabolic processes in living biological
systems [76,81].

(d) Impedimetric biosensors: Impedimetric biosensors measure the electrical impedance
produced at the electrode/electrolyte interface when a small sinusoidal excitation
signal is applied. It involves the application of low amplitude AC voltage at the sensor
electrode and then the in/out-of-phase current response is measured as a function of
frequency using an impedance analyzer [76,82].

(e) Voltammetric biosensors: Voltammetric biosensors detect analyte by measuring the
current during the controlled variation of the applied potential. Advantages of
these sensors include highly sensitive measurements and simultaneous detection of
multiple analytes [76].
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Figure 6. Schematic diagram of (a) amperometric/voltammetric, (b) potentiometric, (c) conduc-
tometric biosensors, and (d) equivalent circuit of the impedimetric biosensor (Cq4 = double-layer
capacitance of the electrodes, Ry, = resistance of the solution, C4, = capacitance of the electrode,
Ze = impedance introduced by the bound nanoparticles, and R and Cg; are the resistance and

capacitance in parallel).

2.7.2. Optical Biosensors

Optical biosensors are analytical devices consisting of a biorecognition element inte-
grated into an optical transducer system. The working principle of an optical biosensor is to
generate signals, which are proportional to the concentration of the analyte and to provide
label-free and real-time parallel detection. Optical biosensors utilize enzymes, antibodies,
aptamers, whole cells, and tissues, as biorecognition elements. In optical biosensors, the
transduction process induces a change in the absorption, transmission, reflection, refraction,
phase, amplitude, frequency, and-/or light polarization, in response to physical or chemical
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changes created by the biorecognition elements. According to the principle, optical biosen-
sors are categorized as label-free and label-based. In label-free sensing, the detected signal
is produced by the interaction of the analyte with the transducer. On the contrary, in label-
based sensing, the optical signal is generated by calorimetric, fluorescence, or luminescent
methods. Optical biosensors can be designed based on various optical principles, such as
SPR, evanescent wave (EW) fluorescence, optical waveguide interferometry, chemilumines-
cence, fluorescence, refractive index, and surfaced-enhanced Raman scattering. The most
commonly used optical-based biosensors are (a) fluorescence-based optical biosensors, (b)
chemiluminescence-based optical biosensors, (c) SPR-based optical biosensors, and (d)
optical fiber-based optical biosensors [70,83-85]. In Figure 7, schematic diagrams of (a)
chemiluminescence-based optical biosensors, (b) surface plasmon resonance (SPR)-based
optical biosensors, and (c) evanescent wave-based optical fiber biosensors are shown.
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Figure 7. Schematic diagrams of (a) chemiluminescence biosensor, (b) surface plasmon resonance

(SPR) biosensor, and (c) evanescent wave-based optical fiber biosensor.

(a) Fluorescence-based optical biosensors: Fluorescence is the optical phenomenon that
includes labeling for the detecting analyte or molecules. This phenomenon has drawn
much attention to the design of fluorescence-based optical biosensors. This type of
biosensor is the most widely investigated for medical diagnosis, and environment
and food quality monitoring applications because of its high selectivity, sensitivity,
and short response time. Different kinds of fluorescent dyes, such as QDs, dyes, and
fluorescent proteins, are used in this biosensor. Fluorescence-based biosensors include
three approaches: (i) Fluorescent quenching (turn-off), (ii) fluorescent enhancement
(turn—on), and (iii) fluorescence resonance energy transfer (FRET). Recently, fluo-
rescence resonance energy transfer (FRET)-based optical biosensors have prevailed
in the study if the intercellular process owing to their higher sensitivity. The FRET
process involves nonradiative energy transfer from an excited donor molecule (D) to
the acceptor molecule (A) at the ground state via long-range multipole interactions.
As FRET-based optical sensors can detect changes in angstroms to nanometers, they
are widely employed in clinical applications, such as cancer therapy and aptamers
analysis [74,86]. Liu et al. constructed a carbon dots (CDs)/Au NR assembly-based
FRET sensor for detection of lead ions. The linear range was obtained from 0 to
155uM with a detection limit of 0.05uM [87].

(b) Chemiluminescence-based optical biosensors: Chemiluminescence is the phenomenon
in which light energy is released because of the chemical reaction. By virtue of its
simplicity, low detection limit, wide calibration limit, and affordable instrumentation,
chemiluminescence-based biosensors have received considerable interest. In recent
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times, chemiluminescence studies have been expanded to nanomaterials to improve
intrinsic sensitivity and extended to the new applications of detection [88]. He et al.
developed a chemiluminescence-based biosensor to detect DNA using graphene
oxide, which exhibited high sensitivity and selectivity and the linear range is 0.1-3 nm
with a limit of detection of 34 pM [89].

(c) SPR-based biosensors: SPR-based biosensors detect the change in the refractive index
caused by molecular interaction at a metal surface through surface plasmon waves.
This biosensor falls into the group of label-free biosensing technology and operates
on the principle of SPR. According to the SPR phenomenon, when polarized light
illuminates a metal surface at the interface between two media of different refractive
indices, at a certain angle it produces electron charge density waves called plasmons.
Based on the thickness of the layer at the metal surface, the SPR phenomenon results
in the declined intensity of the reflected light relative to the incident light at a specific
angle known as the resonance angle. The decrease in intensity is proportional to the
mass on the surface [90,91]. Moreover, the SPR method relies on refractive index
variations connected with the binding of the analyte to the biorecognition element
on the transducer or SPR sensor. SPR phenomenon offers various applications in
disease diagnosis and environmental and food quality monitoring. When the SPR
phenomenon is extended to metal-based nanomaterials, such as gold and silver, NPs
have given rise to a new phenomenon called localized surface plasmon resonance
(LSPR). The main difference between LSPR and SPR phenomena is that plasma
oscillations are governed by the total internal reflection locally at the surface of
the nanostructure instead of at the metal surface [85,90,91]. The SPR-based DNA
biosensor was developed by Rashidi et al. for detecting a donkey meat marker
using gold nanostars. Its low detection limit of DNA was 1.0 nM with a relative
standard deviation (RSD, n = 3) of 0.85% [92]. Hosseini et al. constructed a silver-
based LSPR biosensor for the detection of endotoxin E. coli. with a detection limit of
340 pg mL~! [93].

(d) Optical fiber-based optical biosensors: Optical fiber biosensor is an optical fiber-
derived sensor system that employs an optical field to quantify biological species
such as whole-cells, proteins, and aptamers. Optical fiber-based biosensors are consid-
ered as a promising alternative to the traditional methods employed for biomolecule
assessment. The dependable optical fiber technique is an evanescent field sensing,
which is observed in the case of tapered optical fibers. An evanescent wave is pro-
duced at the sample interface when light passes through an optical fiber as a result
of total internal reflection. This field decays exponentially with distance from the
interface. The evanescent wave can be used to excite fluorescence in the proximity
of a sensing surface [94]. Tapered optical fibers are frequently used with different
optical transduction processes, such as variation in refractive index, absorption, flu-
orescence and SPR [95,96]. Huang et al. developed a fiber optic sensor based on
poly(N-isopropylacrylamide)-co-acrylamide)(P(NIPA Am-co-AAm))-magnetic immo-
bilized glucose oxidase(GOD) complex (PMIGC) and glucose oxidase (GOD) to detect
cholesterol and glucose. The sensor detected cholesterol (@ 38 °C) and glucose concen-
tration (@ 25 °C) with the detection ranges of 25-250 mg dL.~! and 50-700 mg dL !,
respectively [97].

2.7.3. Gravimetric Biosensors

Gravimetric biosensors are mass-based biosensors, which respond to a small change
in the mass of binding material, such as proteins or antibodies on the surface, producing a
measurable signal. Gravimetric biosensors are employed with thin piezoelectric quartz
crystals, which vibrate at a specific frequency according to the applied current and the
mass of the detected material [98,99]. Figure 8 demonstrates schematic diagrams of (a)
piezoelectric, (b) quartz crystal microbalance, and (c) magnetoelastic-based biosensors.
Piezoelectric-based biosensors, magnetoelastic-based biosensors (MES), and quartz crys-



Sensors 2021, 21, 1109

15 of 35

tal microbalance (QCM) sensors are most commonly used for gravimetric transduction.
These transducers are also used to identify pathogens and antigens by means of binding
interactions. Piezoelectric biosensors are employed with a crystal that can undergo elastic
deformation when a current or potential is applied. The alternating electric field at a
specific frequency produces a wave in the crystal. If the analyte is absorbed or desorbed on
the surface of the crystal, which is covered with the biorecognition element, the resonant
frequency changes and suggests the occurrence of binding [100]. Yang et al. demonstrated
a piezoelectric biosensor using a lead titanate zirconate (PZT) ceramic resonator as the
transducer for label-free detection of cancer biomarkers. The developed device displayed
a high sensitivity of 0.25 ng mL~! in 30 min detection time for a small amount of sample
(nL) [101]. QCM biosensors also work on the piezoelectric principle. A thin disk of quartz
crystal is sandwiched between two conducting electrodes and the resonance frequency
of crystal will change in response to the change in the mass of detected materials. Lee
et al. developed sensitive and selective detection technology for miR-21 molecules using a
QCM biosensor. The constructed QCM biosensor detected miR-21 with a detection limit of
0.87 pM in the linear range from 0.1 pM to 10 uM, with a correlation coefficient of 0.988. In
addition to these results, this sensor was also highly effective in the measurement of miR-21
in serum samples, which can be an excellent alternative for clinical diagnosis [102]. MES
has gained much attention as they are wireless and passive and can be used to determine
force, stress, pressure, and strain. An MES comprises of thick-film-like amorphous ferro-
magnetic ribbons with high mechanical tensile strength (1000-1700 MPa). MES work on
the principle of magnetostriction, in which mechanical deformation is developed as a result
of the applied magnetic field. Magnetoelastic vibrations are produced when time-varying
magnetic field is applied, causing the field-generated strain to change with time, which in
turn produces longitudinal elastic waves. The elastic waves within the magnetoelastic ma-
terial produce detectable magnetic flux. MES are ideal for biomedical applications owing to
their cost effectiveness, long lifetime, small size, passive and wireless characteristics [103].
Atalay et al. used a magnetoelastic sensor to detect Fe304 magnetic nanoparticles. The
minimum number of MNPs was measured to be about 1.1 x 109, which corresponds to
0.025 mg or 1 uL of MNPs [104].
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2.7.4. Thermal Biosensors

Thermal biosensor exploits the basic characteristics of the biological reactions (exother-
mic or endothermic), i.e., measurement of heat energy absorbed or released during the
reaction. The total heat energy absorbed/evolved or the temperature change (AT) mea-
sured by thermal biosensor is proportional to the enthalpy (AH) and to the total number of
product molecules (1) created in the biochemical reaction and inversely proportional to
heat capacity (Cp) of the reaction, which can be shown as AT = —(n, AH)/Cp [105-109].
Calorimetric-based biosensors measure the change in heat, which is directly monitored to
calculate the extent of reaction (for catalyst) or structural dynamics of biomolecules in the
dissolved state [108,110]. Calorimetric devices are limited because of the relatively long
experimental procedures and lack of specificity in the temperature measurement; there is
no direct way to discriminate between specific and non-specific heat changes. However,
the invention of the enzyme thermistor-based on flow injection analysis in combination
with an immobilized biocatalyst and heat-sensing element circumvented several of these
shortcomings [107]. Usually, thermal biosensors employ a flow injection analysis method
utilizing an immobilized enzyme reactor, together with a differential temperature measure-
ment across the enzyme reactor. The configuration involves a pair of thermal transducers,
such as thermistors or thermopiles, positioned across the enzyme column packed with
immobilized enzymes for the conversion of given substrate to product. This differential
measurement system generates a high common-mode-rejection ratio that greatly reduces
the effects of ambient temperature fluctuations, allowing the specific measurement of
enzyme catalysis. The thermal signals generated during the catalytic reaction sensed
by the thermistor are proportional to the concentration of the substrate. Generally, the
enthalpy changes for enzymatic catalysis are around —10 to —200 k] mol~!, which is
adequate to determine the substrate concentrations at clinically interesting levels for a
range of metabolites [106-110]. Thermometric detection is advantageous when multiple
reactions are involved since it is the sum of all enthalpies that determines the sensitivity
of the assay. Thermistors or thermopiles are the two most commonly used temperature
sensors. The thermistor is a sensitive temperature transducer, which depends on the
changes in the electric resistance with temperature from which the absolute temperature
can be determined but have limited sensitivity. Thermopiles measure the temperature
difference between the two regions. Thermopiles are the set of thermocouple junctions
in series fabricated from metals, semiconductors, and various substrate semiconductor
components [108,109]. An enzyme thermistor-based biosensor is shown in Figure 9a. In
addition to thermistors, bimetallic strips, liquid gas expansion, and pyroelectric systems
(according to the production of an electrical signal because of a change in the temperature),
metal resistance and microelectromechanical systems (MEMS) are being used as thermal
transducers. Thermocouples with high sensitivity are also an excellent alternative for
detecting changes in temperature [61]. Recently, microelectromechanical (MEMS) thermal
sensors are being used to monitor metabolic applications on the basis of temperature
detection. Low-cost integration of miniaturized devices and low-cost batch fabrication are
the advantages of MEMS technology. MEMS thermal sensors exhibited improved thermal
isolation, low thermal mass, and sample volume of the MEMS thermal biosensor provides
linear range and high sensitivity, low measurement time, and low power consumption. It
is possible to measure multiple samples in parallel [111].

2.7.5. Electronic Biosensors

Figure 9b displays the Si NWs-based FET biosensors. The working principle of an
electronic biosensor relies on field-effect transistors (FETs). The FET is a three-terminal
device that regulates the current flowing through it using an electric field. They operate
between the source and drain terminals on a semiconductor, whose impedance changes
through the gate terminal [112-114]. Recently, FET-based transducers have gained much
attention due to their capacity to directly translate the interactions between the analyte and
FET surface [61]. If a biomolecule binds to the bioreceptor surface, it changes the surface
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potential. The corresponding change in channel width alters the current between the
source and drain terminals [114]. The high input impedance of these semiconductor-based
transducers is used to detect chemical changes from analyte and bioreceptor reactions. FET-
based biosensors possess advantages compared to the other biosensing methods because
of their high sensitivity and high spatial resolution, however they suffer some limitations
when employed in vitro applications [115,116]. Frequently used transistor-based sensing
platforms in biological applications are ion-sensitive field-effect transistors (ISFETs) and
metal-oxide-semiconductor field-effect transistors (MOSFETs), depending on the technique
of applying the gate voltage, design, and material of the gate and the channel region.
Zhu et al. reported a ZnO NRs-based FET glucose sensor using AC frequency mixing
detection rather than traditional three-electrode measurement in DC mode. The fabricated
senor achieved a high sensitivity of 1.6 mA (um-cm?)~! with a detection limit of 1.0 uM
glucose concentration. It also exhibited long-term stability of 38 h [117].
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Figure 9. Schematic diagrams of (a) enzyme thermistor-based biosensor, (b) Si nanowire-based

field-effect transistor (FET) (D is drain and S is the source) biosensor, and (c) surface acoustic wave
(SAW)-based biosensor.

2.7.6. Acoustic Biosensors

Acoustic biosensors operate based on the change in the physical properties of an
acoustic wave in response that can be correlated to the amount of analyte absorbed [118].
Piezoelectric materials are commonly used for sensor transducers, because of their ability
to produce and transmit acoustic waves in a frequency-dependent manner. For acoustic-
wave propagation, the optimum resonant frequency is highly dependent on the physical
dimensions and properties of the piezoelectric crystal. The changes in material mass
on the surface of the crystal can induce measurable variations in the natural resonant
frequency of crystal [100,101]. There are two classes of mass-balance acoustic transducers:
Bulk-acoustic wave (BAW) and surface-acoustic wave (SAW) devices. BAW devices can
transmit an acoustic wave from one crystal surface to another whereas SAW devices can
transmit an acoustic wave along a single crystal face from one location to another [119,120].
The operation of these devices in the gas phase is well understood, but in liquid media,
it is not that well understood. For many years the piezoelectric mechanism has been
established and can be an alternative for the transduction process in affinity biosensors if
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the challenges of non-specific binding and poor sensitivity are solved [72,83]. The surface
acoustic wave-based biosensor is shown in Figure 9c.

3. Advancement of Nanotechnology

To meet the increasing demands of various fields, new approaches to sensor tech-
nology have been employed. Sensor technology has further flourished with progress in
nanotechnology and nanoscience. Nanotechnology has stretched across various fields of
science and industry, such as physics, chemistry, biotechnology, bioscience, bioinformatics,
medical science, healthcare, food engineering or processing, aerospace, and electronics, the
energy sector, and environmental studies. The ability to manipulate and control materials
at an atomic and molecular level (nanometer range) and subsequent understanding of the
fundamental processes at the nanoscale have led to new avenues of biosensor development.
More importantly, dimensionality plays a major role in determining the characteristics
of nanomaterials, including physical, chemical, biological, electrical, and optical charac-
teristics. Nanomaterials are broadly classified, based on their nanoscopic dimensions,
such as 0D, 1D, 2D, and 3D materials (Figure 10). If all three dimensions of a material are
nano-sized, it would be called a 0D NM (NPs and QDs),). If two dimensions of a material
are nanosized, with the other dimension being much larger, then it is 1D NM (NWs, NRs,
NTs, nanobelts, and nanoribbons). If only one dimension is nanosized, it would be a 2D
NM (nanoprisms, nanoplates, nanocoatings, nanolayers, nanosheets, nanowalls, nanodisks,
and CNTs). Bulk nanomaterials are materials that are not confined to the nanoscale in
any dimension (>100 nm) and are referred as 3D NMs (nanoballs, dendritic structures,
nanocoils, nanocones, nanopillars, multi-nanolayers, and nanoflowers) [121,122]. Synthesis
of materials in the nanoscale range enables the unique physical, chemical, and biological
properties and plays a pivotal role in the success of nanotechnology. Various approaches
have been employed for the synthesis of NMs, categorized as a top-down approach (a bulk
material is restructured to form nanosized materials) and a bottom-up approach (materials
of nanodimension are formed by assembling molecule by molecule or atom by atom). The
top-down approach includes various techniques, such as lithography, laser ablation, ion
milling, and chemical etching. The commonly used techniques in the bottom-up approach
are molecular beam epitaxy, physical or chemical vapor deposition and evaporation, and
bio/chemical processes for the production of supra-molecular complexes, self-assembled
monolayers, and protein-polymer nanocomposites [121,122].
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4. Nanomaterial-Based Biosensors (Nanobiosensors)

With advances in nanotechnology, research and development in the field of biosen-
sors have become open and multidisciplinary. Exploring NMs, such as NPs (metal- and
oxide-based), NWs, NRs, CNTs, QDs, and nanocomposites (dendrimers), for different
characteristics provides the possibility of improving the performance of biosensors and
increase the power of detection through size and morphology control. Different types of
NMs-based biosensors (nanobiosensors) are shown in Figure 11.
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Figure 11. Types of nanomaterials-based biosensors (nanobiosensors).

The basic working principle of nanobiosensors is along the same lines of conventional
macro- and micro-counterparts, but they are constructed using nanoscale components
for signal or data transformation [123]. Nanobiosensors have an edge over their conven-
tional macro- and micro-counterparts because of their multidisciplinary applications due
to dimensionality. Nanobiosensors are instrumental in the field of nanotechnology for (a)
monitoring physical and chemical phenomena in regions difficult to reach, (b) detecting
biochemicals in cellular organelles and medical diagnosis, (c) measuring nanoscopic parti-
cles in industrial areas and the environment, and (d) detecting ultra-low concentrations of
potentially harmful substances [123]. Based on the classification of the NMs, their involve-
ment in the enhancement of biosensing mechanisms has been broadly investigated. For
instance, NPs-based biosensors include all sensors that employ metallic NPs as enhancers
of biochemical signals. Similarly, nanotube-based biosensors, if they involve CNTs, are
used as enhancers of reaction specificity and efficiency, while biosensors using NWs as
charge transport and carriers are termed as NW biosensors. Likewise, QD-based sensors
employ QDs as contrast agents for improving optical responses.

4.1. Nanoparticle-Based Biosensors

NPs have been widely used in various biomedical applications, like in the develop-
ment of biosensors for health diagnosis, imaging, drug delivery, and therapy, owing to
their unique properties. Because of their small size and shape, their physical and chemi-
cal properties are strongly influenced by the binding of target biomolecules [124]. These
properties of NPs enable them to be exploited for various bioanalytical applications. They
are considered suitable for electrode modification in which they increase the sensitivity
and specificity of electrochemical catalysis [70]. Moreover, catalytic active NMs, such as
transition metal oxides, have been developed as nanoenzymes, which allow providing
catalysis of biochemical reactions on biosensors. The NPs include metal and noble metal
NPs, such as gold (Au), silver (Ag), platinum (Pt), palladium (Pd), cobalt (Co), iron (Fe),
and copper (Cu), and metal oxide NPs (ZnO, TiO,, SnO; and MnO,), which exhibit ex-
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cellent optical, electronic, magnetic, chemical, mechanical, and catalytic properties. NP
biosensing performance is tailored by coating with various matrices, such as metal oxides,
silica network, polymers, graphene, fibers, and dendrimers [125].

Gold NPs, which fall into the class of noble metal NPs, are extensively investigated
and used owing to their unique optical, electronic, and physicochemical properties. They
are widely used in biomedical research because of the following advantages: Simple
synthesis techniques, easier fabrication procedures, greater chemical stability, biocompati-
bility, vast electrochemical potential range, high catalytic activity, and their nanocomposite
forms [126,127]. Wu et al. demonstrated gold NP-based electrochemical sensors for sen-
sitive detection of uranyl in natural water. The developed sensor determined uranyl in
the range of 2.4 to 480 pg L, and a detection limit of 0.3 ug L ~! was obtained by anodic
stripping voltammetry [128]. Luo et al. established a novel “turn—on” fluorescent sensor for
detecting Pb%*, based on graphene quantum dots (GQDs) and gold nanoparticles (AuNPs).
The designed sensor showed an extremely broad detection range of Pb%* from 50 nm
to 4 um, with a detection limit of 16.7 nm [129]. Ghasemi et al. demonstrated a novel
non-enzymatic glucose sensor based on gold-nickel bimetallic NPs doped aluminosili-
cate framework prepared from agro-waste material that exhibited a wide linear range for
glucose (1-1900 uM) and low limit of detection (0.063 uM) [130].

Silver nanoparticles (Ag NPs) have gained much research interest in biomedical
applications due to excellent surface-enhanced Raman scattering (SERS), biocompatibility,
high conductivity, amplified electrochemical signals, and catalytic activity [131-133]. Rivero
et al. demonstrated an optical fiber sensor based on both localized surface plasmon
resonance (LSPR) and lossy-mode resonance (LMR) using Ag NPs. The devices showed
high sensitivity (0.943 nm per RH %), a large dynamic range (42.4 nm for RH changes
between 25% and 70%), and a fast response time (476 ms and 447 ms for rise and fall,
respectively). This device can be used to monitor human breathing [134]. Mehdinia et al.
developed a multi-functional colorimetric probe for Fe?*, H,O,, and glucose detection
based on the Fenton reaction and biosynthesized AgNPs. The low detection limit for Fe?*
was 0.54 puM, for HyO, was 0.032 pM, and for glucose was 0.29 pM [135].

Over the past decade, owing to their unique electronic and electro-catalytic char-
acteristics, platinum nanoparticles (Pt NPs) have gained much interest in the field of
electrochemical biosensors for biomedical applications. The electron transfer process in Pt
NPs is affected by material composition, surface reactive environment, crystalline plane,
and orientation [133]. Liu et al. fabricated a new Pt NP /a-IGZO-based ammonia sensor
showing high sensing response (Sr) of 1467 (at 1000 ppm NHj3/air, 250 °C and exhibiting
fast sensing speed [136]. Dharuman et al. developed a graphitic carbon nitride modified
with Pt and zinc oxide NPs for non-enzymatic glucose sensing with a wide linear detection
range of 250 uM to 110 mM. It can be reusable four times in whole blood and eight times in
blood serum [137].

Palladium nanoparticles (Pd NPs) are another fascinating NP for biomedical applica-
tions because of their high catalytic and sensing activities. In addition, palladium (Pd) is
much more abundant than Au and Pt metals making it employable in various sensors for
sensing applications in a cost-effective way. Pd NPs with controllable size and shape ex-
hibit high electro-catalytic and sensing characteristics for different chemical and biological
analytes [135,138]. Ye et al. prepared a Pd/Co-NCNTs exhibited excellent electrocatalytic
ability for hydrazine oxidation and showed a high sensitivity of 343.909 pA mM~! with a
low detection limit of 0.007 uM for hydrazine [139]. Swihart et al. developed a unique 3D
Pd-decorated crumple reduced graphene oxide ball (Pd-CGB) nanocomposite for hydrogen
(Hy) detection in air at room temperature. The sensitivity of the sensor is measured for the
H, concentrations (0.0025-2%) with response value, response time, and recovery time of
14.8%, 73 s, and 126 s, respectively, at 2% Hj [140]. Afzali et al. developed a novel sensor
based on Pd/CNF/[M3OA]J*[NTF2]~ modified CPE through a sensitive square-wave
voltammetric procedure for the determination of the anticancer drug pemetrexed. A linear
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concentration was detected in the range of 1.00-35.0 nM with a detection limit of 0.33 nM
by square wave voltammetry (SWV) technique [141].

Copper (Cu) has gathered much research interest as a unique sensing material owing
to its excellent electrical conductivity, stability, electrocatalytic properties, and low cost
compared to noble metals. Recently, Huang et al. prepared and studied the performance of
electrochemical glucose sensors based on copper nanoparticles (Cu NPs) loaded on a flexi-
ble graphite sheet. The developed sensor exhibited a low detection limit of 1.05 pmol L™!
and high sensitivity of 7254.1 pA mM~! cm 2, with R? = 0.9961 from 0.1 to 3.4 mmol L~!
and 3804.5 pA mM~! ecm ™2 (R? = 0.9995) from 3.4 to 5.6 mmol L™1. Cu NPs also exhibited
excellent anti-interference properties against sodium chloride, acetaminophenol, ascorbic
acid, dopamine, and uric acid, with good reproducibility [142]. Roushani et al. developed
a novel sensor for analytical detection of H,O, based on the incorporation of CuNPs onto
an MWCNTs/IL/Chit/Rutin nanocomposite film. The electrochemical performance of the
sensor for detecting H,O, was investigated by cyclic voltammetry and chronoamperometry
techniques. The response to H,O, was linear, in the range of 0.35 uM to 2500 uM, with
a detection limit of 0.11 uM [143]. Zhao et al. fabricated a Cu/rGO decorated buckypa-
per electrode for glucose detection. The constructed device exhibited a linear range of
0.1-2 mM, with a detection limit of 11 uM [144].

Metal Oxide-Based Nanoparticles

Over the last decade, metal oxide-based nanomaterials have been vividly employed in
various fields, such as electrochemistry, magnetism, catalysis, and sensors, because of their
broad range of electrical, chemical, and physical properties. These oxide-based materials
are used as an effective electrocatalyst for sensing various analytes in the field of biology
and biomedicine because of their strong electrocatalytic activity, low cost, and high organic
capture ability. The most often employed metal oxide nanoparticles include copper oxide
(CuO), nickel oxide (NiO), iron oxide (Fe;O3), cobalt oxide (Co30;), manganese oxide
(MnQy»), zinc oxide (ZnQO), titanium oxide (TiO;), tin oxide (SnO»), cadmium oxide (CdO),
molybdenum oxide (MoQ3), and cerium oxide (CeO;) [145].

Nickel oxide-based nanoparticles (NiO NPs) exhibit superior electrical, magnetic,
optical, thermal, catalytic, and mechanical properties. NiO-based nanostructures have
been used as catalysts, thermistors, sensors, and additives, for gases and ceramics. NiO
NPs are also p-type semiconductors with a direct bandgap of (3.56 eV) that can exhibit
super-paramagnetic, as well as superanti-ferromagnetic properties, depending on their size
and oxidation states [146]. Recently, Recently, Duan et al. fabricated high performance FET
glucose biosensors based on bimetallic Ni/Cu metal organic frame works. The fabricated
device exhibited a low detection limit of 0.51 pM with a linear range of 1 tM-20 mM [147].
Kamyabi et al. fabricated novel electroluminescence (ECL) glucose biosensors based on
immobilized glucose oxidase in the cavity of nickel foam modified with NiO NPs. The
proposed ECL biosensor showed superior performance toward glucose in 0.1 M phosphate
buffer solution (pH 7.4) with a wide linear range (2.7 x 1072 t0 4.5 x 1073 M) and a low
detection limit (5.0 x 10710 M) [148].

Cobalt oxide-based nanoparticles (Co3O4 NPS) have attracted considerable interest
due to their exceptional physical, magnetic, optical, electronic, and chemical properties.
They possess promising applications, such as catalysts, solar selective absorber, gas sensors,
lithium-ion batteries, supercapacitors, and pigment for glasses, and ceramics, photocatal-
ysis, magnetic material, and chemical sensors. It is a p-type semiconductor with a direct
optical band gap of 1.66 and 2.19 eV [149]. Chu et al. developed a screen-printed glutamate
biosensor chip using porous CozO4 nanocubic crystals. The developed biosensor chip
exhibited a high sensitivity of 20.12 uA mM~! cm~2, as well as a wide linear range from
10 to 600 uM and a detection limit of 10 uM [150]. Wazir et al. developed a potentiomet-
ric urea biosensor fabricated on glass filter paper through the immobilization of urease
enzyme onto cobalt oxide- chitosan nanocomposite. The sensitivity was measured over
the concentration range between 1 x 10~* and 8 x 1072 M of the urea electrolyte solution,
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revealing that the fabricated biosensor exhibited good sensing ability with a linear slope
curve of 45 mV/decade [151]. Ge et al. constructed a Co3O4-Au polyhedron-based photo-
electrochemical (PEC) biosensor for detecting miRNA-141 detection with a linear range of
1 pM to 50 nM, and a detection limit of 0.2 pM [152].

Iron oxide (Fe;O3) and manganese oxide (MnO,)-based NPs are considered the best
known magnetic NMs because of their bioanalytical applications and higher electron
transfer rates. They are also considered to be promising materials for electrochemical
biosensors [153,154]. Phan et al. demonstrated the possibility of using the magneto-
reactance effect of a soft ferromagnetic amorphous ribbon with a nanohole-patterned
surface to develop a highly sensitive magnetic biosensor for detection and quantification
of anticancer drugs tagged to super-paramagnetic NPs [155]. Zhang et al. developed a
fast and highly specific LF-NMR biosensor that can directly detect Salmonella, without
sample pretreatment, with a detection limit of 2.6 x 10* CFU mL~! [156]. Stankovic et al.
developed a disposable biosensor based on graphene nanoribbons supported with MnO,
NPs. The sensor displayed a detection limit of 0.05 mmol L~! and a high sensitivity of
56.32 A mmol 'em ™2 [157].

Other metal oxide-based NPs, such as ZnO, TiO,, SnO,, and MoOs, have recently
gained much attention. ZnO based nanoparticles possess good electron transfer rate and
thermal/chemical stability, oxidation resistance, biocompatibility, and high conductivity.
ZnO is an n-type semiconductor with a wide bandgap energy of 3.37 eV [158,159]. Hjiri
et al. prepared a carbon monoxide sensor using ZnO NPs synthesized by the sol-gel
technique. The developed gas sensor exhibited a response of 74% toward 80 ppm of CO gas
with a response/recovery time of 21 and 70 s, respectively, at 250 °C and high stability with
time [160]. SnO;-based NPs have also been used for detecting toxic gases and pesticide
sensing applications [161,162]. TiO,-based NPs can be used in electrochemical sensors for
medical, biomedical, and pharmaceutical applications. Tereshchenko et al. introduced a
novel and simple optical immunosensor to determine Salmonella typhimurium based on TiO,
NPs deposited on a glass substrate with a sensitivity in the range of 103-10° cL mL~! [163].
Recently, Ravikumar et al. reported on rapid and facile method for detecting H,O, in
chemical reactions using molybdenum oxide (MoOs3) NPs [164].

4.2. Quantum Dot-Based Biosensors

QDs are inorganic nanocrystals (NCs), which belong to 0D NMs displaying unique
optical properties of broad excitation, narrow size-tunable emission spectra, high pho-
tochemical stability, and negligible photo-bleaching [165]. They have been widely used,
mainly as alternatives to fluorophores, for developing optical biosensors to detect organic
compounds, pharmaceutical analytes, and biomolecules, such as nucleic acids, proteins,
amino acids, enzymes, carbohydrates, and neurotransmitters [166]. They have also been
employed for the in vivo detection of cancer. They are ideal candidates for multiplexed
optical bioanalysis due to their ultra-high sensitivity, high specificity, cost-effectiveness,
miniaturized size, size-dependent emission wavelength, and rapid analyte detection [167].
Cui et al. proposed a simple and efficient electrochemical sensor for Cu (II) based on GQDs
and graphene. The combination of GQDs and graphene-enhanced the performance, with
a low detection limit of 1.34 nM in a wide linear range of 0.015 uM to 8.775 uM for Cu
(IT) [168]. Packirisamy et al. demonstrated the fabrication and application of fluorescent
turn-on biosensors for ultrasensitive detection of small cell lung cancer biomarkers using
biofunctionalized GQDs as the energy donor and AuNPs as energy acceptor. The fluores-
cent biosensor exhibited a fast response time (16 min), and broader linear detection range
(0.1 pg mL~! to 1000 ng mL~!), and low detection limit of 0.09 pg mL~! [169]. Xiao et al.
demonstrated CdTe/CdS/ZnS core/shell/shell QDs-based fluorescent biosensors for the
determination of L-ascorbic acid. The concentration was detected in the linear range of
8.0 x 1072 to 1.0 x 10~7 M with a detection limit of 1.8 x 10~2 M [170]. Sun et al. described
a “turn-on” magnetic fluorescent biosensor based on GQDs, Fe30y4, and molybdenum
disulfide (MoS;) nanosheets for detecting EpCAM in the linear range between 2 and 64 nM
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with a detection limit of 1.19 nM. It is used for rapid, efficient, and sensitive separation and
detection of circulating tumor cells (CTCs) [171].

4.3. Nanowire-Based Biosensors

NWs provide favorable conditions for creating robust, sensitive, and selective electrical
detectors of biological binding events. The NWs exhibit highly reproducible optical and
electrical characteristics. Current flow in any 1D systems, such as NWs and NTs is extremely
sensitive to minor perturbations because, in such systems, flow is extremely close to the
surface [172]. The diameter of the NWs are comparable to the biological and chemical
species that are being sensed. They offer excellent transduction generating signals, which
ultimately interface to macroscopic instruments. The combination of tunable conducting
properties of semiconducting NWs and the ability to bind analytes on their surface yields a
direct, label-free electrical readout [173]. NWs-based sensors operate on the principle of
ion-selective FETs and rely on the interaction of external charges with carriers in the nearby
semiconductor, which results in enhanced sensitivity at low ionic strength. Park et al.
fabricated fiber optic sensor using ZnO NWs and AuNPs for highly sensitive plasmonic
biosensing [174]. Priolo et al. demonstrated label-free and PCR-free silicon NWs-based
optical biosensor for direct genome detection. They exhibited a detection limit of 2 copies
per reaction for the synthetic genome and 20 copies per reaction for the genome extracted
from human blood [175]. Nuzaihan et al. prepared a silicon NW-based biosensor with
novel molecular gate control for electrical detection of Dengue virus (DENV) DNA. The
developed sensor had a low detection limit of 2.0 fM concentration with high sensitivity of
45.0 pA M1 [176].

4.4. Nanorods-Based Biosensors

Nanorods are often used as simple electrochemical modifiers providing a highly
specific process. They are usually prepared from gold, graphene, manganese, zinc, or
iron oxide, or the combination of these materials [177,178]. The detection of nucleic acid
or basic biochemical markers, such as glucose and hydrogen peroxide, are their most
common applications. Liu et al. constructed a new CDs/Au NR assembly-based FRET
sensor for detecting lead ions. A linear range from 0 to 155 uM, with a detection limit of
0.05 uM [87]. Zhu et al. demonstrated a ZnO NRs-based FET biosensor for continuous
glucose monitoring using AC frequency mixing. The fabricated sensor achieved a high
sensitivity of 1.6 mA (uM~! cm~2) with a concentration detection limit of 1 uM, and
exhibited an excellent long-term stability on continuous monitoring for 38 h [117]. Sun et al.
used GNRs and graphene oxide (GO) to enhance the sensitivity of a wavelength modulation
SPR biosensor to detect bovine IgG. The developed biosensor based on GNRs/GO sensing
had detected bovine IgG in the concentration range of 0.075-40.0 ug m L~1[179]. Hahn
et al. fabricated a vertically grown ZnO NRs-based FET biosensor to detect phosphate with
high sensitivity (80.57 pA mM~! ecm™2) in a wide linear range (0.1 pM-7.0 mM) [180].

4.5. Carbon Nanotubes-Based Biosensors

CNTs are exciting 1D NMs and are the most extensively investigated nanotubes class
of materials in biosensors, diagnostics, tissue engineering, cell tracking and labeling, drug
delivery, and biomolecules. They are hollow cylindrical tubes composed of one, two, or sev-
eral concentric graphite layers capped by fullerenic hemispheres, which are referred to as
single-, double-, and multi-walled CNTs, respectively. They have unique structures, excel-
lent electrical and mechanical properties, high thermal conductivity, high chemical stability,
remarkable electrocatalytic activity, minimal surface fouling, low over-voltage, and high as-
pect ratio (surface-to-volume) [181-183]. Because of their high surface-to-volume ratio and
novel electron transport properties, the electronic conductance of theses nanostructures is
strongly influenced by minor surface perturbations, such as those associated with the bind-
ing of macromolecules. CNT-based biosensors and diagnostics have been employed for the
highly sensitive detection of analytes in healthcare, industries, environmental monitoring,
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and food quality analysis. They have been predominantly used in electrochemical sensing,
for glucose monitoring, but also for detecting fructose, galactose, neurotransmitters, neuro-
chemicals, amino acids, immunoglobulin, albumin, streptavidin, insulin, human chorionic
gonadotropin, C-reactive protein, cancer biomarkers, cells, microorganisms, DNA, and
other biomolecules. Multi-wall-carbon nanotubes (MWCNTSs) are represented in all appli-
cations of nanotubes in biosensing. Such 1D nanomaterials provide real-time and sensitive
label-free bioelectronic detection and massive redundancy in nanosensor arrays [165]. Cui
et al. developed a wearable-based amperometric biosensor painted onto gloves as a new
sensing platform used to determine lactate [184]. Janssen et al. demonstrated a CNT-based
biosensor to sense a standard protein, bovine serum albumin (BSA), as a proof-of-concept.
The developed sensor had a detection limit of 2.89 ng mL~! [185]. Tang et al. fabricated
a single-walled carbon nanotube (SWNT)-based DNA sensors and described the sensing
mechanism. This work demonstrated clear experimental evidence on SWNT-DNA binding
on DNA functionality, which paved a path for the future design of SWNT biocomplexes for
applications in biotechnology and DNA-based nanotube manipulation techniques [186].
Hong et al. constructed metallic floating electrode-based DNA sensors with controllable re-
sponses. They showed the enhancement in the sensor response on increasing the number of
floating electrodes [187]. Park et al. demonstrated a CNT-based biosensor system-on-a-chip
for detecting a neurotransmitter. Here, CNT-based sensors were integrated with CMOS
chips, which is useful in various biomedical applications, such as sensing components in
LoC (lab-on-a-chip) systems for neuronal culture [188].

4.6. Dendrimer-Based Biosensors

Dendrimers are nanometer-scale 3D macromolecules in the size of an average protein-,
and are hyper-branched, mono-dispersed, and star-shaped, with a high density of surface
functional groups. The shape of dendrimers provides a vast surface area for the conjugation
of biologically active molecules. They are composed of three distinct components: The core,
the interior dendron, and the exterior surface with terminal functional groups [189,190].
They have been used extensively in various biosensors, diagnostics, and drug delivery
based on electrochemistry, fluorescence, SERC, impedimentary, and SPR. Dendrimer-
based biosensors increase analytical sensitivity, stability, and reproducibility but reduce no
specific interactions [191-193]. Bakar et al. detected dengue using a PAMAM dendrimer
integrated tapered optical fiber sensor. The resolution and detection limit of the sensor
were 19.53 nM ! and 1 pM, respectively, in the concentration range of 0.1 pM to 1 uM [194].
Fen et al. developed an SPR sensor based on self-assembled monolayer/reduced graphene
oxide-polyamidoamine dendrimer (SAM/NH;rGO/PAMAM) thin films to detect DENV-2
E-proteins. Their SPR sensor exhibited a detection limit of 0.08 pM DENV-2E-proteins in
the range of 0.08 pM-0.5 pM [195]. Table 2 represents the list of various nanomaterials
employed in the development of biosensors.

Table 2. Represents the list of various nanomaterials employed in the development of biosensors.

Nanomaterial Analyte Transducer Linear Range Detection Limit References
Aflatoxin B1
(AFB1) SPR 0.1-500 nM 0.4nM
AuNBPs Aflatoxin B1 Impedimetric 0.1-25 nM 0.1nM (48]
(AFB1)
Au NPs Uranyl Electrochemical 2.4-480 ug L1 0.3 ug L1 [128]
Au NPs Pb%* Fluorescent 50 nm—4 pm 16.7 nm [129]
Cholesterol Electrochemical 0.024-1.2 mM 0.012 uM
Au/CdS QDs/TNTs H,0, Electrochemical 18.73-355.87 um 0.06 M [19]
Au NPs E.coli Electrochemical 10-106 CFU mL~! 15 CFU mL! [197]
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Table 2. Cont.

Nanomaterial Analyte Transducer Linear Range Detection Limit References
Carcinoembryonic 1 -1
Au NP-MoS;-rGO antigen (CEA) SAW 36.58 ng mL 0.084 ng mL [198]
Au/rGO miENA-122 Electrochemical 10 um-10 pm 1.73 pM [199]
Au NPs/TiO, H,0O, Electrochemical 65-1600 pm 5 um [200]
H,0O, 0.05-7.5 um 0.032 pm
Ag NPs Glucose Colorimetric 1.5-3.0 um 0.29 um [135]
Fe* 1-90 um 0.54 um
Ractopamine 0.01-100 ng mL~! 1.52 pg mL~!
Ag/Pd NPs Clenbuterol Electrochemical ~ 0.01-100 ng mL~! 1.44 pg mL~! [201]
Salbutamol 0.01-100 ng mL~! 1.38 pg mL~!
Ag@CQDs-rGO Dopamine Electrochemical 0.1-300 um 0.59 nm [202]
Ag NP-MWNT Glucose Electrochemical 0.025-1.0 mM 0.01 mM [203]
. Electro- 1.135 fg mL~! 1
Ag NPs Mucin 1 chemiluminescence ~ —0.1135 ng mL~! 037 fg mL. [204]
: . 9.99 x 1071 -2.13 2.93 x 1074
Pt NPs Adrenaline Voltammetric % 10~* mol -1 mol L1 [205]
. 20 x 1078 M
Pt NPs/RGO-CS-Fc H,0, Electrochemical 3.0 % 10-8 M 20 nm [206]
Pt-Fe;0,@C Sarcosine Amperometric 0.5-60 um 0.43 um [207]
. Cyclic
Pt NFs/PANi Urea Voltammetry 20 mM 10 pm [208]
Pt@CeO, NM Dopamine Electrochemical 2-180 nM 0.71 nM [209]
Pd/Co-NCNT Hydrazin Electrochemical 0.05-406.045 um 0.007 um [139]
Pd/CNE/[M3OA]*[NTEF2]~ H, 1.00-35.0 nM 0.33 nM [141]
Cu Cyclic
NPs/Rutin/MWCNTs/ H,0, Volt i,nm i 0.35-2500 uM 0.11 pm [143]
IL/Chit/GCE ofammetry
Cu/rGO-BP Glucose Electrochemical 0.1-2 mM 11 um [144]
Cu,0@Ce0;,-Au PSA Amperometric 0.03 pg mL! 0'000;59?'0 16 [210]
Ni/Cu MOF Glucose FET 1 uM-20 mM 0.51 uM [147]
NiO/PANINS Glucose Amperometric 1-3000 uM 0.06 uM [211]
NiO@Au Lactic acid Electrochemical 100.0 uM-0.5 M 11.6 uM [212]
Co304 NCs Glutamate Elec“gﬁ?;mlcal 10-600 uM 10 uM [150]
Co304-A iRNA-141 Photo- 1 pM-50 nM 0.2 pM [152]
03 4-Al m electricalchemical P n =P
MnO-Mn30,@rGO H,0, Impedimetric 0.004-17 mM 0.1 uM [213]
MnO, NFs Salmonella Impedimetric 3.0 x 10'-3.0 x 10° 19 CFUmL™! [214]
Fe203/1\£195/Mn203 Folic acid Electrochemical 0.1 nM-0.01 mM 96.89 + 4.85 pM [215]
. Cyclic
ZnO-rGO Dopamine Voltammetric 0.1-1500 pM 8.75 £ 0.64 pM [216]
ZnO NRs Phosphate FET 0.1 uM-7.0 mM 0.5 mM [180]
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Nanomaterial Analyte Transducer Linear Range Detection Limit References
ZnO NFs Amyloid Optical 2-20 uL 2.76 ug [217]
Ca/Al-ZnO NPs CO, Semiconductor 0.25-5 RH% 200 ppm [218]
Cr doped SnO, NPs Riboflavin Voltammetric 02 x 1076 - 107 nM [219]
1.0 x 1074 M
TiO, /APTES glucose Impedimetric 50-1000 umol 24 pmol [220]
TiO, NTs Asulam photoelectrochemical 0.02-2.0 ng mL~! 41 pg mL~! [221]
MoO3;@RGO Breast cancer Electrochemical 0.001-500 ng mL~! 0.001 ng mL~! [222]
Graphene QDs Cu?t Electrochemical 0.015-8.775 uM 1.34 nM [168]
—1_
Graphene QDs Lung cancer* Fluorescence 0.1 prglgmnl:]:llOOO 0.09 pg mL~! [169]
CdTe/CdS//ZnS 8.0 x 10-9—
core/shell /shell l-ascorbic acid Fluorescence : 7 1.8 x 1072 M [170]
1.0 x 10" M
QDs
NSET Tumor
amptamer@Fe;0,@GOD Magnetic fluorescence 2-64 nM 1.19 nM [171]
cell(EpCAM)
and MoS,
Au
NPs@PDA@CulnZnS P53 gene Electrochemiluminescenece 0.1-15 nmol L1 0.03 nmol L~* [223]
QDs
CaM/SiNW-FETs Protein FET 10-8-107° M 7 nM [224]
Si NWs Dengue virus FET 1 uM-10 fM 2.0 fM [176]
ZnO NRs Phosphate FET 0.1 uM-7.0 mM 0.5 mM [180]
. 1.0 x 10713-1.0 x 4.03 x
G/AuNR/PT HPV DNA Electrochemical 10-10 -1 10-14 m -1 [225]
Amperometric 20-160 uM5-
Graphene-Au NRs NADHEthanol Voltammetric 377 uM 6 uM1.5 UM [226]
LAC-CNTs-SPCE Para-cresol Electrochemical 0.2-25 ppm 0.05 ppm [227]
Co304-CNT/TiO, Glucose Photoelectrochemical 0-4 mM 0.16 uM [228]
CNT thin-film Thin film transistor 1.6 x 1074~ 1
transistor (TFT) DNA (TFT) 5 pmol L1 0.88 ug L [229]
GQDs-MWCNTs Dopamine Electrochemical 0.005-100.0 uM 0.87 nM [230]
CNT/Au NPs Choline Amperometric 0.05-0.8 mM 15 uM [231]
PAMAM dendrimer DENV 2E Optical fiber 0.1 pM-1 uM 19.53nm nM ! [194]
SAM/NH,rGO/PAMAM DENV 2E SPR 0.08 pM-0.5 pM 0.08 pM [195]

5. Conclusions

In this review article, we have discussed types and mechanisms of biosensors based
on receptors (enzymes, antibodies, whole-cell, and aptamers), transducers (electrochemical,
electronic, optical, gravimetric, and acoustic), and nanomaterials (gold NPs, Ag NPs, Pt
NPs, Pd NPs, NWs, NRs, CNTs, QDs, and dendrimers). Biosensors offer versatile applica-
tions in the fields of engineering and technology, medicine and biomedical, toxicology and
ecotoxicology, food safety monitoring, drug delivery, and disease progression. With the ap-
plication of NMs in biosensors, we have witnessed rapid growth in biosensing technology
is witnessed in the recent decade. This is because of the employment of new biorecogni-
tion elements and transducers, progress in miniaturization, design, and manufacture of
nanostructured devices at the micro-level, and new synthesis techniques of NMs, all of
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which bring together the life and physical scientists and engineering and technology. The
sensing technology has become more versatile, robust, and dynamic with the induction of
nanomaterials. The transduction mechanism has been improved significantly (like greater
sensitivity, faster detection, shorter response time, and reproducibility) by using different
nanomaterials (such as NPs, NRs, NWs, CNTs, QDs, and dendrimers) that each has differ-
ent characteristics within biosensors. Though there is considerable improvement in the use
of nanostructured materials in biosensors applications, there are few limitations, which hin-
der these applications for the next level. For instance, lack of selectivity remains a setback
for the CNT-based gas sensors, hampering its usage in CNT-based devices. However, this
hurdle can be overcome by coupling CNTs with other materials. The other issues in these
sensors include (i) the sustainability of nanostructures in sensor applications, which have
been insufficiently investigated, (ii) the fabrication of nanostructures, and (iii) the toxicity,
which changes according to the physical properties of the material type. These issues
should be investigated and addressed while expanding new nanostructured materials
for their use in biosensors. Most nanobiosensor devices used in biomedical applications
require a large sample for detection, which may lead to false-positive or false-negative
results. Very few biosensors have attained commercial success at the global level, apart
from electrochemical glucose sensors and lateral flow pregnancy tests. There is also a need
for making nanostructure-based biosensors at an affordable cost that give rapid results
with accuracy and are user-friendly. For example, nanomaterials should be integrated
with a tiny biochip (lab-on-chip) for sample handling and analysis for multiplexed clinical
diagnosis. More research should be done in this area and we expect the ongoing academic
research to be realized into commercially viable prototypes by industries in near future.

Author Contributions: V.N.: Conceptualization, investigation, writing the original draft. N.L.: Con-
ceptualization, supervision, writing, review and editing the original draft. Both authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea, 2017M3A9G5082642
and 2019R1A2C1008021.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Ensafi, A A. Anintroduction to sensors and biosensors. In Electrochemical Biosensors, 1st ed.; Ensafi, A.A., Ed.; Elsevier: Cambridge,
MA, USA, 2019; pp. 1-10.

2. Ensafi, A.A,; Karimi-Maleh, H.; Ghiaci, M.; Arshadi, M. Characterization of Mn-nanoparticles decorated organo-functionalized
Si0,-Al,O3 mixed-oxide as a novel electrochemical sensor: Application for voltammetric determination of captopril. J. Mater.
Chem. 2011, 21, 15022-15030. [CrossRef]

3.  Theavenot, D.R.; Toth, K.; Durst, R.A.; Wilson, G.S. Electrochemical biosensors: Recommended definitions and classification.
Biosens. Bioelectron. 2001, 16, 121-131. [CrossRef]

4. Dincer, C.; Bruch, R.; Costa-Rama, E.; Fernandez-Abedul, M.T.; Merkogi, A.; Manz, A.; Urban, G.A.; Giider, F. Disposable Sensors
in Diagnostics, Food, and Environmental Monitoring. Adv. Mater. 2019, 31, 1806739. [CrossRef]

5. Khanna, VK. Introduction to nanosensors. In Nanosensors: Physical, Chemical, and Biological, 1st ed.; Khanna, VK., Ed.; CRC Press:
Boca Raton, FL, USA, 2012; pp. 37-40.

6. White, R.M. A sensor classification scheme. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 1987, 34, 124-126. [CrossRef]

7. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1-8.

8. Heineman, W.R; Jensen, W.B. Leland C. Clark Jr. (1918-2005). Biosens. Bioelectron. 2006, 21, 1403-1404. [CrossRef]

9. Clark, L.C; Lyons, C. Electrode systems for continuous monitoring in cardiovascular surgery. Ann. N. Y. Acad. Sci. 1962, 102,
29-45. [CrossRef]

10. Updike, S.J.; Hicks, G.P. The enzyme electrode. Nature 1967, 214, 986-988. [CrossRef]

11.  Guilbault, G.G.; Montalvo, J.G., Jr. Urea-specific enzyme electrode. J. Am. Chem. Soc. 1969, 91, 2164-2165. [CrossRef] [PubMed]

12.  Guilbault, G.G.; Lubrano, G.J. An enzyme electrode for the amperometric determination of glucose. Anal. Chim. Acta 1973, 64,
439-455. [CrossRef]

13.  Mosbach, K,; Danielsson, B. An enzyme thermistor. Biochim. Biophys. Acta. 1974, 364, 140-145. [CrossRef]

14. Lubbers, D.W.; Opitz, N. The pCO,-/pO,-optode: A new probe for measurement of pCO; or pO in fluids and gases (authors

transl). Z. Naturforsch C Biosci. 1975, 30, 532-533. [CrossRef]


http://doi.org/10.1039/c1jm11909e
http://doi.org/10.1081/AL-100103209
http://doi.org/10.1002/adma.201806739
http://doi.org/10.1109/T-UFFC.1987.26922
http://doi.org/10.1016/j.bios.2005.12.005
http://doi.org/10.1111/j.1749-6632.1962.tb13623.x
http://doi.org/10.1038/214986a0
http://doi.org/10.1021/ja01036a083
http://www.ncbi.nlm.nih.gov/pubmed/5784180
http://doi.org/10.1016/S0003-2670(01)82476-4
http://doi.org/10.1016/0005-2744(74)90141-7
http://doi.org/10.1515/znc-1975-7-819

Sensors 2021, 21, 1109 28 of 35

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

29.
30.
31.
32.
33.
34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Clemens, A.H.; Chang, P.H.; Myers, R.W. Le développement d’un systeme automatique d’infusion d’insuline controle par la
glycemie, son systéme de dosage du glucose et ses algorithmes de controle. Journ. Annu. Diabétol. Hotel Dieu 1976, 269-278.
Clemens, A.H.; Chang, P.H.; Myers, R.W. The development of biostator, a glucose controller insulin infusion system (GCIIS).
Horm. Metab. Res. Suppl. 1977, 7, 22-23.

Geyssant, A.; Dormois, D.; Barthelemy, J.C.; Lacour, J.R. Lactate determination with the lactate analyser LA 640: A critical study.
Scand. ]. Clin. Lab. Investig. 1985, 45, 145-149. [CrossRef]

Cass, A.E; Davis, G.; Francis, G.D.; Hill, H.A.; Aston, W.]J.; Higgins, L.].; Plotkin, E.V.; Scott, L.D.; Turner, A.P. Ferrocene-mediated
enzyme electrode for amperometric determination of glucose. Anal. Chem. 1984, 56, 667-671. [CrossRef]

Liedberg, W.; Nylander, C.; Lundstrm, I. Surface plasmon resonance for gas detection and biosensing. Sens. Actuators A Phys.
1983, 4, 299-304. [CrossRef]

Cremer, M. Uber die Ursache der elektromotorischen Eigenschaften der Gewebe, zugleich ein Beitrag zur Lehre von den
polyphasischen Elektrolytketten. Z. Biol. 1906, 47, 562—608.

Sérensen, S.P.L. Enzymstudien. II. Mitteilung. Uber die Messung und die Bedeutung der Wasserstoffionenkoncentration bei
enzymatischen Prozessen [Enzyme studies. 2nd Report. On the measurement and the importance of hydrogen ion concentration
during enzymatic processes]. Biochem. Z. 1909, 21, 131-304. (In German)

Griffin, E.G.; Nelson, ].M. The influence of certain substances on the activity of invertase. . Am. Chem. Soc. 1916, 38, 722-730.
[CrossRef]

Nelson, ].M.; Griffin, E.G. Adsorption of invertase. J. Am. Chem. Soc. 1916, 38, 1109-1115. [CrossRef]

Hughes, W.S. The potential difference between glass and electrolytes in contact with the glass. J. Am. Chem. Soc. 1922, 44,
2860-2867. [CrossRef]

Bergveld, P. Development of an ion-sensitive solid-state device for neurophysiological measurements. IEEE Trans. Biomed. Eng.
1970, 17, 70-71. [CrossRef] [PubMed]

Newman, J.D.; Turner, A.P.F. Home blood glucose biosensors: A commercial perspective. Biosens. Bioelectron. 2005, 20, 2435-2453.
[CrossRef]

D’Orazio, P. Biosensors in clinical chemistry. Clin. Chim. Acta 2003, 334, 41-69. [CrossRef]

Suzuki, S.; Takahashi, F; Satoh, I.; Sonobe, N. Ethanol and lactic acid sensors using electrodes coated with dehydrogenase—collagen
membranes. Bull. Chem. Soc. Jap. 1975, 48, 3246-3249. [CrossRef]

Yoo, E.-H.; Lee, S.-Y. Glucose biosensors: An overview of use in clinical practice. Sensors 2010, 10, 4558-4576. [CrossRef]
Schultz, J.S. Oxygen Sensor of Plasma Constituents. U.S. Patent No. 4,344,438A, 17 August 1982.

Roederer, J.E.; Bastiaans, G.J. Microgravimetric immunoassay with piezoelectric crystals. Anal. Chem. 1983, 55, 2333-2336.
[CrossRef]

Mun’delanji, C.V.; Tamiya, E. Nanobiosensors and nanobioanalyses: A Review. In Nanobiosensors and Nanobioanalyses, 1st ed.;
Mun’delanji, C.V.,, Kerman, K., Hsing, L M., Tamiya, E., Eds.; Springer: Tokyo, Japan, 2015; pp. 3-20.

Poncharal, P; Wang, Z.L.; Ugarte, D.; De Heer, W.A. Electrostatic deflections and electromechanical resonances of carbon
nanotubes. Science 1999, 283, 1513. [CrossRef] [PubMed]

Gribi, S.; De Dunilac, S.B.; Ghezzi, D.; Lacour, S.P. A microfabricated nerve-on-a-chip platform for rapid assessment of neural
conduction in explanted peripheral nerve fibers. Nat. Commun. 2018, 9, 4403. [CrossRef]

Turner, A.PF. Biosensors: Sense and sensibility. Chem. Soc. Rev. 2013, 42, 3184-3196. [CrossRef] [PubMed]

Nguyen, H.H.; Lee, S.H.; Lee, U.].; Fermin, C.D.; Kim, M. Immobilized enzymes in biosensor applications. Materaterials 2019,
12,121. [CrossRef]

Shukla, S.K.; Govender, P.P.; Tiwari, A. Polymeric micellar structures for biosensor technology. In Advances in Biomembranes and
Lipid Self-Assembly, 1st ed.; Iglic, A., Kulkarni, C.V., Rappolt, M., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 143-161.
Morrison, D.W.; Dokmeci, M.R.; Demirci, U.; Khademhosseini, A. Clinical Applications of Micro-and Nanoscale Biosensors; John
Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007.

Justino, C.I.L.; Freitas, A.C.; Pereira, R.; Duarte, A.C.; Santos, T.A.P.R. Recent developments in recognition elements for chemical
sensors and biosensors. Trends Anal. Chem. 2015, 68, 2. [CrossRef]

Lim, S.A.; Ahmed, M.U. Introduction to food biosensors. In Food Chemistry, Function and Analysis, 1st ed.; Ahmed, M.U., Zourob,
M., Tamiya, E., Eds.; Royal Society of Chemistry: Cambridge, UK, 2016; pp. 1-21.

Perumal, V.; Hasim, U. Advances in biosensors: Principle, architecture and applications. J. Appl. Biomed. 2014, 12, 1-15. [CrossRef]
Liu, H; Ge, J.; Ma, E,; Yang, L. Advanced biomaterials for biosensor and theranostics. In Biomaterials in Translational Medicine,
1st ed.; Yang, L., Bhaduri, S., Webster, T., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 213-255.

Cordeiro, C.A ; Sias, A.; Koster, T.; Weterink, B.H.C.; Cremers, T.L.EH. In vivo “real-time” monitoring of glucose in the brain with
an amperometric enzyme-based biosensor based on gold coated tungsten (W-Au) microelectrodes. Sens. Actuators B Chem. 2018,
263, 605-613. [CrossRef]

Ondes, B.; Akpinar, E; Uygun, M.; Muti, M.; Uygun, D.A. High stability potentiometric urea biosensor based on enzyme attached
nanoparticles. Microchemi. J. 2021, 160, 105667. [CrossRef]

Schroeder, W.H.; Cavacini, L. Structure and function of immunoglobulins. J. Allergy Clin. Immunol. 2010, 125, S41-S52. [CrossRef]
[PubMed]


http://doi.org/10.3109/00365518509160987
http://doi.org/10.1021/ac00268a018
http://doi.org/10.1016/0250-6874(83)85036-7
http://doi.org/10.1021/ja02260a027
http://doi.org/10.1021/ja02262a018
http://doi.org/10.1021/ja01433a021
http://doi.org/10.1109/TBME.1970.4502688
http://www.ncbi.nlm.nih.gov/pubmed/5441220
http://doi.org/10.1016/j.bios.2004.11.012
http://doi.org/10.1016/S0009-8981(03)00241-9
http://doi.org/10.1246/bcsj.48.3246
http://doi.org/10.3390/s100504558
http://doi.org/10.1021/ac00264a030
http://doi.org/10.1126/science.283.5407.1513
http://www.ncbi.nlm.nih.gov/pubmed/10066169
http://doi.org/10.1038/s41467-018-06895-7
http://doi.org/10.1039/c3cs35528d
http://www.ncbi.nlm.nih.gov/pubmed/23420144
http://doi.org/10.3390/ma12010121
http://doi.org/10.1016/j.trac.2015.03.006
http://doi.org/10.1016/j.jab.2013.02.001
http://doi.org/10.1016/j.snb.2018.02.116
http://doi.org/10.1016/j.microc.2020.105667
http://doi.org/10.1016/j.jaci.2009.09.046
http://www.ncbi.nlm.nih.gov/pubmed/20176268

Sensors 2021, 21, 1109 29 of 35

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Lim, S.A.; Ahmed, M.U. Introduction to immunosensors. In Detection Science; Ahmed, M.U., Zourob, M., Tamiya, E., Eds.; Royal
Society of Chemistry: Cambridge, UK, 2019; pp. 1-20.

Lim, S.A.; Ahmed, M.U. Electrochemical immunosensors and their recent nanomaterial-based signal amplification strategies: A
review. RSC Adv. 2016, 6, 24995-25014. [CrossRef]

De Castro, A.C.; Alves, L.M.; Siquieroli, A.C.; Madurro, ].M.; Brito-Madurro, A.G. Label-free electrochemical immunosensor for
detection of oncomarker CA125 in serum. Microchem. ]. 2020, 155, 104746. [CrossRef]

Bhardwaj, H.; Sumana, G.; Marquette, C.A. Gold nanobipyramids integrated ultrasensitive optical and electrochemical biosensor
for Aflatoxin By detection. Talanta 2021, 222, 121578. [CrossRef] [PubMed]

Tombelli, S.; Minunni, M.; Mascini, M. Analytical applications of aptamers. Biosens. Bioelectron. 2005, 20, 2424-2434. [CrossRef]

Dhiman, A.; Kalra, P; Bansal, V.; Bruno, ].G.; Sharma, T.K. Aptamer-based point-of-care diagnostic platforms. Sens. Actuators B
Chem. 2017, 246, 535-553. [CrossRef]

Hong, P; Li, W.; Li, J. Applications of aptasensors in clinical diagnostics. Sensors 2012, 12, 1181-1193. [CrossRef]

Kumar, A.; Malinee, M.; Dhiman, A.; Kumar, A.; Sharma, T.K. Aptamer technology for the detection of foodborne pathogens
and toxins. In Advanced Biosensors for Health Care Applications, 1st ed.; Inamuddin, R.K., Mohammad, A., Asiri, A., Eds.; Elsevier:
Cambridge, MA, USA, 2019; pp. 45-69.

Stoltenburg, R.; Reinemann, C.; Strehlitz, B. SELEX—A (r)evolutionary method to generate high-affinity nucleic acid ligands.
Biomol. Eng. 2007, 24, 381-403. [CrossRef]

Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase.
Science 1990, 249, 505-510. [CrossRef]

Kaur, H.; Shorie, M. Nanomaterial based aptasensors for clinical and environmental diagnostic applications. Nanoscale Adv. 2019,
1,2123-2138. [CrossRef]

Hianik, T. Aptamer-based biosensors. In Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry, 1st ed.; Wandelt,
K., Ed.; Elsevier: Cambridge, MA, USA, 2018; pp. 11-19.

Chu, T.C,; Shieh, F; Lavery, L.A.; Levy, M.; Richards-Kortum, R. Labeling tumor cells with fluorescent nanocrystal-aptamer
bioconjugates. Biosens. Bioelectron. 2006, 21, 1859-1866. [CrossRef] [PubMed]

Ikanovic, M.; Rudzinski, W.E.; Bruno, J.G.; Allman, A.; Carrillo, M.P. Fluorescence assay based on aptamer—-quantum dot binding
to Bacillus thuringiensis spores. J. Fluoresc. 2007, 17, 193-199. [CrossRef] [PubMed]

Choi, ].H.; Chen, K.H.; Strano, M.S. Aptamer-capped nanocrystal quantum dots: A new method for label-free protein detection.
J. Am. Chem. Soc. 2006, 128, 15584-15585. [CrossRef]

Arya, A.; Gangwar, A.; Kumar, A. Biosensors in animal biotechnology. In Nanotechnology in Modern Animal Biotechnology: Concepts
and Applications, 1st ed.; Maurya, PK., Singh, S., Eds.; Elsevier: Cambridge, MA, USA, 2019; pp. 75-95.

He, Y.; Zhou, L.; Deng, L.; Feng, Z.; Cao, Z.; Yin, Y. An electrochemical impedimetric sensing platform based on a peptide
aptamer identified by high-throughput molecular docking for sensitive l-arginine detection. Bioelectrochemistry 2021, 137, 107634.
[CrossRef] [PubMed]

Gui, Q.; Lawson, T.; Shan, S.; Yan, L.; Liu, Y. The application of whole cell-based biosensors for use in environmental analysis and
in medical diagnostics. Sensors 2017, 17, 1623. [CrossRef]

Kylilis, N.; Riangrungroj, P; Lai, H.-E.; Salema, V.; Fernaandez, L.F,; Stan, G.-B.V.; Freemont, P.S.; Polizzi, K.M. Whole-cell
biosensor with tunable limit of detection enables low-cost agglutination assays for medical diagnostic applications. ACS Sensors
2019, 4, 370-378. [CrossRef] [PubMed]

Ron, E.Z.; Rishpon, J. Electrochemical cell-based sensors. Adv. Biochem. Eng. Biotechnol. 2010, 117, 77-84.

Berepiki, A.; Kent, R.; Machado, L.EM.; Dixon, N. Development of high- performance whole-cell biosensors aided by statistical
modeling. ACS Synth. Biol. 2020, 9, 576-589. [CrossRef]

Riangrungroj, P.; Bever, C.S.; Hammock, B.D.; Polizzi, K.M. A label-free optical whole-cell Escherichia coli biosensor for the
detection of pyrethroid insecticide exposure. Sci. Rep. 2019, 9, 12466. [CrossRef] [PubMed]

Galvez, A.Z.; Narvaez, E.M.; Martinez, C.C.M.; Merkoci, A. Nanomaterials connected to antibodies and molecularly imprinted
polymers as bio/receptors for bio/sensor applications. Appl. Mater. Today 2017, 9, 387-401. [CrossRef]

Singh, K.R.B.; Nayak, V.; Sarkar, T.; Singh, R.P. Cerium oxide nanoparticles: Properties, biosynthesis and biomedical application.
RSC Adv. 2020, 10, 27194-27214. [CrossRef]

Martinkova, P; Kostelnik, A.; Valek, T.; Pohanka, M. Main streams in the construction of biosensors and their applications. Int. J.
Electrochem. Sci. 2017, 12, 7386-7403. [CrossRef]

Nguyen, H.H.; Kim, M. An Overview of techniques in enzyme immobilization. Appl. Sci. Converg. Technol. 2017, 26, 157-163.
[CrossRef]

Sassolas, A.; Blum, L.J.; Leca-Bouvier, B.D. Immobilization strategies to develop enzymatic biosensors. Biotechnol. Adv. 2012, 30,
489-511. [CrossRef] [PubMed]

Sneha, H.P; Beulah, K.C.; Murthy, P.S. Enzyme immobilization methods and applications in the food industry. In Enzymes in Food
Biotechnology, 1st ed.; Kuddus, M., Ed.; Academic Press: London, UK, 2019; pp. 645-658.

Malhotra, B.D.; Ali, M.A. Nanomaterials in biosensors: Fundamentals and applications. In Nanomaterials for Biosensors, 1st ed.;
Malhotra, B.D., Ali, M.A., Eds.; Elsevier: Cambridge, MA, USA, 2017; pp. 1-73.


http://doi.org/10.1039/C6RA00333H
http://doi.org/10.1016/j.microc.2020.104746
http://doi.org/10.1016/j.talanta.2020.121578
http://www.ncbi.nlm.nih.gov/pubmed/33167265
http://doi.org/10.1016/j.bios.2004.11.006
http://doi.org/10.1016/j.snb.2017.02.060
http://doi.org/10.3390/s120201181
http://doi.org/10.1016/j.bioeng.2007.06.001
http://doi.org/10.1126/science.2200121
http://doi.org/10.1039/C9NA00153K
http://doi.org/10.1016/j.bios.2005.12.015
http://www.ncbi.nlm.nih.gov/pubmed/16495043
http://doi.org/10.1007/s10895-007-0158-4
http://www.ncbi.nlm.nih.gov/pubmed/17265180
http://doi.org/10.1021/ja066506k
http://doi.org/10.1016/j.bioelechem.2020.107634
http://www.ncbi.nlm.nih.gov/pubmed/32882443
http://doi.org/10.3390/s17071623
http://doi.org/10.1021/acssensors.8b01163
http://www.ncbi.nlm.nih.gov/pubmed/30623662
http://doi.org/10.1021/acssynbio.9b00448
http://doi.org/10.1038/s41598-019-48907-6
http://www.ncbi.nlm.nih.gov/pubmed/31462650
http://doi.org/10.1016/j.apmt.2017.09.006
http://doi.org/10.1039/D0RA04736H
http://doi.org/10.20964/2017.08.02
http://doi.org/10.5757/ASCT.2017.26.6.157
http://doi.org/10.1016/j.biotechadv.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21951558

Sensors 2021, 21, 1109 30 of 35

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.
99.

100.
101.

102.

103.

104.

105.

Shanker, A.; Lee, K.; Kim, J. Synthetic hybrid biosensors. In Encyclopedia of Molecular Cell Biology and Molecular Medicine, 2nd ed.;
Meyers, R.A., Ed.; Wiley-VCH Verlag Gmbh & Co. KGaA: Weinheim, Germany, 2014; pp. 1-36.

Grieshaber, D.; MacKenzie, R.; Janos Voros, J.; Reimhult, E. Electrochemical biosensors—Sensor principles and architectures.
Sensors 2008, 8, 1400-1458. [CrossRef]

Chaubey, A.; Malhotra, B.D. Mediated biosensors. Biosens. Bioelectron. 2002, 17, 441-456. [CrossRef]

Pisoschi, A.M. Potentiometric biosensors: Concept and analytical applications—An editorial. Biochem. Anal. Biochem. 2016, 5,
19-20. [CrossRef]

Borgmann, S.; Schulte, A.; Neugebauer, S.; Schuhmann, W. Amperometric biosensors. In Advances in Electrochemical Science
and Engineering, 1st ed.; Alkire, R.C., Kolb, D.M., Jacek Lipkowski, J., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2011; pp. 1-84.

Alaejos, M.S.; Montelongo, EJ.G. Application of amperometric biosensors to the determination of vitamins and x-amino acids.
Chem. Rev. 2004, 104, 3239-3266. [CrossRef] [PubMed]

Dzyadevych, S.; Renault, N.J. Conductometric biosensors. In Biological Identification, 1st ed.; Schaudies, R.P., Ed.; Elsevier:
Cambridge, MA, USA, 2014; pp. 153-193.

Radhakrishnan, R.; Suni, LL; Bever, C.S.; Hammock, B.D. Impedance biosensors: Applications to sustainability and remaining
technical challenges. ACS Sustain. Chem. Eng. 2014, 2, 1649-1655. [CrossRef]

Touhami, A. Biosensors and nanobiosensors: Design and applications. In Nanomedicine, 1st ed.; Seifalian, A., De Mel, A., Kalaskar,
D.M,, Eds.; One Central Press: Cheshire, UK, 2014; pp. 374-403.

Lazcka, O.; Campo, E]J.D.; Munoz, EX. Pathogen detection: A perspective of traditional methods and biosensors. Biosens.
Bioelectron. 2007, 22, 1205-1217. [CrossRef] [PubMed]

Chen, C.; Wang, J. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605-1628. [CrossRef]
[PubMed]

Demchenko, A.P. Fluorescence detection techniques. In Introduction to Fluorescence Sensing, 1st ed.; Springer: Dordrecht,
Netherlands, 2009; pp. 65-118.

Liu, G.; Feng, D.Q.; Qian, Y.; Wang, W.; Zhu, ].]. Construction of FRET biosensor for off-on detection of lead ions based on carbon
dots and gold nanorods. Talanta 2019, 201, 90-95. [CrossRef]

Dippel, A.B.; Anderson, W.A ; Evans, R.S.; Deutsch, S.; Hammond, M.C. Chemiluminescent biosensors for detection of second
messenger cyclic di-GMP. ACS Chem. Biol. 2018, 13, 1872-1879.

Luo, M.; Chen, X.; Zhou, G.; Xiang, X.; Chen, L.; Jia, X.; He, Z. Chemiluminescence biosensors for DNA detection using graphene
oxide and a horseradish peroxidase-mimicking DNAzyme. Chem. Commun. 2012, 48, 1126-1128. [CrossRef]

Solaimuthu, A.; Vijayan, A.N.; Murali, P.; Korrapati, P.S. Nano-biosensors and their relevance in tissue engineering. Curr. Opin.
Biomed. Eng. 2020, 13, 84-93. [CrossRef]

Damborsky, P; Svitel, J.; Katrlik, J. Optical biosensors. Essays Biochem. 2016, 60, 91-100.

Mansouri, M.; Fathi, F; Jalili, R.; Shoeibie, S.; Dastmalchi, S.; Khataee, A.; Rashidi, M.R. SPR enhanced DNA biosensor for
sensitive detection of donkey meat adulteration. Food Chem. 2020, 331, 127163. [CrossRef]

Zandieh, M.; Hosseini, S.N.; Vossoughi, M.; Khatami, M.; Abbasian, S.; Moshaii, A. Label-free and simple detection of endotoxins
using a sensitive LSPR biosensor based on silver nanocolumns. Anal. Biochem. 2018, 548, 96-101. [CrossRef]

Srivastava, K.R.; Awasthi, S.; Mishra, PK.; Srivastava, P.K. Biosensors/molecular tools for detection of waterborne pathogens. In
Waternorne Pathogens: Detection and Treatment, 1st ed.; Prasad, M.N.V., Grobelak, A., Eds.; Butterworth-Heinemann: Cambridge,
MA, USA, 2020; pp. 237-277.

Leung, A.; Shankar, PM.; Mutharasan, R. A review of fiber-optic biosensors. Sens. Actuators B Chem. 2007, 125, 688-703. [CrossRef]
Monk, D.J.; Walt, D.R. Optical fiber-based biosensors. Anal. Bioanal. Chem. 2004, 379, 931-945. [CrossRef] [PubMed]

Huang, J.; Liu, Y;; Zhang, P; Li, Y,; Ding, L. A temperature-triggered fiber optic biosensor based on hydrogel-magnetic immobilized
enzyme complex for sequential determination of cholesterol and glucose. Biochem. Eng. ]. 2017, 125, 123-128. [CrossRef]

Cali, K.; Tuccori, E.; Persaud, K.C. Gravimetric biosensors. Methods Enzymol. 2020, 642, 435-468. [PubMed]

Walton, PW.; O’Flahertym, M.R.; Butler, M.E.; Compton, P. Gravimetric biosensors based on acoustic waves in thin polymer films.
Biosens. Bioelectron. 1993, 8, 401-407. [CrossRef]

Skladal, P. Piezoelectric biosensors. TrAC Trends Anal. Chem. 2016, 79, 127-133. [CrossRef]

Su, L.; Zou, L.; Fong, C.C.; Wong, W.L.; Wei, E.; Wong, K.Y.; Wu, R.S.S.; Yang, M. Detection of cancer biomarkers by piezoelectric
biosensor using PZT ceramic resonator as the transducer. Biosens. Bioelectron. 2013, 46, 155-161. [CrossRef]

Lim, J.Y,; Lee, S.S. Sensitive detection of microRNA using QCM biosensors: Sandwich hybridization and signal amplification by
TiO, nanoparticles. Anal. Methods 2020, 12, 5103-5109. [CrossRef]

Grimes, C.A ; Roy, S.C.; Rani, S.; Cai, Q. Theory, instrumentation and applications of magnetoeleastic resonance sensors: A review.
Sensors 2011, 11, 2809-2844. [CrossRef] [PubMed]

Atalay, S.; Kolat, V.; Atalay, F.E.; Bayri, N.; Kaya, H.; Lzgi, T. Magnetoelastic sensor for magnetic nanoparticle detection. J. Magn.
Magn. Mater. 2018, 465, 151-155. [CrossRef]

Gopinath, S.C.B.; Lakshmipriya, T. An introduction to biosensors and biomolecules. In Nanobiosensors for Biomolecular Targeting,
1st ed.; Gopinath, S.C.B., Lakshmipriya, T., Eds.; Elsevier: Cambridge, MA, USA, 2019; pp. 1-17.


http://doi.org/10.3390/s80314000
http://doi.org/10.1016/S0956-5663(01)00313-X
http://doi.org/10.4172/2161-1009.1000e164
http://doi.org/10.1021/cr0304471
http://www.ncbi.nlm.nih.gov/pubmed/15250741
http://doi.org/10.1021/sc500106y
http://doi.org/10.1016/j.bios.2006.06.036
http://www.ncbi.nlm.nih.gov/pubmed/16934970
http://doi.org/10.1039/C9AN01998G
http://www.ncbi.nlm.nih.gov/pubmed/31970360
http://doi.org/10.1016/j.talanta.2019.03.101
http://doi.org/10.1039/C2CC16868E
http://doi.org/10.1016/j.cobme.2019.12.005
http://doi.org/10.1016/j.foodchem.2020.127163
http://doi.org/10.1016/j.ab.2018.02.023
http://doi.org/10.1016/j.snb.2007.03.010
http://doi.org/10.1007/s00216-004-2650-x
http://www.ncbi.nlm.nih.gov/pubmed/15221182
http://doi.org/10.1016/j.bej.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/32828264
http://doi.org/10.1016/0956-5663(93)80024-J
http://doi.org/10.1016/j.trac.2015.12.009
http://doi.org/10.1016/j.bios.2013.01.074
http://doi.org/10.1039/D0AY01481H
http://doi.org/10.3390/s110302809
http://www.ncbi.nlm.nih.gov/pubmed/22163768
http://doi.org/10.1016/j.jmmm.2018.05.108

Sensors 2021, 21, 1109 31 of 35

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.
119.

120.
121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

Yakovleva, M.; Bhand, S.; Danielsson, B. The enzyme thermistor—A realistic biosensor concept. A critical review. Anal. Chim.
Acta 2013, 766, 1-12. [CrossRef]

Ramanathan, K.; Danielsson, B. Principles and applications of thermal biosensors. Biosens. Bioelectron. 2001, 16, 417-423.
[CrossRef]

Xie, B.; Danielsson, B. Thermal biosensors and microbiosensor techniques. In Handbook of Biosensors and Biochips, 1st ed.; Marks,
R.S., Cullen, D.C., Karube, I., Lowe, C.R., Weetall, H.H., Eds.; John Wiley & Sons: New Jersey, NJ, USA, 2007; Volume 2, pp. 1-19.
Vasuki, S.; Varsha, V.; Mithra, R.; Dharshni, R.A.; Abinaya, S.; Dharshini, R.D.; Sivarajasekar, N. Thermal biosensors and their
applications. Am. Int. ]. Res. Sci. Tech. Eng. Math. 2019, 262-264.

Danielsson, B. Calorimetric biosensors. Biochem. Soc. Trans. 1991, 19, 26-28. [CrossRef] [PubMed]

Wang, L.; Sipe, D.M.; Xu, Y.; Lin, Q. A MEMS thermal biosensor for metabolic monitoring applications. J. Microelectromech. Syst.
2008, 17, 318-327. [CrossRef]

Presnova, G.; Presnov, D.; Krupenin, V.; Grigorenko, V.; Trifonov, A.; Andreeva, I.; Ignatenko, O.; Egorov, A.; Rubtsova,
M. Biosensor based on a silicon nanowire field-efect transistor functionalized by gold nanoparticles for the highly sensitive
determination of prostate specific antigen. Biosens. Bioelectron. 2017, 88, 283-289. [CrossRef] [PubMed]

Zhang, G.J.; Zhang, L.; Huang, M.].; Luo, ZH.H,; Tay, G.K.I,; Lim, E.J.A_; Kang, T.G.; Chen, Y. Silicon nanowire biosensor for
highly sensitive and rapid detection of dengue virus. Sens. Actuators B Chem. 2010, 146, 138-144. [CrossRef]

Makowski, M.S.; Ivanisevic, A. Molecular analysis of blood with micro-/nanoscale field-efect-transistor biosensors. Small 2011, 7,
1863-1875. [CrossRef] [PubMed]

Chalklen, T; Jing, Q.; Kar-Narayan, S. Biosensors Based on Mechanical and electrical detection techniques. Sensors 2020, 20, 5605.
[CrossRef]

Estrela, P; Stewart, A.G.; Yan, F.; Migliorato, P. Field efect detection of biomolecular interactions. Electrochim. Acta 2005, 50,
4995-5000. [CrossRef]

Zong, X.; Zhu, R. ZnO nanorod-based FET biosensor for continuous glucose monitoring. Sens. Actuator B Chem. 2018, 255,
2448-2453. [CrossRef]

Fogel, R.; Limson, J.; Seshis, A.A. Acoustic biosensors. Essays Biochem. 2016, 60, 101-110.

Lange, K.; Bastian, E.; Rapp, B.E.; Rapp, M. Surface acoustic wave biosensors: A review. Anal. Bioanal. Chem. 2008, 391, 1509-1519.
[CrossRef]

Griffiths, D.; Hall, G. Biosensors—What real progress is being made? Trends Biotechnol. 1993, 11, 122-130. [CrossRef]

Dolez, P. Nanomaterials definitions, classifications, and applications. In Nanoengineering, 1st ed.; Dolez, P., Ed.; Elsevier:
Cambridge, MA, USA, 2015; pp. 3—40.

Khan, F.A. Nanomaterials: Types, classifications, and sources. In Applications of Nanomaterials in Human Health, 1st ed.; Khan, F.,
Ed.; Springer: Singapore, 2020; pp. 1-13.

Karim, R.A.; Reda, Y.; Fattah, A.A. Review—Nanostructured materials-based nanosensors. J. Electrochem. Soc. 2020, 167, 037554.
[CrossRef]

Van den Berg, B.; Wain, R.; Dobson, C.M.; Ellis, R.J. Macromolecular crowding perturbs protein refolding kinetics: Implications
for protein folding inside the cell. EMBO ]. 2000, 19, 3870-3875. [CrossRef] [PubMed]

Maduraiveeran, G.; Sasidharan, M.; Ganesan, V. Electrochemical sensor and biosensor platforms based on advanced nanomaterials
for biological and biomedical applications. Biosens. Bioelectron. 2018, 103, 113-129. [CrossRef] [PubMed]

Li, Y,; Schluesener, H.J.; Xu, S. Gold nanoparticle-based biosensors. Gold Bull. 2010, 43, 29-41. [CrossRef]

Vidotti, M.; Carvalhal, R.F; Mendes, R K.; Ferreira, D.C.M.; Kubota, L.T. Biosensors based on gold nanostructures. |. Braz. Chem.
Soc. 2011, 22, 3-20. [CrossRef]

Shi, S.; Wu, H.; Zhang, L.; Wang, S.; Xiong, P.; Qin, Z.; Chu, M.; Liao, ]J. Gold nanoparticles based electrochemical sensor for
sensitive detection of uranyl in natural water. J. Electroanal. Chem. 2021, 880, 114884. [CrossRef]

Niu, X.F; Zhong, Y.; Chen, R.; Wang, F,; Liu, Y.; Luo, D. A “turn-on” fluorescence sensor for Pb%* detection based on graphene
quantum dots and gold nanoparticles. Sens. Actuators B Chem. 2018, 255, 1577-1581. [CrossRef]

Amiripour, EP.; Ghasemi, S.; Azizi, S.N. A novel non-enzymatic glucose sensor based on gold-nickel bimetallic nanoparticles
doped aluminosilicate framework prepared from agro-waste material. Appl. Surf. Sci. 2021, 537, 147827. [CrossRef]
El-Dessouky, R.; Georges, M.; Azzazy, H.M.E. Silver nanostructures: Properties, synthesis, and biosensor applications. In
Functional Nanoparticles for Bioanalysis, Nanomedicine, and Bioelectronic Devices; ACS Symposium series, 1112; Hepel, M., Zhong,
C.-]., Eds.; ACS: Washington, DC, USA, 2012; Volume 1, pp. 359—-404.

Loiseau, A.; Asila, V.; Aullen, G.B.; Lam, M.; Salmain, M.; Boujday, S. Silver-based plasmonic nanoparticicles for and their uses in
biosensing. Biosensors 2019, 9, 78. [CrossRef] [PubMed]

Malekzad, H.; Zangabad, P.S.; Mirshekari, H.; Karimi, M.; Hamblin, M.R. Noble metal nanoparticles in biosensors: Recent studies
and applications. Nanotech. Rev. 2017, 6, 301-329. [CrossRef]

Rivero, PJ.; Urrutia, A.; Goicoechea, J.; Arregui, FJ. Optical fiber humidity sensors based on localized surface plasmon resonance
(LSPR) and lossy-mode resonance (LMR) in overlays loaded with silver nanoparticles. Sens. Actuators B Chem. 2012, 173, 244-249.
[CrossRef]


http://doi.org/10.1016/j.aca.2012.12.004
http://doi.org/10.1016/S0956-5663(01)00124-5
http://doi.org/10.1042/bst0190026
http://www.ncbi.nlm.nih.gov/pubmed/2037162
http://doi.org/10.1109/JMEMS.2008.916357
http://doi.org/10.1016/j.bios.2016.08.054
http://www.ncbi.nlm.nih.gov/pubmed/27567265
http://doi.org/10.1016/j.snb.2010.02.021
http://doi.org/10.1002/smll.201100211
http://www.ncbi.nlm.nih.gov/pubmed/21638783
http://doi.org/10.3390/s20195605
http://doi.org/10.1016/j.electacta.2005.02.075
http://doi.org/10.1016/j.snb.2017.09.037
http://doi.org/10.1007/s00216-008-1911-5
http://doi.org/10.1016/0167-7799(93)90086-O
http://doi.org/10.1149/1945-7111/ab67aa
http://doi.org/10.1093/emboj/19.15.3870
http://www.ncbi.nlm.nih.gov/pubmed/10921869
http://doi.org/10.1016/j.bios.2017.12.031
http://www.ncbi.nlm.nih.gov/pubmed/29289816
http://doi.org/10.1007/BF03214964
http://doi.org/10.1590/S0103-50532011000100002
http://doi.org/10.1016/j.jelechem.2020.114884
http://doi.org/10.1016/j.snb.2017.08.167
http://doi.org/10.1016/j.apsusc.2020.147827
http://doi.org/10.3390/bios9020078
http://www.ncbi.nlm.nih.gov/pubmed/31185689
http://doi.org/10.1515/ntrev-2016-0014
http://doi.org/10.1016/j.snb.2012.07.010

Sensors 2021, 21, 1109 32 of 35

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Basiri, S.; Mehdinia, A.; Jabbari, A. A sensitive triple colorimetric sensor based on plasmonic response quenching of green
synthesized silver nanoparticles for determination of Fe?*, hydrogen peroxide, and glucose. Colloids Surf. A Physicochem. Eng.
Asp. 2018, 545, 138-146. [CrossRef]

Chen, PL.; Liu, I.P,; Chen, W.C.; Niu, ].S.; Liu, W.C. Study of a platinum nanoparticle (Pt NP)/amorphous In-Ga-Zn-O (A-IGZO)
thin-film-based ammonia gas sensor. Sens. Actuators B Chem. 2020, 322, 128592. [CrossRef]

Imaran, H.; Vaishali, K.; Francy, S.A.; Manikandan, P.N.; Dharuman, V. Platinum and zinc oxide modified carbon nitride
electrode as non-enzymatic highly selective and reusable electrochemical diabetic sensor in human blood. Bioelectrochemistry
2021, 137, 107645. [CrossRef]

Phan, T.T.V.; Huynh, T.C.; Manivasagan, P; Mondal, S.; Oh, J. An up-to-date review on biomedical applications of palladium
nanoparticles. Nanomater 2020, 10, 66. [CrossRef]

Zhang, Y.; Huang, B.; Ye, ].; Ye, ]. A sensitive and selective amperometric hydrazine sensor based on palladium nanoparticles
loaded on cobalt-wrapped nitrogen-doped carbon nanotubes. |. Eelctroanal. Chem. 2017, 801, 215-223. [CrossRef]

Mohammadi, M.M.; Kumar, A.; Liu, J.; Liu, Y,; Thundat, T.; Swihart, M.T. Hydrogen sensing at room temperature using
flame-synthesized palladium-decorated crumpled reduced graphene oxide nanocomposites. ACS Sens. 2020, 5, 2344-2350.
[CrossRef]

Afzali, M.; Mostafavi, A.; Nekooie, R.; Jahromi, Z. A novel voltammetric sensor based on palladium nanoparticles/carbon
nanofibers/ionic liquid modified carbon paste electrode for sensitive determination of anti-cancer drug pemetrexed. J. Mol. Lig.
2019, 282, 456-465. [CrossRef]

Li, J.H.; Tang, ].X.; Wei, L.; He, S.J.; Ma, L.Q.; Shen, W.C.; Kang, EY.; Huang, Z.H. Preparation and performance of electrochemical
glucose sensors based on copper nanoparticles loaded on flexible graphite sheet. New Carbon Mater. 2020, 35, 410-419. [CrossRef]
Roushani, M.; Dizajdizi, B.Z. Development of nonenzymatic hydrogen peroxide sensor based on catalytic properties of copper
nanoparticles/Rutin/MWCNTs/IL/Chit. Catal. Commun. 2015, 69, 133-137. [CrossRef]

Zhu, T.; Wang, X.; Chang, W.; Zhang, Y.; Maruyama, T.; Luo, L.; Zhao, X. Green fabrication of Cu/rGO decorated SWCNT
buckypaper as a flexible electrode for glucose detection. Mater. Sci. Eng. C 2021, 120, 111757. [CrossRef]

Shi, X.; Gu, W,; Li, B.; Chen, N.; Zhao, K.; Xian, Y. Enzymatic biosensors based on the use of metal oxide nanoparticles. Microchim.
Acta 2014, 181, 1-22. [CrossRef]

Hashem, M.; Saion, E.; Al-Hada, N.M.; Kamari, H.M.; Shaari, A.H.; Talib, Z.A.; Paiman, S.B.; Kamarudeen, M.A. Fabrication and
characterization of semiconductor nickel oxide (NiO) nanoparticles manufactured using a facile thermal treatment. Results Phys.
2016, 6, 1024-1030. [CrossRef]

Wang, B.; Luo, Y.; Gao, L,; Liu, B.; Duan, G. High-performance field-effect transistor glucose biosensors based on bimetallic
Ni/Cu metal-organic frameworks. Biosens. Bioelectron. 2021, 171, 112736. [CrossRef]

Kamyabi, M.A.; Moharramnezhad, M. A highly sensitive ECL platform based on GOD and NiO nanoparticle decorated nickel
foam for determination of glucose in serum samples. Anal. Methods 2020, 12, 1670-1678. [CrossRef]

Bhargava, R.; Khan, S.; Ahmad, N.; Ansari, M.M.N. Investigation of structural, optical and electrical properties of Co3zO4
nanoparticles. AIP Conf. Proc. 2018, 1953, 030034.

Hu, F; Liu, T.; Pang, J.; Chu, Z,; Jin, W. Facile preparation of porous Co3O, nanocubes for directly screen-printing an ultrasensitive
glutamate biosensor microchip. Sens. Actuators B Chem. 2020, 306, 127587. [CrossRef]

Ali, A,; Israr-Qadir, M.; Wazir, Z.; Tufail, M.; Ibupoto, Z.H.; Jamil-Rana, S.; Atif, M.; Khan, S.A.; Willande, M. Cobalt oxide magnetic
nanoparticles—chitosan nanocomposite based electrochemical urea biosensor. Indian . Phys. 2014, 89, 331-336. [CrossRef]

Zhao, J.; Fu, C.; Huang, C.; Zhang, S.; Wang, F; Zhang, Y.; Zhang, L.; Ge, S.; Yu, J. Co304-Au polyhedron mimic peroxidase- and
cascade enzyme-assisted cycling process-based photoelectrochemical biosensor for monitoring of miRNA-141. Chem. Eng. J. 2021,
406, 126892. [CrossRef]

Santos, T.A.P.R. Sensors and biosensors based on magnetic nanoparticles. TrAC Trends Anal. Chem. 2014, 62, 28-36. [CrossRef]
Haun, ].B.; Yoon, T.J.; Lee, H.; Weissleder, R. Magnetic nanoparticle biosensors. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2010, 2, 291-304. [CrossRef]

Devakota, J.; Wingo, J.; Mai, T.T.T.; Nguyen, X.P.; Huong, N.T.; Mukherjee, P; Srikanth, H.; Phan, M.H. A highly sensitive
magnetic biosensor for detection and quantification of anticancer drugs tagged to superparamagnetic nanoparticles. J. Appl. Phys.
2014, 115, 503. [CrossRef]

Li, T, Jin, L.; Feng, K.; Yang, T,; Yue, X.; Wu, B.; Ding, S.; Liang, X.; Huang, G.; Zhang, ]. A novel low-field NMR biosensor based
on dendritic superparamagnetic iron oxide nanoparticles for the rapid detection of Salmonella in milk. LWT 2020, 133, 110149.
[CrossRef]

Vukojevic, V.; Djurdjic, S.; Ognjanovic, M.; Fabian, M.; Samphao, A.; Kalcher, K.; Stankovic, D.M. Enzymatic glucose biosensor
based on manganese dioxide nanoparticles decorated on graphene nanoribbons. |. Electroanal. Chem. 2018, 823, 610-616.
[CrossRef]

Xu, C.X,; Yang, C.; Gu, B.X.; Fang, S.J. Nanostructured ZnO for biosensing applications. Chin. Sci. Bull. 2013, 58, 2563-2566.
[CrossRef]

Bhati, V.S.; Hojamberdiev, M.; Kumar, M. Enhanced sensing performance of ZnO nanostructures-based gas sensors: A review.
Energy Rep. 2020, 6, 46-62. [CrossRef]


http://doi.org/10.1016/j.colsurfa.2018.02.053
http://doi.org/10.1016/j.snb.2020.128592
http://doi.org/10.1016/j.bioelechem.2020.107645
http://doi.org/10.3390/nano10010066
http://doi.org/10.1016/j.jelechem.2017.07.036
http://doi.org/10.1021/acssensors.0c01040
http://doi.org/10.1016/j.molliq.2019.03.041
http://doi.org/10.1016/S1872-5805(20)60498-X
http://doi.org/10.1016/j.catcom.2015.06.004
http://doi.org/10.1016/j.msec.2020.111757
http://doi.org/10.1007/s00604-013-1069-5
http://doi.org/10.1016/j.rinp.2016.11.031
http://doi.org/10.1016/j.bios.2020.112736
http://doi.org/10.1039/C9AY02674F
http://doi.org/10.1016/j.snb.2019.127587
http://doi.org/10.1007/s12648-014-0594-3
http://doi.org/10.1016/j.cej.2020.126892
http://doi.org/10.1016/j.trac.2014.06.016
http://doi.org/10.1002/wnan.84
http://doi.org/10.1063/1.4862395
http://doi.org/10.1016/j.lwt.2020.110149
http://doi.org/10.1016/j.jelechem.2018.07.013
http://doi.org/10.1007/s11434-013-5714-5
http://doi.org/10.1016/j.egyr.2019.08.070

Sensors 2021, 21, 1109 33 of 35

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.
174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Hjiri, M.; Bahanan, F.; Aida, M.S.; El Mir, L.; Neri, G. High performance CO gas sensor based on ZnO nanoparticles. J. Inorg.
Organomet. Polym. 2020, 30, 4063-4071. [CrossRef]

Borhaninia, A.; Nikfarjam, A.; Salehifar, N. Gas sensing properties of SnO, nanoparticles mixed with gold nanoparticles. Trans.
Nonferrous Met. Soc. 2017, 27, 1777-1784. [CrossRef]

Kolmakov, V.; Zhang, Y.; Cheng, G.; Moskovits, M. Detection of CO and O, using tin oxide nanowire sensors. Adv. Mater. 2003,
15, 997-1000. [CrossRef]

Viter, R.; Tereshchenko, A.; Smyntyna, V.; Ogorodniichuk, J.; Starodub, N.; Yakimova, R.; Khranovskyy, V.; Ramanavicius, A.
Toward development of optical biosensors based on photoluminescence of TiO, nanoparticles for the detection of Salmonella.
Sens. Actuators B Chem. 2017, 252, 95-102. [CrossRef]

Rashmi, B.N.; Harlapur, S.F; Ravikumar, C.R.; Avinash, B.; Gurushantha, K.; Divakara, M.B.; Santosh, M.S.; Veena, K. MoOj3
nanoparticles based electrodes as novel electrochemical sensors for the detection of HyO,. Mater. Today Proc. 2020. [CrossRef]
Pandit, S.; Dassgupta, D.; Dewan, N.; Ahmed, P. Nanotechnology-based biosensors and its application. Pharm. Innov. J. 2016, 5,
18-25.

Vashist, S.K.; Venkatesh, A.G.; Mitsakakis, K.; Czilwik, G.; Roth, G.; Von Stetten, F.; Zengerle, R. Nanotechnology-based biosensors
and diagnostics: Technology push versus industrial /healthcare requirements. Bionanoscience 2012, 2, 115-126. [CrossRef]

Ma, E; Li, C.C.; Zhang, C.Y. Development of quantum dot-based biosensors: Principles and applications. J. Mater. Chem. B 2018,
6, 6173-6190. [CrossRef]

Wang, Y.; Zhao, S.; Li, M.; Li, W.; Zhao, Y.; Qi, J.; Cui, X. Graphene quantum dots decorated graphene as an enhanced sensing
platform for sensitive and selective detection of copper(Il). J. Electroanal. Chem. 2017, 797, 113-120. [CrossRef]

Kalkal, A.; Pradhan, R.; Kadian, S.; Manik, G.; Packirisamy, G. Biofunctionalized graphene quantum dots based fluorescent
biosensor toward efficient detection of small cell lung cancer. ACS Appl. Bio Mater. 2020, 3, 4922-4932. [CrossRef]

Huang, S.; Zhu, F; Xiao, Q.; Su, W.; Sheng, J.; Huang, C.; Hu, B. A CdTe/CdS/ZnS core/shell/shell QDs-based “off-on”
fluorescent biosensor for sensitive and specific determination of l-ascorbic acid. RSC Adv. 2014, 4, 46751-46761. [CrossRef]

Cui, F; Ji, J.; Sun, J.; Wang, J.; Wang, H.; Zhang, Y.; Ding, H.; Lu, Y.; Xu, D.; Sun, X. A novel magnetic fluorescent biosensor based
on graphene quantum dots for rapid, efficient, and sensitive separation and detection of circulating tumor cells. Anal. Bioanal.
Chem. 2019, 411, 985-995. [CrossRef] [PubMed]

Ramanathan, K.; Bangar, M.A.; Yun, M.; Chen, W.; Myung, N.V.; Mulchandani, A. Bioaffinity sensing using biologically
functionalized conducting polymer nanowire. J. Am. Chem. Soc. 2005, 127, 496-497. [CrossRef] [PubMed]

Patolsky, E.; Zheng, G.; Lieber, C.M. Nanowire-based biosensors. Anal. Chem. 2006, 78, 4260-4269. [CrossRef]

Kim, H.M.; Park, ].H.; Lee, S.K. Fiber optic sensor based on ZnO nanowires decorated by Au nanoparticles for improved
plasmonic biosensor. Sci. Rep. 2019, 9, 15605. [CrossRef] [PubMed]

Leonardi, A.A.; Faro, M.].L.; Petralia, S.; Fazio, B.; Musumeci, P.; Conoci, S.; Irreara, A.; Priolo, E. Ultrasensitive label- and
PCR-free genome detection based on cooperative hybridization of silicon nanowires optical biosensors. ACS Sens. 2018, 3,
1690-1697. [CrossRef]

Nuzaihan, M.N.M.; Hashim, U.; Md Arsad, M.K,; Kasjoo, S.R.; Rahaman, S.F.A_; Rusilnda, A.R.; Fathil, M.EM.; Adzhri, R.;
Shahimin, M.M. Electrical detection of dengue virus (DENV) DNA oligomer using silicon nanowire biosensor with novel
molecular gate control. Bisens. Bioelectron. 2016, 83, 106-114. [CrossRef]

Cao, J.; Sun, T.; Grattan, K.T.V. Gold nanorod-based localized surface plasmon resonance biosensors: A review. Sens. Actuators B
Chem. 2014, 195, 332-351. [CrossRef]

Ibupoto, Z.H.; Ali, SM.U.; Khun, L.; Chey, C.O.; Nur, O.; Willander, M. ZnO nanorods based enzymatic biosensor for selective
determination of penicillin. Biosensors 2011, 1, 153-163. [CrossRef] [PubMed]

Zhang, H.; Song, D.; Gao, S.; Zhang, H.; Zhang, J.; Sun, Y. Enhanced wavelength modulation SPR biosensor based on gold
nanorods for immunoglobulin detection. Talanta 2013, 115, 857-862. [CrossRef]

Ahmad, R.; Ahn, M.S.; Hahn, Y.B. ZnO nanorods array based field-effect transistor biosensor for phosphate detection. J. Colloid
Interface Sci. 2017, 498, 292-297. [CrossRef] [PubMed]

Singh, R.P. Prospects of nanobiomaterials for biosensing. Int. J. Electrochem. 2011, 2011, 125487. [CrossRef]

Simon, J.; Flahaut, E.; Golzio, M. Overview of carbon nanotubes for biomedical applications. Materials 2019, 12, 624. [CrossRef]
Sireesha, M.; Babu, J.V,; Kiran, A.S K.; Ramakrishna, S. A review on carbon nanotubes in biosensor devices and their applications
in medicine. Nanocomposites 2018, 4, 36-57. [CrossRef]

Luo, X.; Shi, W.; Yu, H.; Xie, Z; Li, K,; Cui, Y. Wearable carbon nanotube-based biosensors on gloves for lactate. Sensors 2018, 18,
3398. [CrossRef]

Janssen, J.; Lambeta, M.; White, P.; Byagowi, A. Carbon nanotube-based electrochemical biosensor for label-free protein detection.
Biosensors 2019, 9, 144. [CrossRef]

Xiaowu Tang, X.; Bansaruntip, S.; Nakayama, N.; Yenilmez, E.; Chang, Y.L.; Wang, Q. Carbon nanotube DNA sensor and sensing
mechanism. Nano Lett. 2006, 6, 1632-1636. [CrossRef]

Kim, B.; Lee, J.; Namgung, S.; Kim, J.; Park, ].Y.; Lee, M.S.; Hong, S. DNA sensors based on CNT-FET with floating electrodes.
Sens. Actuators B Chem. 2012, 169, 182-187. [CrossRef]


http://doi.org/10.1007/s10904-020-01553-2
http://doi.org/10.1016/S1003-6326(17)60200-0
http://doi.org/10.1002/adma.200304889
http://doi.org/10.1016/j.snb.2017.05.139
http://doi.org/10.1016/j.matpr.2020.09.161
http://doi.org/10.1007/s12668-012-0047-4
http://doi.org/10.1039/C8TB01869C
http://doi.org/10.1016/j.jelechem.2017.05.031
http://doi.org/10.1021/acsabm.0c00427
http://doi.org/10.1039/C4RA08169B
http://doi.org/10.1007/s00216-018-1501-0
http://www.ncbi.nlm.nih.gov/pubmed/30612176
http://doi.org/10.1021/ja044486l
http://www.ncbi.nlm.nih.gov/pubmed/15643853
http://doi.org/10.1021/ac069419j
http://doi.org/10.1038/s41598-019-52056-1
http://www.ncbi.nlm.nih.gov/pubmed/31666617
http://doi.org/10.1021/acssensors.8b00422
http://doi.org/10.1016/j.bios.2016.04.033
http://doi.org/10.1016/j.snb.2014.01.056
http://doi.org/10.3390/bios1040153
http://www.ncbi.nlm.nih.gov/pubmed/25585565
http://doi.org/10.1016/j.talanta.2013.06.059
http://doi.org/10.1016/j.jcis.2017.03.069
http://www.ncbi.nlm.nih.gov/pubmed/28342312
http://doi.org/10.4061/2011/125487
http://doi.org/10.3390/ma12040624
http://doi.org/10.1080/20550324.2018.1478765
http://doi.org/10.3390/s18103398
http://doi.org/10.3390/bios9040144
http://doi.org/10.1021/nl060613v
http://doi.org/10.1016/j.snb.2012.04.063

Sensors 2021, 21, 1109 34 of 35

188.

189.

190.

191.

192.

193.
194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Lee, B.Y,; Seo, SM.; Lee, D.J.; Lee, M,; Lee, J.; Cheon, ].H.; Cho, E.; Lee, H.; Chung, LY.; Park, YJ.; et al. Biosensor system-on-a-chip
including CMOS-based signal processing circuits and 64 carbon nanotube-based sensors for the detection of a neurotransmitter.
Lab Chip 2010, 10, 894-898. [CrossRef]

Abbeasi, E.; Aval, S.F.; Akbarzadeh, A.; Milani, M.; Nasrabadi, H.T.; Joo, S.W.; Hanifehpour, Y.; Koshki, K.N.; Asl, R.P. Dendrimers:
Synthesis, applications, and properties. Nanoscale Res. Lett. 2014, 9, 247. [CrossRef] [PubMed]

Zheng, Y.; Li, S.; Weng, Z.; Gao, C. Hyperbranched polymers: Advances for synthesis to applications. Chem. Soc. Rev. 2015, 44,
4091-4130. [CrossRef] [PubMed]

Yanez, C.S.; Rodriguez, C.C. Dendrimers: Amazing platform for bioactive molecule delivery system. Materials 2020, 13, 570.
[CrossRef] [PubMed]

Satija, J.; Sai, V.V.R.; Muherji, S. Dendrimers in biosensors: Concept and applications. J. Mater. Chem. 2011, 21, 14367-14386.
[CrossRef]

Caminade, A.M,; Turrin, C.O. Dendrimers for drug delivery. J. Mater. Chem. B 2014, 2, 4055-4066. [CrossRef]

Kamil, YM.; Al-Rekabi, S.H.; Yaacob, M.H.; Syahir, A.; Chee, H.Y.; Mahid, M.A.; Bakar, M.H.A. Detection of dengue using
PAMAM dendrimer integrated tapered optical fiber sensor. Sci. Rep. 2019, 9, 13483. [CrossRef]

Omar, N.A.S.; Fen, YW.; Abdullah, J.; Kamil, Y.M.; Ebtisyam, W.M.; Daniyal, M.M.; Sadrohosseini, A.R.; Mahdi, M.A. Sensi-
tive detection of dengue virus type 2 E-proteins signals using self-assembled monolayers/reduced graphene oxide-PAMAM
dendrimer thin film-SPR optical sensor. Sci. Rep. 2020, 10, 2374. [CrossRef]

Khalig, N.; Rasheed, M.A.; Khan, M.; Magbool, M.; Ahmad, M.; Karim, S.; Nisar, A.; Schmuki, P.; Cho, S.O.; Ali, G. Voltage-
Switchable Biosensor with Gold Nanoparticles on TiO, Nanotubes Decorated with CdS Quantum Dots for the Detection of
Cholesterol and HyO,. ACS Appl. Mater. Interfaces 2021, 13, 3653-3668. [CrossRef]

Vu, QK,; Tran, Q.H.; Vu, N.P; Anh, Y.-L.; Dang, T.T.L.; Tonezzer, M.; Ngyyen, T.H.H. A label-free electrochemical biosensor based
on screen-printed electrodes modified with gold nanoparticles for quick detection of bacterial pathogens. Mater. Today Commun.
2020, 101726. [CrossRef]

Jandas, PJ.; Luo, J.; Prabakaran, K.; Chen, F,; Fu, Y.Q. Highly stable, love-mode surface acoustic wave biosensor using Au
nanoparticle-MoS,-rGO nano-cluster doped polyimide nanocomposite for the selective detection of carcinoembryonic antigen.
Mater. Chem. Phys. 2020, 246, 122800. [CrossRef]

Kasturi, S.; Eom, Y.; Torati, S.R.; Kim, C.G. Highly sensitive electrochemical biosensor based on naturally reduced rGO/Au
nanocomposite for the detection of miRNA-122 biomarker. J. Ind. Eng. Chem. 2021, 93, 186-195. [CrossRef]

Liu, X,; Zhang, J.; Liu, S.; Zhang, Q.; Liu, X.; Wong, D.K.Y. Gold Nanoparticle Encapsulated-Tubular TiO, Nanocluster as a
Scaffold for Development of Thiolated Enzyme Biosensors. Anal. Chem. 2013, 85, 4350-4356. [CrossRef]

Wang, H.; Zhang, Y.; Du, B.; Ma, H.; Wu, D.; Wei, Q. A silver-palladium alloy nanoparticle-based electrochemical biosensor for
simultaneous detection of ractopamine, clenbuterol and salbutamol. Biosens. Bioelectron. 2013, 49, 14-19. [CrossRef]

Han, G; Cai, J,; Liu, C.; Ren, J.; Wang, X.; Yang, J.; Wang, X. Highly sensitive electrochemical sensor based on xylan-based
Ag@CQDs-rGO nanocomposite for dopamine detection. Appl. Surf. Sci. 2021, 541, 148566. [CrossRef]

Chen, L.; Xie, H.; Li, J. Electrochemical glucose biosensor based on silver nanoparticles/multiwalled carbon nanotubes modified
electrode. |. Solid State Electrochem. 2012, 16, 3323-3329. [CrossRef]

Wei, U.-P.,; Zhang, Y.-W.; Mao, C.-]. A silver nanoparticle-assisted signal amplification electrochemiluminescence biosensor for
highly sensitive detection of mucin 1. J. Mater. Chem. B 2020, 8, 2471-2475. [CrossRef] [PubMed]

Brondani, D.; Scheeren, C.W.; Dupont, J.; Vieira, I.C. Biosensor based on platinum nanoparticles dispersed in ionic liquid and
laccase for determination of adrenaline. Sens. Actuators B 2009, 140, 252-259. [CrossRef]

Bai, Z.; Li, G,; Liang, J.; Su, ].; Zhang, Y.; Chen, H.; Huang, Y.; Sui, W.; Zhao, Y. Non-enzymatic electrochemical biosensor based on
Pt NPs/RGO-CS-Fc nano-hybrids for the detection of hydrogen peroxide in living cells. Biosens. Bioelectron. 2016, 82, 185-194.
[CrossRef] [PubMed]

Yang, Q.; Li, N.; Li, Q.; Chen, S.; Wang, H.-L.; Yang, H. Amperometric sarcosine biosensor based on hollow magnetic Pt-Fe30,@C
nanospheres. Anal. Chim. Acta 2019, 1078, 161-167. [CrossRef] [PubMed]

Jia, W,; Su, L.; Lei, Y. Pt nanoflower /polyaniline composite nanofibers based urea biosensor. Biosens. Bioelectron. 2011, 30, 158-164.
[CrossRef] [PubMed]

Fu, C.; Sun, Y.; Huang, C.; Wang, F; Li, N.; Zhang, L.; Ge, S.; Yu, J. Ultrasensitive sandwich-like electrochemical biosensor based
on core-shell Pt@CeO, as signal tags and double molecular recognition for cerebral dopamine detection. Tlanta 2019, 223, 121719.
[CrossRef] [PubMed]

Li, E; Li, Y,; Feng, J.; Dong, Y.; Wang, P.; Chen, L.; Chen, Z.; Liu, H.; Wei, Q. Ultrasensitive amperometric immunosensor for PSA
detection based on Cu, O@CeO,-Au nanocomposites as integrated triple signal amplification strategy. Bisensor. Bioelectron. 2017,
87, 630-637. [CrossRef] [PubMed]

Kailasa, S.; Rani, B.G.; Reddy, M.S.B.; Jayarambabu, N.; Munindra, P.; Sharma, S.; Rao, K.V. NiO nanoparticles -decorated
conductive polyaniline nanosheets for amperometric glucose biosensor. Mater. Chem. Phys. 2020, 242, 122524. [CrossRef]
Maduraiveeran, G.; Chen, A. Design of an enzyme-mimicking NiO@Au nanocomposite for the sensitive electrochemical detection
of lactic acid in human serum and urine. Electrochim. Acta 2021, 368, 137612. [CrossRef]

Li, Y;; Tang, L.; Deng, D.; He, H.; Yan, X.; Wang, J.; Luo, L. Hetero-structured MnO-Mn30,4@rGO composites: Synthesis and
nonenzymatic detection of HyO,. Mater. Sci. Eng. C 2021, 118, 111443. [CrossRef]


http://doi.org/10.1039/b916975j
http://doi.org/10.1186/1556-276X-9-247
http://www.ncbi.nlm.nih.gov/pubmed/24994950
http://doi.org/10.1039/C4CS00528G
http://www.ncbi.nlm.nih.gov/pubmed/25902871
http://doi.org/10.3390/ma13030570
http://www.ncbi.nlm.nih.gov/pubmed/31991703
http://doi.org/10.1039/c1jm10527b
http://doi.org/10.1039/C4TB00171K
http://doi.org/10.1038/s41598-019-49891-7
http://doi.org/10.1038/s41598-020-59388-3
http://doi.org/10.1021/acsami.0c19979
http://doi.org/10.1016/j.mtcomm.2020.101726
http://doi.org/10.1016/j.matchemphys.2020.122800
http://doi.org/10.1016/j.jiec.2020.09.022
http://doi.org/10.1021/ac303420a
http://doi.org/10.1016/j.bios.2013.04.041
http://doi.org/10.1016/j.apsusc.2020.148566
http://doi.org/10.1007/s10008-012-1773-9
http://doi.org/10.1039/C9TB02773D
http://www.ncbi.nlm.nih.gov/pubmed/32108205
http://doi.org/10.1016/j.snb.2009.04.037
http://doi.org/10.1016/j.bios.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27085950
http://doi.org/10.1016/j.aca.2019.06.031
http://www.ncbi.nlm.nih.gov/pubmed/31358215
http://doi.org/10.1016/j.bios.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21986562
http://doi.org/10.1016/j.talanta.2020.121719
http://www.ncbi.nlm.nih.gov/pubmed/33303165
http://doi.org/10.1016/j.bios.2016.09.018
http://www.ncbi.nlm.nih.gov/pubmed/27619526
http://doi.org/10.1016/j.matchemphys.2019.122524
http://doi.org/10.1016/j.electacta.2020.137612
http://doi.org/10.1016/j.msec.2020.111443

Sensors 2021, 21, 1109 35 of 35

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Xue, L.; Guo, R.; Huang, F; Qi, W,; Liu, Y,; Cai, G.; Lin, ]. An impedance biosensor based on magnetic nanobead net and MnO,
nanoflowers for rapid and sensitive detection of foodborne bacteria. Biosens. Bioelectron. 2021, 173, 112800. [CrossRef]

Alam, M.M.; Rahman, M.M.; Uddin, M.T.; Asiri, A.M.; Uddin, J.; Islam, M. A. Fabrication of enzyme-less folic acid sensor probe
based on facile ternary doped Fe,O3/NiO/Mn,O3 nanoparticles. Curr. Res. Biotechnol. 2020, 2, 176-186. [CrossRef]

Verma, S.; Arya, P.; Singh, A.; Kaswan, J.; Shukla, A.; Kushwaha, H.R.; Gupta, S.; Singh, S.P. ZnO-rGO nanocomposite based
bioelectrode for sensitive and ultrafast detection of dopamine in human serum. Biosens. Bioelectron. 2020, 165, 112347. [CrossRef]
Akthar, N.; Metkar, S.K.; Girigoswami, A.; Girigoswami, K. ZnO nanoflower based sensitive nano-biosensor for amyloid detection.
Mater. Sci. Eng. C 2017, 78, 960-968.

Dhahri, R.; Leonardi, S.G.; Hjiri, M.; El Mir, L.; Bonavita, E.; Donato, N.; lannazzo, D.; Neri, G. Enhanced performance of novel
calcium/aluminum co-doped zinc oxide for CO, sensors. Sens. Actuators B Chem. 2017, 239, 36—44. [CrossRef]

Lavanya, N.; Radhakrishna, S.; Sekar, C.; Navaneethan, M.; Hayakawa, Y. Fabrication of Cr doped SnO, nanoparticles based
biosensor for the selective determination of riboflavin in pharmaceuticals. Analyst 2013, 138, 2061-2067. [CrossRef]
Ognjanovic, M.; Stankovic, V.; Knezevic, S.; Antic, B.; Djuric, S.V.; Stankovic, D.M. TiO, /APTES cross-linked to carboxylic
graphene based impedimetric glucose biosensor. Microchem. J. 2020, 158, 105150. [CrossRef]

Tian, J.; Li, Y,; Dong, J.; Huang, M.; Lu, J. Photoelectrochemical TiO; nanotube arrays biosensor for asulam determination based
on in-situ generation of quantum dots. Biosens. Bioelectron. 2018, 110, 1-7. [CrossRef] [PubMed]

Augustinbe, S.; Kumar, P.; Malhotra, B.D. Amine-functionalized MoO3@RGO nanohybrids-based biosensor for breast cancer
detection. ACS Appl. Bio Mater. 2019, 2, 5366-5378. [CrossRef]

Liu, Y;; Chen, X.; Ma, Q. A novel amplified electrochemiluminescence biosensor based on Au NPs@PDA@CulnZnS QDs
nanocomposites for ultrasensitive detection of p53 gene. Biosens. Bioselectron. 2018, 117, 240-245. [CrossRef] [PubMed]

Lin, TW.; Hsieh, PJ.; Lin, C.L.; Fang, Y.Y.; Yang, ].X,; Tsai, C.C.; Chiang, PL.; Pan, C.Y.; Chen, Y.T. Label-free detection of
protein-protein interactions using a calmodulin-modified nanowire transistor. Proc. Natl. Acad. Sci. USA 2010, 107, 1047-1052.
[CrossRef]

Huang, H.; Bai, W.,; Dong, C.; Guo, R.; Liu, Z. An ultrasensitive electrochemical DNA biosensor based on graphene/Au
nanorod/polythionine for human papillomavirus DNA detection. Biosens. Bioelectron. 2015, 68, 442—446. [CrossRef] [PubMed]
Li, L.; Lu, H.; Deng, L. A sensitive NADH and ethanol biosensor based on graphene-Au nanorods nanocomposites. Talanta 2013,
113, 1-6. [CrossRef] [PubMed]

Zhao, K,; Veksha, A.; Ge, L.; Lisak, G. Near real-time analysis of para-cresol in wastewater with a laccase-carbon nanotube-based
biosensor. Chemosphere 2020, 128699. [CrossRef] [PubMed]

Cakiroglu, B.; Ozacar, M. A self-powered photoelectrochemical glucose biosensor based on supercapacitor CozO4-CNT hybrid on
TiO,. Biosens. Bioelectron. 2018, 119, 34—41. [CrossRef]

Li, W;; Gao, Y.; Zhang, J.; Wang, X.; Yin, F; Li, Z.; Zhang, M. Universal DNA detection realized by peptide based carbon nanotube
biosensors. Nanoscale Adv. 2020, 2, 717-723. [CrossRef]

Huang, Q.; Lin, X,; Tong, L.; Tong, Q.X. Graphene Quantum Dots/Multiwalled Carbon Nanotubes Composite-Based Electro-
chemical Sensor for Detecting Dopamine Release from Living Cells. ACS Sustain. Chem. Eng. 2020, 8, 1644-1650. [CrossRef]
Wu, B,; Ou, Z; Ju, X.,; Hou, S. Carbon Nanotubes/Gold Nanoparticles Composite Film for the Construction of a Novel
Amperometric Choline Biosensor. J. Nanomater. 2011, 2011, 1464919. [CrossRef]


http://doi.org/10.1016/j.bios.2020.112800
http://doi.org/10.1016/j.crbiot.2020.11.003
http://doi.org/10.1016/j.bios.2020.112347
http://doi.org/10.1016/j.snb.2016.07.155
http://doi.org/10.1039/c3an36754a
http://doi.org/10.1016/j.microc.2020.105150
http://doi.org/10.1016/j.bios.2018.03.038
http://www.ncbi.nlm.nih.gov/pubmed/29573621
http://doi.org/10.1021/acsabm.9b00659
http://doi.org/10.1016/j.bios.2018.06.023
http://www.ncbi.nlm.nih.gov/pubmed/29909194
http://doi.org/10.1073/pnas.0910243107
http://doi.org/10.1016/j.bios.2015.01.039
http://www.ncbi.nlm.nih.gov/pubmed/25618376
http://doi.org/10.1016/j.talanta.2013.03.074
http://www.ncbi.nlm.nih.gov/pubmed/23708615
http://doi.org/10.1016/j.chemosphere.2020.128699
http://www.ncbi.nlm.nih.gov/pubmed/33121813
http://doi.org/10.1016/j.bios.2018.07.049
http://doi.org/10.1039/C9NA00625G
http://doi.org/10.1021/acssuschemeng.9b06623
http://doi.org/10.1155/2011/464919

	Introduction 
	Sensors 
	Classification of Sensors 

	Biosensor 
	Design and Principle 
	Evolution of Biosensors 
	Characteristics of Biosensors 
	Classification of Biosensors 
	Classification of Biosensors Based on Bioreceptors 
	Enzyme-Based Biosensors 
	Antibody-Based Biosensors 
	Aptamer-Based Biosensors 
	Whole-Cell-Based Biosensors 
	Nanoparticle-Based Biosensors 

	Immobilization Techniques in Biosensors 
	Physical or Reversible Immobilization 
	Chemical or Irreversible Immobilization 

	Classification Based on Transducers 
	Electrochemical Biosensors 
	Optical Biosensors 
	Gravimetric Biosensors 
	Thermal Biosensors 
	Electronic Biosensors 
	Acoustic Biosensors 


	Advancement of Nanotechnology 
	Nanomaterial-Based Biosensors (Nanobiosensors) 
	Nanoparticle-Based Biosensors 
	Quantum Dot-Based Biosensors 
	Nanowire-Based Biosensors 
	Nanorods-Based Biosensors 
	Carbon Nanotubes-Based Biosensors 
	Dendrimer-Based Biosensors 

	Conclusions 
	References

