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Abstract: Biosensing shows promise in detecting cancer, renal disease, and other illnesses.
Depending on their transducing processes, varieties of biosensors can be divided into
electrochemical, optical, piezoelectric, and thermal biosensors. Advancements in mate-
rial production techniques, enzyme/protein designing, and immobilization/conjugation
approaches can yield novel nanoparticles with further developed functionality. Research
in cutting-edge biosensing with multifunctional nanomaterials, and the advancement of
practical biochip plans utilizing nano-based sensing material, are of current interest. The
miniaturization of electronic devices has enabled the growth of ultracompact, compassion-
ate, rapid, and low-cost sensing technologies. Some sensors can recognize analytes at the
molecule, particle, and single biological cell levels. Nanomaterial-based sensors, which
can be used for biosensing quickly and precisely, can replace toxic materials in real-time
diagnostics. Many metal-based NPs and nanocomposites are favorable for biosensing.
Through direct and indirect labeling, metal-oxide NPs are extensively employed in detect-
ing metabolic disorders, such as cancer, diabetes, and kidney-disease biomarkers based
on electrochemical, optical, and magnetic readouts. The present review focused on recent
developments across multiple biosensing modalities using metal /metal-oxide-based NPs;
in particular, we highlighted the specific advancements of biosensing of key nanomaterials
like ZnO, CeO,, and TiO, and their applications in disease diagnostics and environmental
monitoring. For example, ZnO-based biosensors recognize uric acid, glucose, cholesterol,
dopamine, and DNA; TiO; is utilized for SARS-CoV-19; and CeO; for glucose detection.

Keywords: biosensors; enzyme-free biosensors; metal-based nanomaterial; metal-oxide
nanomaterial; biochip

1. Introduction

A biosensor comprises two coupled segments: a bioreceptor and a transducer [1].
The bioreceptor acts as the recognition element, where the bioreceptor detects and inter-
acts directly with a target analyte. The transducer converts the bioreceptor signal into a
quantifiable output that can be evaluated. The receptors of a biosensor are expected to
interact with the analytes so that their concentration may be calculated within a range of
specificity. Proteins, nucleic acids, and other analytes may be interesting based on their
origin [2]. Biosensors are preferred for detecting such analytes compared to other detection
approaches, as they are handy, benefit multiple applications, and are less time-consuming.
The first biosensor was depicted in a published paper in 1956 [3]. As the biosensor field
has expanded, the number of accurate and accessible testing options that do not require
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invasive procedures has increased [4]. Recent research has focused on developing biosen-
sors with high sensitivity, selectivity, affinity, simplicity, quick response, and cost-effective
analysis [5]. For example, some biosensors can recognize one parasite in a single microliter
of blood [6]. As a result, biosensors effectively detect infectious diseases to improve clinical
outcomes and promote public health. Advances in biosensor technologies have prospects
to bring point-of-care diagnostics to match or exceed the current standard of care regarding
time, cost, and accuracy.

Nanotechnology offers potential approaches to address the current limitations of con-
ventional biosensors [7]. Implementing nanotechnologies such as functional nanomaterials,
nanoengineering, and nanoplatform fabrication techniques to biosensors is crucial for
enhancing the utilization of biosensors. One of the significant advances in experimental
design before expanding a nanomaterial into the sensing application is “Nanofabrication”.
This progression prompts two significant activities: first, the assembling and designing
of nanoscale adhesion using external fields such as electric field-, magnetic field-, optical
field-, and fluidic flow-directed assembly, and second, the utilization of micromachining
measures for designing nanomaterial surfaces [7,8].

There is a growing demand for early-stage detection of diseases, such as diabetes,
chronic kidney disease (CKD), and malignant growth [8]. In recent decades, biosensors have
been used in the early detection of such chronic and fatal diseases, with a number of studies
on improved biosensors for the rapid and simple detection of analytes [4-7,9]. Combining
biosensors with nanofabrication techniques has greatly improved the performance of
biosensors as well as expanded the range of sensing targets. This review highlights recent
advances in electrochemical, optical, physical, and chemical biosensors and their uses
in disease detection. Metal-oxide-based nanomaterials have the aptitude to advance the
sensitivity and responsiveness of biosensors. For example, nanowires and nanorods offer a
one-dimensional construction that can enable effective charge transfer and sensitivity for
biosensing. This review highlights recent advances in electrochemical, optical, physical,
and chemical biosensors and their uses in disease detection.

2. Types of Biosensors

Biosensors are classified based on their biological recognition and transduction mech-
anisms [4]. Here, we describe biosensors, including electrochemical, optical, physical
(e.g., piezoelectric and thermal), chemical, and biological sensors [10]. Figure 1 exhibits
a schematic of biosensing and Table 1 demonstrates different types of biosensors, their
principles, and their applications.

2.1. Electrochemical Biosensors

An electrochemical sensor is based on transducing biochemical events to electrical
signals. An electrochemical biosensor is composed of an electrochemical transducer, re-
ceptor, and detector. Electrochemical biosensors utilize an electrode as a solid support to
immobilize biomolecules and electron movement. Electrochemical biosensors, the most
commonly available and widely utilized type among biosensors, are more effective than
regular estimation approaches [11-17]. This is because of their instrument affectability,
high scope of discovery, simplicity of manufacturing and control, replicability, and minimal
expense. Cyclic voltammetry, potentiometry, electrochemical impedance spectroscopy
(EIS), amperometry, and differential pulse voltammetry are the electrochemical procedures
that are utilized in biosensors [11]. Electrochemical biosensors have been promising in
clinical diagnosis, food-processing quality control, and environmental monitoring [12]. An
example of a highly successful and commercially available electrochemical biosensor is
closed-loop artificial pancreas devices, which are used to detect glucose for the manage-
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ment of diabetes. This closed-loop biosensor is used for continuous glucose monitoring
and insulin delivery via an extracorporeal shunt [4]. Hence, electrochemical biosensors are
widely utilized for the diagnosis and management of diabetes to improve the quality of life
of diabetic patients [13].
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Figure 1. Schematic representation of biosensing. Electronics include read-out technology, amplifica-
tion, and conversion of signals to digital form.

Various types of nanoparticles, including manganese oxide, titanium dioxide, and
nickel oxide, are advantageous candidates for electrochemical sensing. Metal-oxide NPs
are low-cost and nontoxic [14]. Additionally, polyaniline (PAni)-TiO; nanotubes [15] and
ZnO nanostructures have been utilized in developing electrochemical biosensors [16].
ZnO-based electrochemical biosensors have been used for the detection of a variety of
analytes such as uric acid, glucose, cholesterol, dopamine, and DNA [17].

Glucose and lactate are both nutrients that fuel our tissues. Lactate is a byprod-
uct of glucose metabolism, which plays a crucial role in human health and disease [18].
The concentration of glucose and, to a lesser degree, lactates, can be dramatically lower
than the concentration of dissolved oxygen in the body [19]. As a result, an oxygen de-
ficiency might cause the enzymatic process to be severely stoichiometrically restricted.
This oxygen inadequacy/hypoxic condition can be detected by electrochemical biosen-
sors by monitoring reduced glucose levels [20]. Amperometric biosensors are a common
method in this category [21]. In separate studies, mesoporous NiO and CuO were uti-
lized for lactate detections [22,23]. NiO/nafion/GCE biosensor for lactate was fabricated
utilizing mesoporous NiO with a sensitivity of 62.35 pAmM~'cm 2, detection limits of
27 uM, and detection range of 0.01-27.6 mM [22]. Similarly, using mesoporous CuO, fab-
ricated CuO/nafion/GCE biosensor for lactate detection demonstrated a sensitivity of
80.33 pAmM~lem 2 [23]. Using an amperometric transduction device, researchers have
been able to monitor H,O, using the horseradish peroxidase (HRP) bioreceptor [24]. In
the study, PANi-modified platinum terminals were used to immobilize HRPs entrapped in
mesoporous silica SBA-15 (SBA-15(HRP)) through electrostatic coupling [24]. An electro-
chemical biosensor can also be used for the determination of biological oxygen demand in
the wastewater [9].

In medicine, electrochemical biosensors have gained much attention over the past few
decades for their use in the detection of cancer and other disease biomarkers [25]. In plasma
medicine, electrochemical biosensors have been used in various forms including wearable,
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implantable, invasive, non-invasive, contact, and non-contact devices [26]. The electronic
sensors are fabricated to recognize and quantify different physicochemical parameters such
as ion molecules, electrons, antibodies, and enzymes. Electronic sensors are also being
used to monitor various parts of the body, such as the heart (electrocardiography), muscles
(electromyography), and brain (electroencephalography) [26].

2.2. Optical Biosensors

An optical biosensor is an analytical device that combines a biorecognition sensing
element with an optical transducer system. Optical biosensors are well known for their
selectivity, sensitivity, and accessibility. These qualities make them ideal for continuously
monitoring toxins, drugs, and other microbiologically minute organisms. The sensing
mechanism of optical fiber-based sensors is depicted in Figure 2. The sensing mechanism
involves exploiting variations in the intensity of light, phase, wavelength, and polarization
introduced by the external factors being measured, such as temperature, pressure, strain,
and reflective index (Figure 2a) [27]. The optical fiber-based sensor primarily utilizes
evanescent waves (EWs) to detect small-scale environmental perturbations. When light
propagates through the core of a single-mode fiber, a small portion of EWs penetrates the
cladding, facilitating the interaction with surroundings for biosensing. The incident light
can be guided using total internal reflection when it strikes the core—cladding interface. A
small part of the incident wave penetrates cladding, as shown in Figure 2b. When cladding
is partially removed, the EWs interact with the surrounding environment on the etched
fiber section, resulting in the change in optical characteristics and enabling the biosensing
and detection, as can be seen in Figure 2¢ [28].

In detecting microbes, optical methods such as surface plasmon resonance (SPR)
and resonant mirrors have been utilized. When antibodies against E. coli can be immo-
bilized on a Au SPR surface, the maximum number of cells detected at a single spot is
100 cells/mL [29].

Optical biosensors are selective and sensitive in monitoring toxins, and pathogenic
bacteria. For identifying E. coli and Listeria monocytes, it has been demonstrated that utilizing
Surface-Enhanced Raman Spectroscopy (SERS) is specific and selective [30], with low
detection and quantification limits, 12 cfu/mL and 37 cfu/mL, respectively [31]. An optical
fiber biosensor has been developed to detect E. coli O157: H7 using a fluorescently tagged
aptamer which can specifically distinguish other bacterial strains from E. coli strains [32]. In
this case, fluorescently labeled aptamers are bound to complementary E. coli DNA or probe
DNA immobilized on the optical fiber surface, and fluorescent measurements identify
E. coli [10]. It is possible to detect that even the samples being tested contain fewer instances
of E. coli if the bright indicator is greater than expected.

A biosensor SiO,-TiO,-APTES-PDC-DNA probe was developed to detect E. coli in
environmental samples [33]. SiO,-TiO, NPs were deposited on a glass substrate and then
coupled with APTES, crosslinking the PDC monolayer and the DNA probe. The strands
of the DNA probe in the sensor were hybridized with the target DNA strands in E. coli,
effectively facilitating the E. coli detection and measuring the refractive index changes.

A sensitive calorimetric optical aptasensor was fabricated using ZnFe;Oy-reduced
graphene oxide (ZnFe,O4-rGO) as an effective peroxidase mimetic to detect S. typhimurium [34].
ZnFe;O4-rGO NPs were conjugated with aptamers to obtain specific recognition elements.
ZnFe;O4-rGO NPs catalytically oxidized 3,3',5,5'-tetramethylbenzidine (TMB) by H,O,
and produced blue light that was detected by a microreader at 652 nm. The detection range
of S. typhimurium was 11 to 1.10 X 10° CFU/mL and LOD was 11 CFU/mL [34]. Further,
Ag/Zn0O/rGO was developed for the detection and killing of E. coli. In this nanocomposite,
the photocatalytic properties of ZnO, the bacteria-killing and SERS properties of Ag NPs,
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and the photothermal conversion properties of rGO were combined to detect and kill E.
coli effectively [35].
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Figure 2. The sensing mechanism of the optical fiber-based sensor; (a) the working mechanism of the
fiber optics-based biosensor sensor; (b) the incident light guided by total internal reflection when it
strikes the core—cladding interface and a small part of the incident wave penetrates the cladding area
with penetration depth dp; (c) EWs interact with the surrounding environment on the etched fiber
section, resulting in a change in optical characteristics facilitating biosensing; ((a) adapted from [27],
and (b,c) adapted with permission from [28] © Optical Society of America/Optica Publishing Group).

A biosensor fabricated using ZnO nanorods coupled with Au NPs (ZnO/Au) coated
on the tip of a multimodal plastic optical fiber was utilized for the detection of E. coli in
polluted water [36]. Au Nps were coated on a transparent plastic optical fiber tip and
the ZnO was grown on it through a hydrothermal process to construct the biosensor
platform. The sensor showed a fast response within the first 10 s in the presence of polluted
water containing E. coli with different concentrations ranging from 1000 to 4000 CFU/mL.
This sensor platform demonstrated potential in wastewater and food quality monitoring
of various pathogenic bacteria [36]. Silver and gold nanoparticles have the potential to
revolutionize SERS-based microbial DNA biosensors [37]. Gold NPs exhibit colorimetric
changes when they bond with matching DNA, eliminating the need for expensive and
labor-intensive fluorescent tagging. As a result, gold NPs are commonly used in bacterial
detection equipment, especially for analyzing samples of dark water collected from the
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ocean (which absorbs blue light) and from a hypoxic region with low oxygen levels and a
minimal number of organisms [10].

ZnO has been used with gold or silver NPs to make efficient biosensors based on
SPR and SERS. A thin film of ZnO was deposited on a glass prism coated with Au NPs to
detect Neisseria meningitidis [38]. The SPR biosensor demonstrated good sensitivity in the
range of target DNA concentration from 10 to 180 ng/uL. ZnO deposited on the Au surface
increased the surface area and SPR signals [36,38]. ZnO was used as a passive component
to compensate for losses in optical signal and to enhance the attachment of Au NPs in SPR
biosensors [36,38].

rGOs are promising materials for biosensors because they have a high specific surface
area, are inexpensive to make, and can interact directly with a wide range of proteins [39].
GO has sp2- and sp3-hybridized carbon atoms and several functional groups like epoxy,
carboxyl, hydroxyl, etc. Biomolecules can be stuck to the surface of GO through p-stacking
contacts or covalent bonds between the carboxyl groups of GO and the amino groups of
biomolecules. GO with specific optical properties has crucial applications in biosensors. It
has been established that GO can be used to perform selective biosensing of single-stranded
DNA (ssDNA). It has been discovered that ssDNA adsorbs strongly on GO, but duplex
DNA (dsDNA) is unable to attach to it stably. It is commonly used in the selective detection
of ssDNA in a mixture of other substances (including dsDNA).

Silica fiber is a material that is advantageous in terms of cost, flexibility, and availability.
A surface-modified conjugated polymer served as the basis for a biosensor that uses silica
microfibers to detect label-free ssDNA targets between pH 1 and 7 [39]. Herein, GO thin
film was used as a connecting layer for the adsorption of ssDNA. The selective interaction
between GO and ssDNA, which was used as a trap, produced selectivity, and the surface
aggregation of ssDNA on the microfiber produced sensitivity [39].

Long-period gratings (LPGs) in optical fiber have been presented as a viable method
for label-free biosensors. LPGs are simple to fabricate, robust, and have many of the
advantages of optical fibers, such as ease of use, intrinsic small size, high compatibility with
optoelectronics, ability for long-distance measurements, and multiplexing. LPGs permit
the coupling of the basic core mode to co-propagating cladding modes at well-defined
resonance wavelengths because of periodic refractive index (RI) disturbances created in the
core of a single-mode optical fiber [40,41]. The transmission spectrum of an LPG can be
characterized through one or more attenuation bands, where the minimum of each band
corresponds to the coupling with a specific mode when the phase-matching requirement is
tulfilled, as stated by the characteristic equation of LPGS, Ares(m) = (Weff,.core — Yeff,clad(m))/\s
where A is the grating period (usually range from 100 to 600 um), #ef,core aNd Y eff clad(m)
represent the effective Rls of fundamental core mode and m-th cladding mode, respectively;
Neff,clad(m) depends on the RI of the surrounding medium [40].

SPR using fiber optics is a type of label-free optical biosensor. In label-free detection,
the detected signal is generated directly with the on-site interaction of the analyte and the
respective transducer. As a result of its adaptability to downsizing and remote-sensing
capabilities, it may be put into many hard-to-reach situations for in situ detection as a
hand-held probe or as a collection of remotely controlled devices installed at various points
along a fiber-optic cable. The most prevalent fiber-optic SPR sensors are composed of
unclad, side-polished, tapered, U-shaped optical fibers coated with a nanometric coating of
gold or less frequently silver. The fiber grating technology is based on tilted fiber Bragg
grating (TFBG). A tilted TFBG sensor, created by tilting the diffraction grating of the FBG
sensor at a slight angle, can measure temperature and stain simultaneously without an
additional sensor. It can also measure the refractive index around the sensor, the degree
of resin hardening, bending deformation, humidity, torsion, etc. The TFBG sensor is a
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multifunctional sensor [42]. The TFBG has been created to fabricate a highly efficient SPR
sensor with several distinct benefits. This sensor offered an extra resonant mechanism of
high-density, narrow-mode spectral combs at near-infrared wavelength (with a spectral
width of the resonance between 0.01 and 0.1 nm). Thus, it overlapped with the surface
plasmon’s wide absorption for high-precision investigation. It increased the RI resolution
from 106 to 108 refractive index units. This provided a linear RI response in both liquids and
air. The TFBG sensor’s mechanical resistance is slightly affected. Using well-established
phase masks for grating inscription, its mass manufacturing with high repeatability is
simple to perform [43]. Coating TFBGs with indium tin oxide (ITO) enabled them to be
used in a variety of applications. Enhanced leaky mode resonances (eLMR) correspond
to the high-order modes with an effective refractive index (ERI) that is smaller than the
surrounding refractive index (SRI). These modes exhibit very different characteristics
compared to those of cladding modes, SPR, and lossy mode resonance (LMR), and they
have the potential to become the third type of resonance associated with optical fiber
coated with thin films. This type of resonance is characterized by a high real part of the
complex RI of the material. Recent research has resulted in the development of two distinct
applications that make use of the same sensor arrangement. The first aspect is referred
to as the use of birefringence in ITO-coated TFBGs, which makes it possible to create a
device for detecting vector twists. The latter term refers to an in-fiber linear polarizer that
has a comb-like structure and is based on leaky mode resonances in ITO-coated TFBGs.
Enhancing the mode coupling with the guided mode is accomplished by the thin film’s
ability to induce the guiding of S-polarized leaky modes. By tweaking the specifications of
the device, it was possible to achieve both a spectacular polarization extinction ratio and an
extremely narrow bandwidth [44]. Figure 3 demonstrates an ITO thin film-coated TFBG
sensor consisting of four layers, including a fiber core where the tilted grating is inscribed,
fiber cladding, ITO coating, and the external environment. The input light polarized in p-
or s-states (as indicated by P and S in Figure 3) was launched into the fiber core to excite
the p- or s-polarized core-guided mode that couples with cladding-guided modes, leaky
modes, and even with the lossy modes in the tilted grating regions. The output light is
then collected at the other end of the fiber core to generate the resonance, including the
cladding mode resonance and eLMR (enhanced lossy mode resonance), in the transmission
spectrum. LMR may be generated if the condition is satisfied. Leaky modes are essentially
highly lossy in bare optical fiber due to the large imaginary part of the ERI, and they can
not propagate through the waveguide. They could become guided similarly as a surface
wave, only when the imaginary part of ERI is reduced. In that case, the core-guided mode
will interact with guided leaky modes within its propagation to generate eLMR. The eLMR,
LMR, and SPR are dependent on leaky modes guided in optical fiber, lossy modes guided
in nanocoating, and SPR modes guided in nanocoatings (commonly metal films only).
eLMR can be effectively excited by s-polarized light while p-polarization demonstrates
little variations. SPR can only be excited by p-polarized light. LMR can be excited by
both s- and p-polarized light. The LMR represents the highest sensitivity evaluated by the
wavelength shift. The SPR has lower sensitivity, but SPR-based devices have received an
exponential increase during the last 2-3 decades. The eLMR is a relatively new optical
sensor with increased performance. The eLMR excited in TFBG has the narrowest FWHM
among these three resonance, indicating that the g-factor can be greatly improved [45].
Over the last two decades, the study of meta-materials has been the focus of progres-
sively growing attention in several different scientific groups. This leads to the demonstra-
tion of strange phenomena such as invisibility cloaking, negative refraction, and superlens-
ing. Their 2D analogs, commonly called “meta-surfaces” (MSs), have been the subjects
of active study owing to several benefits. This is because 2D MSs are easier to work with
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than 3D counterparts [44]. A ‘Lab-on-Fiber’(LoF) optrode based on phase-gradient plas-
monic MSs integrated on the tip of an optical fiber can potentially outperform plasmonic

benchmarks in biological systems for the detection of nanoscale molecular interactions [46].

ITO

P
S

Input

Core TFBG  Cladding TAnalyte

Figure 3. Schematic diagram of ITO-nanocoating-integrated TFBG sensor (adapted from [45]).

C-reactive protein (CRP), a biomarker implicated in various illnesses and the subject
of substantial research, was used as an example analyte to evaluate the performance of a
fiber-optic-based label-free biosensor [47]. The device is based on a long-period grafting
constructed in a double-cladding fiber with a W-shaped RI profile. The fiber transducer
was coated with a nanometric-thin GO layer to provide functional groups for covalently
immobilizing the biological recognition element. A meager detection limit (0.15 ng/mL)
was achieved for detecting CRP in serum with a large working range of clinical relevance,
1 ng/mL-100 pg/mL [47]. Age, gender, smoking status, weight, cholesterol levels, and
blood pressure may alter the serum CRP level, which is expected to be 0.8 g/mL in
healthy Caucasians. In some bacterial infections, CRP, a blood biomarker of infection or
inflammation, can rise 1000-fold [24]. Devices that are based on optical fiber are beneficial
for CRP detection, and because of their micro-sized cross-sections, they are excellent for
minimally invasive procedures as well as in vivo procedures for the detection of CRP [48].

Alzheimer’s disease (AD) is one of the most severe neurological conditions. Stroke is
associated with AD among elderly people, and the relation is strongest in the presence of
known vascular risk factors [49].

Table 1. Principles and applications of different types of biosensors.

Sensor Name Principle Sensing Elements Transducers Application Refs.
. . . Cuprophane-glucose . . .
Glucose oxidase Electrochemistry using Clucose oxidase—Cuprophane Analysis of glucose in biological [50,51]
electrode-based glucose oxidation Sample
membrane and a pH electrode.
Electrochemistry usin; Glycated hemoglobin
HbAlc Y using Hemoglobin Ferroceneboronic acid (FcBA) measurement using a robust [52]
Ferrocene boronic acid . .
analytical technique
Uric acid Electrochemistry Uric acid Enzymatically generated H,O, Detection of 111nesge§ or clinical [53]
abnormalities
Acetylcholinesterase Electrochemist Pesticide Acetylcholinesterase Understanding pesticidal impact [54]
inhibition-based Y &P P
Cholinesterase (ChE) Identifying carbamate
Piezoelectric Electrochemistry Pesticides Molecular imprinting & [55]

polymers (MIPs) and organophosphate
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Table 1. Cont.
Sensor Name Principle Sensing Elements Transducers Application Refs.
Optical/visual biosensor Cytochrome P450 Pharmaceutical research
Microfabricated using cytochrome P450 Cholesterol Enzyme microfabricated nd development [56]
enzyme electrodes a evelopme
Hydrogel
(polyacrylamide)- Optical/visual biosensor DNA DNA-functionalized hydrogels Biomolecular immobilization [57]
based
Silicon Optical/visual/fluorescence DNA Sandwiched-structured Bioimaging, biosensing, and [58]
Silicon nanowire cancer therapy
3 . . ) - Ultrahighly sensitive protein
Quartz—crystal Electromagnetic Protein Wireless-electrodeless QCM detection in liquids [59]
. Electrochemical or optical / . .
Nanomaterials-based visual/ fluorescence Enzyme Gold-NPs Diagnosis and Therapy [60]
Genetically encoded or Evaluation of t})e bﬁological
fluorescence- Fluorescence ADP and ATP ATPase processes, V\ihldll include [61]
tagged numerous molecular systems
inside the cell
Environmental monitoring of
Microbial fuel cell- Optical Pesticides Chlorella vulgaris coupled optic biochemical oxygen demand and [62,63]

based

fiber signal toxicity, and heavy metal and

pesticide toxicity

The early detection of AD is necessary for accurate prognosis, treatment, and mon-
itoring. The affordability and ease of use of biomarkers distinguish them for early AD
screening. RI-sensitive metal-oxide biosensors may be effective in the early detection of
AD. In cutting-edge applications, optical sensors are becoming more prevalent. Fiber-optic
sensors provide exceptional light control. Light from a photonic device interacts with
its environment to generate surface waves. The evanescent field analyzes all medium
changes in surface waves by measuring RI. Nano LoF sensor systems and nanoparticles,
nanofilms, or nanostructures modify the interaction between light and matter with astound-
ing resolution, precision, and accuracy, thus offering an image of technologically advanced,
ultrahigh-performance optical systems. The transmission spectrum of the sensor reveals
that biological changes at the fiber surface influence the surface RI, which has a significant
impact on the optical properties of the LMR. Existing resonance-based optical technology
platforms are surpassed by the adaptability and advantage of LMR detection [50]. SPR is
a well-known thin-film-sensing phenomenon. The nanocoating must have a complicated
RI to generate this resonance. LMR bands in a well-defined wavelength range described
the transmission spectrum of an LMR-based sensor [51]. LMRs are less well known than
SPRs, but they have many interesting features, such as the ability to tune the resonance
position at any wavelength in the optical spectrum by controlling the nanocoating thickness
and the ability to complement metallic materials typically used in SPR-based sensors with
polymers and metallic oxides [52]. LMR has many advantages over SPR, such as easy
wavelength tuning in the optical spectrum as a function of coating thickness, cheaper
coating material, the ability to excite both transverse electric (TE) and transverse magnetic
(TM) light polarization states, and multiple LMR generation. To have a particularly sensi-
tive response in LMR, the waveguide modes must be matched with a lossy mode of the
semi-conductor nanocoating, and an optimal film thickness may enhance transmission
spectrum attenuation [53]. Sensors based on LMR need nanocoating thickness control
and characterization. SnO,; nanomaterials are most RI-sensitive and LMR-exciting [54].
The LoF biosensor utilized SnO, for the specific detection of Tau protein as one of the AD
biomarkers that are highly correlated with AD progression in cerebrospinal fluid with a
detection limit of 10712 M and over a wide concentration range (103 to 10 ug mL~!). The
LoF, SnO;-based sensors are promising for the rapid and highly sensitive detection of Tau
proteins at low concentrations, which may be a potential approach for early screening and
personalized medicine for AD patients [50].
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A sensitive plasmonic photonic crystal fiber (PCF) was reported for cancer cell detec-
tion by measuring RI [55]. PCF sensor was fabricated with dual V-shaped groves to enhance
the sensor activity where two AuNRs were mounted on the etched surfaces. A RI optical
sensor was utilized to track the electromagnetic coupling between the leaky core mode
(LCM) and the surface plasmon mode (SPM) at the metal/dielectric interface. When the
SPM and one of the fundamental core modes are phase-matched, a strong coupling occurs.
The maximum confinement was achieved for the core-guided mode at the resonance wave-
length, which is dependent on the analyte RI. The V-shaped groove increased the core/SPM
coupling, where a high RI sensitivity of 24,000 nm/RIU was achieved in an RI range
from 1.38 to 1.39 with a resolution of 2.73 x 10° RIU. Good sensitivities of 23,700 nm/RIU,
8208 nm /RIU, and 14,428 nm/RIU were achieved for basal, cervical, and breast cancer cells
with resolutions of 4.22 x 10° RIU, 12.18 x 10° RIU, and 6.93 x 10° RIU, respectively. In
this approach, the RI measured for normal and cancer cells for basal (1.360/1.380), cervical
(1.368/1.392), and breast cells (1.385/1.399) were distinguishable and suitable for cancer
detection. The RI cancer sensor demonstrated good sensitivity and resolution as well as a
good fabrication tolerance of 5% for fabrication imperfection. Label-free sensors are safer
than chemical and surgical approaches [55].

Optical biosensors with metal oxides perform better in sensing biological samples
in clinical diagnostics [56]. Various types of optical biosensors utilizing metal-oxide NPs
have been used for the detection of numerous biological entities including serum ferritin,
H,0,, IgG, nucleic acid, and glucose [56]. A nanoplatform based on titanium dioxide
nanotubes and TiO, NT/alginate hydrogel scaffold was developed for lactate and glucose
monitoring in artificial sweat. The sensing time for glucose and lactate were 6 min and
4 min, respectively. The biosensor platform was utilized for the detection of glucose and
lactate in a concentration range of 0.1-0.8 mM and 0.1-1 mM. The sensor TiO, NT/alginate
hydrogel scaffold platform used calorimetric optical signal (blue color) detection in sweat
samples. The sensor TiO, NT/alginate hydrogel scaffold was integrated into the paper
substrate to enhance the sensing performance [56].

3. Piezoelectric Biosensor

Piezoelectricity is the ability of a material to create an internal electric field when a
mechanical stress or strain is applied. Piezoelectric materials may be crystal, ceramic, or
polymer films, such as aluminum phosphate or nitride, ZnO, or quartz (5iO;). An alternat-
ing voltage is applied to piezoelectric materials between two electrodes in biosensing. The
oscillation frequency of a piezoelectric material changes according to mass bound to the
electrode or the medium viscosity. For example, a piezoelectric response is observed when
an antigen that binds to an antibody immobilizes on the electrode surface [57].

Piezoelectric biosensors have been used to detect small molecules and ions in biological
samples. One such biosensor, developed by covalently linking metallothionein and quartz
crystal, has been used to monitor Zn?* and Cd?* in fluid media, such as phosphate buffer
and tetraborate buffer [58].

Quartz crystal microbalance (QCM) has been used in the development of a piezoelec-
tric nano-biosensor for accurate Hg?* detection. The detection component of this system is
made up of three different kinds of DNA assays, each of which includes reporter DNAs
linked to NPs. The particular T-Hg?*-T (T = thymine) complex has been gathered by Hg?*
stacking because this complex could not be hybridized with functionalized NPs. Due to the
higher concentration of Hg?*, there was a decrease in the NP-induced improved QCM-Dw
reaction. This has the consequence of the reduction in the hairpin formation by the linker
DNA [59-62]. Similarly, a DNA enzyme-based QCM-D biosensing instrument demon-
strated high affinity and selectivity toward Pb?* [61]. Nanosensors utilizing AlGaN/GaN
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HEMTs (high electron mobility transistors) have been fabricated to monitor different ions.
These sensors are sensitive to charges at the surface without requiring a reference electrode.
Devices covered with plasticized poly(vinyl chloride) (PVC)-based layers containing an
ionophore can be utilized to identify Hg?* and Ca?* ions in water [10]. Temperature and
pH are also detected by different methods including the piezoelectric approach [26].

Lymphocytes (B, T, and NK cells) and immunoglobulins are vital for the adaptive
immune response against external pathogens. A gold NP (AuNP)-doped polyaniline
nanofiber (Au/PANI-NF) composite was fabricated to monitor T cell activation [51]. Anti-
CD antibody (Ab) molecule was immobilized onto the composite to observe the expression
of CD69, CD25, and CD71, which are T-cell surface activation markers, at the early, middle,
and late stages at 8 h, 24 h, and 48 h, respectively, after stimulation of the T cell. EIS
measurement demonstrated a limit of detection (LOD) of 10* cells/mL. The Au/PANI-NF
sensor exhibited a higher LOD than other electrochemical biosensors that are used to
monitor the T cells [63].

Zhao et al. reported on nanowire sensors to detect IgG in buffer solution [64]. Piezo-
electric ZnO nanowires were vertically grown onto a Ti plate (first electrode) and then
coated with a SiO, layer. The surfaces of SiO; /ZnO nanowires were modified with AuNPs
and anti-IgG. An Al foil on top of the nanowire was the second electrode. Observations
have been made regarding the fluctuations in the surface-free carrier density of nanowires
caused by the adsorption of antigens. This shift in the free-carrier density can be utilized
to gauge the concentration of antigens. Piezoelectric biosensors exhibit potential in the
monitoring of small molecules or ions in biological fluids, as well as biomolecules.

4. Thermal Biosensors

A thermal biosensor is based on the measurement of total heat energy absorbed or
produced or the temperature change in a system. Thermal biosensors utilize a flow injection
analysis approach using an immobilized enzyme reactor, organized with a differential
temperature measurement across the enzyme reactor [65]. The configuration incorporates a
pair of thermal transducers, such as thermopiles or thermistors, across the enzyme column
packed with immobilized enzymes to alter a substrate to a product [66]. Thermopiles
or thermistors are the two commonly utilized thermal sensors. Thermopiles measure
the temperature difference between two regions. Thermopiles are a set of thermocouple
junctions in series made from metals, semiconductors, and various substrate semiconductor
components. The thermistor is a sensitive temperature transducer, which depends on the
variations in electric resistance with temperature from which the absolute temperature can
be determined but with a limited sensitivity [66]. Bimetallic strips, liquid—gas expansion,
pyroelectric systems, metal resistance, and microelectromechanical systems are also used
as thermal transducers. Furthermore, highly sensitive thermocouples are an outstanding
substitute for detecting temperature changes [67].

Thermal biosensors are now being used to determine the chemical oxygen demand
(COD) of H,O and wastewater utilizing a biosensing device that detects temperature
variations. To investigate the COD qualities, periodic acid solutions may be used as
oxidants, and flow injection testing equipment can be utilized. This detecting system can
deliver a broad range for the sensing of COD in H,O derived from a variety of sources. The
calorimetric COD determination strategy provides more feasible identification outcomes
than the standard approach in terms of strength, long-term solidity, and speed [11,65,67].

5. Chemical and Biological Sensors

Different promising nano-structural metal-oxide NPs (MONPs) exist for specific and
selective biosensor applications. Engineered MONPs are among the most widely used man-
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ufactured materials for their unique properties. MONPs and their potential for chemical
and natural gas detection applications have been thoroughly studied [68-71]. Addressing
the future financial and social necessities, shrewd determination, planning, and use of
MONPs will prompt another age of detecting devices displaying novel capacity alongside
improved sign enhancement and coding methodologies [68-70].

A chemical sensor is a device that facilitates communication between the analytical
gases or fluids and the sensor. This communication converts chemical or biochemical
information into a useful signal, either quantitative or qualitative. The transducers in the
sensor device generate signals that are typically electrical. Chemical sensors have a few
highlights like steadiness, selectivity, affectability, reaction and recuperation time, and
immersion [68]. While the surrounding gases respond with the oxygen in the oxide at
high temperatures, the changes in surface potential and resistivity occur as a result. In
addition, metal-oxide-based chemical sensors can be utilized in clusters permitting the
detection of numerous species with high affectability and low detection limits around ppm
levels for certain species. Tin oxide-based chemical sensors, with various morphologies,
high affectability, and quick reactions, can recognize hydrogen (H;) on the SnO, NWs
surfaces [71,72]. Further, semiconducting metal-oxide gas sensors are effectively utilized
for environmental gases (e.g., CO,, O,, O3, and NHj3), highly toxic gases (e.g., CO, H;S,
and NO,), combustible gases (e.g., CHa, Hp, and liquefied petroleum gas), and volatile
organic compound gases. These sensors are effective in monitoring the gaseous markers in
the breath of patients for diagnostic and monitoring purposes, as well as for controlling
environmental pollution [73,74].

6. Why Metal-Oxide Biosensors?

Nanostructured metal oxide offers an effective surface for biomolecule immobiliza-
tion with desired orientation, conformation, and biological activity, resulting in improved
sensing features and providing a biocompatible environment [75,76]. Nanostructured
metal oxides with unique electrical, optical, and molecular properties along with antici-
pated functionalities and surface charge properties afford suitable platforms for interfacing
biorecognition elements with transducers for signal amplification. Metal-oxide-based
nanowires and nanorods with a one-dimensional design are suitable for efficient charge
transfer and signal transduction. Quantum dots aid particular signal amplification and mul-
tiplexing, providing additional sophistication in biosensor technology. Strategies have been
implemented to enhance the performance of nanostructured metal-oxide-based biosensors
with versatile podiums for functionalizing them for clinical and non-clinical applications.
These nanostructured metal oxides have demonstrated many crucial applications in a new
generation of miniaturized biosensing devices [75,76]. Here, we emphasized the develop-
ment of biosensors based on metal-oxide nanoscale materials, including ZnO, TiO,, and
CeO,, and their applications in medical diagnostics and environmental sensing.

6.1. Biosensors Based on Metal-Oxide NPs

MONPs have been utilized in the fabrication of biosensors due to their potential and
versatility in modifying their morphology, chemical stability, and physicochemical interfa-
cial properties [73]. MONPs can be assembled into heterostructures, hybrid structures, and
composite structures, with innovative electrochemical properties that can be modified for
a specific biosensor application. MONP-based biosensor devices consist of sensitive bio-
metric elements, transducers, and signal analysis systems permitting the fast detection of
various trace-level analytes. The recognition element can react with (enzyme-based) or bind
with (antibody-based) analytes depending on the sensing molecule used. Consequently, the
transducer captures the results of the interaction between the recognition elements and the
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analyte, in the form of the number of transferred electrons, in the case of redox enzymes, or
changes in mass or potential. The chemical modification of MONP biosensors allows for a
wider range of detection of various biomolecules [73]. MONP biosensors may be suitable
for extended lifetime, stability, and reliability of sensor signals. Further, metal-oxide-based
thin-film transistors (TFTs) may contribute to the environmental sensor and automation
biosystems [77]. The chemically modified metal-oxide biosensors may be nanoparticles
like ZnO, MgO, NiO, TiO,, CoO, and WO3, which are used in biosensor devices to detect
biomolecules [78,79] (Table 2). They can improve signal and biomolecule immobilization in
new in vivo biosensing devices [80]. The bioactive recognition element is connected to the
transducer using different methods [81]. A DNA/CeO,-NP-based fluorometric sensing
framework has been developed for the detection of H,O, [82].

CuO is a transition metal oxide with excellent physiochemical properties at the
nanoscale, making it a desirable candidate for biosensing. It offers strong electrochemical
activity, high surface area, adequate redox potential, and solution stability. CuO nanoparti-
cles can facilitate faster electron transfer on an electrode, making it an excellent platform
for glucose electro-oxidation. Various types of CuO nanoparticles have been used to en-
hance the glassy carbon electrode, enabling nonenzymatic glucose detection in alkaline
conditions [83].

ZnO is used in fabricating electrochemical biosensors due to its high isoelectric point,
which allows for a simple and more grounded binding of different biomolecules on its
surface, its great biocompatibility, and its quick charge-transfer properties. ZnO is a
delicate optical and piezoelectric biosensor because of its fluorescence and piezoelectric
properties. ZnO-based platforms can be used as an immobilization matrix to build elec-
trochemical biosensors for the discovery of biologically significant analytes such as DNA,
metabolites, cancer markers, and so on, and can have clinical implications [84]. ZnO NP-
based biosensors have been successfully developed to sense glucose [85,86], xanthine [87],
DNA [88], lactate [89], cholesterol [90-92], N-Acyl Homoserine Lactone [93], uric acid [94],
epinephrine [95], and urea [96]. Additionally, poly(glutamic acid)/ZnO nanoparticles [97],
ZnO NP film [98], and ZnO/chitosan-graft-poly(vinyl alcohol) core-shell nanocrystals
(NCs), are utilized as glucose sensors [99]. ZnO NPs—polypyrole film has been utilized in
developing a biosensor that can sense hemoglobin [100]. ZnO NP-based biosensors have
been developed to sense acetylcholinesterase (AChE) [101]. AChE is an important enzyme
that plays a crucial role in the transmission of nerve impulses mediated by ACh. Any ab-
normal change in its activity can disrupt neurotransmission and lead to neurodegenerative
disorders [102-104]. Researchers have developed ZnO nanoparticles to study AChE activity,
which is affected by Cd?* at different concentrations [105]. MgO nanostructures are utilized
for the sensing of ascorbic acid, dopamine, and uric acid [106,107]. CuO nanoparticles can
sense glucose [108]. CeO, nanostructures are also utilized in sensing glucose [109-112],
DNA [113], uric acid [114], and concanavalin A [115]. SnO; nanofibers [116] and carbon
nanotubes@SnO,-Au composite [117] have activity as glucose sensors. Fe3O4 NPs can
sense tetracyclines [118], glucose [119-122], coliforms [123], and tyrosinase [124].

Table 2. Different types of biosensors using metal-oxide NPs.

Metal Oxide Target Biosensor Type Transducer Refs.
SnO, NPs Glucose Electrochemical PANI/SnO,-NF/HRP-GOx/Ch/GC electrode [116]

. TiO,—GR/GOD colloid dropped glassy carbon
Glucose Electrochemical electrode (GCE) [125]
TiO, NPs Alpha-Synuclein Photoelectrochemical immunosensor Au-doped TiO; nanotube [126]
PEC-based DNA Photoelectrochemical CA-modified TiO; photoelectrodes [127]

Organophosphate pesticides Electrochemical Chitosan (CS) film-modified TiO,-CS hydrogel [119]
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Table 2. Cont.

Metal Oxide Target Biosensor Type Transducer Refs.
Glucose Photoelectrochemical Ce0,@MnO; core-shell hollow nanosphere [128]
Uric acid Electrochemical In doped CeO, NP-modified glassy carbon [129]

CeO;, NPs paste electrode
Concanavalin A Electrochemiluminescence CeO,@Ag NPs modified graphene quantum dots [115]
DNA Electrochemical Ce0,-ZrO,; NCs on gold electrode [128]

. . XOD/ZnO-NP/chitosan/carboxylated-
Xanthine Electrochemical MWCNT,/PANL, Pt electrode [87]
. . ZnO NPs-CGR-nafion (NF) modified glass carbon
Acetylcholinesterase Electrochemical electrode (GCE) [130]
Glucose Electrochemical Graphene (GR)-CNT-ZnO composite modified GCE [131]
DNA Electrochemical Tonic liquid /ZnO NPs/chitosan/gold electrode [88]
ZnO NPs Lactate Electrochemiluminescence GCE/nanoZnO-MWCNTs (multiwall CNTs)/LOx/NF [89]
Cholesterol Voltammetric MWCNT-ZnO NPs [90]
N-Acyl Homoserine Lactone Photoluminescence Cysteamine functionalized ZnO NPs [71]
Uric Acid Electrochemical Enzyme electrode modified by ZnO NPs and MWCNT [94]
. . . ZnO NPs/1,3-dipropylimidazolium. Bromide ionic -

Epinephrine Electrochemical liquid-modified carbon paste electrode %3]
Urea Electrochemical Nano-ZnO/ITO film-based electrode [96]
Ascorbic acid Electrochemical MgO nanobelts/GCE [132]
Dopamine Electrochemical MgO nanobelt—mpdified graphene-tantalum [133]

MgO NPs wire electrode
Uric acid Electrochemical MgO nanobelts/GCE [132]
Glucose Electrochemical GE/MgO/glucose oxidase (GOx)/nafion electrodes [108]
Tetracyclines Colorimetric Fe304 NPs [118]

. . Fe304— Ppy NP tic gl b

FexOy NPs Glucose Potentiometric esbmenzyme= ePl)throcSieO?Mngng)e 1¢ glassy carbon [121]
Coliforms Tyrosinase (Tyr) Tyr/Fe3;04 NPs-CNTs/GCE [126]

Various TiOp; NPs have shown promising biosensor applications. TiO,—graphene
composite [125], silver-Prussian blue-modified TiO, nanotube array [134], nanocrys-
talline TiO, / Au/glucose oxidase films [135], and TiO,/APTES cross-linked to carboxylic
graphene [125] have been used to fabricate glucose sensors. A photoelectrochemical (PEC)
biosensor, fabricated utilizing a caffeic acid (CA)-modified TiO;, photoelectrode, was de-
veloped to detect DNA in a concentration range of 100 nM to 1 pM, and with a limit
of detection 1.38 pM [127]. Another TiO,-based sensor, for detecting organophosphate
pesticides, was developed by inserting Au nanorod@SiO, NPs into a TiO,-chitosan hy-
drogel [136]. A self-assembly of a monolayer to introduce oligomeric DNA on the contact
layer is crucial for a DNA sensor, as shown in Figure 4. Herein, the surface of TiO; NPs
was terminated by a hydroxyl group that attached the molecule through a condensation
reaction. The transducer was salinized by APTES, which modified the TiO; layer by the
hydrolyzation of the -OH group on the surface of the TiO, NPs and formed siloxane bonds
(5i-O-5i) to immobilize the DNA at the surface of the TiO; NPs. The silane layer over
TiO, NPs was thin and uniform, suitable for DNA immobilization on it. The salinization
of TiO, NPs, and the immobilization of DNA on salinized TiO, NPs, are demonstrated
in Figure 4 [136]. Further, photochemical DNA sensing on the TiO, NP surface by DNA
probe immobilization on the catechol-modified TiO, NPs in the presence of ascorbic acid
generated a photocurrent that decreased following the target DNA hybridization due to
steric hindrance aiding the DNA detection, as can be seen in Figure 4b [126].
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Figure 4. A schematic diagram of the (a) salinization of TiO; NPs and the immobilization of DNA on
salinized TiO, NPs (adapted from [136]); (b) photochemical DNA sensing on the TiO, NP surface:
the DNA probe (blue) immobilized on the catechol-modified TiO, NPs in the presence of ascorbic
acid (AA) created a photocurrent which decreased following the target DNA (green) hybridization
due to steric hindrance enabling the DNA detection. (Adapted from [126]).

The TiO,—3,4-dihydroxybenzaldehyde—chitosan photoelectrodes can pave the way
for photoelectrochemical DNA detection [137]. TiO; nanostructured films are also utilized
in developing third-generation biosensors [138,139]. Bacterial cellulose/polypyrrole/TiO;-
Ag (BC/PPy/TiO,-Ag) film can be utilized to sense and quantify the growth of five harmful
bacteria [140]. The electrodes treated with TiO, /CNT NCs may be utilized in bioanalytical
applications such as constructing whole-cell biosensors with improved detection sensi-
tivity [141]. The photoluminescence from TiO, NPs can be used as the sensor of Bovine
leucosis antibodies because photoluminescence from nanostructured metal oxides has
auspicious properties that can be utilized as a sensor for biological compounds [142-144].
The luminous nature of aluminum oxide nanostructures has been used in biosensing appli-
cations for a variety of bio-detecting objectives. Al NPs have demonstrated the capacity to
detect chemicals in biomolecules [145].
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6.2. Metal-Oxide Semiconductors as Biosensors

Numerous metal-oxide semiconductors are utilized as biosensors. ZnO semiconductor
nanomaterials can be used as fluorescence-enhancing substrates in biosensing. ZnO can be
used to check glucose utilizing an existing general packet radio services (GPRS)/global
system for mobile communication (GSM) system. Comparative procedures with different
ZnO nanostructure-based systems in the future may invent nanosensors to observe various
health parameters [84,146,147].

The complementary—-metal-oxide-semiconductor (CMOS) technology is a suitable
option that might help answer some of the most important problems in the development
of biosensors [148]. Passivation based on atomic layer deposition may be carried out
at low temperatures when Al,O3 is used. The gadget can be biocompatible. It has a
thickness of 50 nm across all its layers. In addition, depending on the requirements of a
biosensor array, CMOS-based electrochemical interface circuits may be tailored to provide
low noise while maintaining a high degree of sensitivity. This apparatus can evaluate the
strength of the cell adhesion as well as the health of the cell. The system is capable of
functioning for in vitro cell viability testing for an extended period. In a separate study that
made use of the 0.35 m 2P4M CMOS technology, researchers found that a piezoresistive-
type-microcantilever-based system on chip could detect hepatitis B virus DNA constantly
without the need to label [141]. In addition, salmonella lens-free CMOS image sensors
have been applied to identify bacteria that are transmitted via food. Devices based on
CMOS have been developed and used in the creation of retinal prostheses and brain
implants. These CMOS-based devices may be used for the stimulation of live cells and have
the potential to provide exceptional and flexible use for biological signal detection [141].
The use of CMOS-compatible silicon (Si) nanowires in the configuration of a field-effect
transistor has shown significant advantages for continuous biosensing that is level-free
and extraordinarily sensitive. An original concept of a split-entryway dielectric modulated
metal-oxide-semiconductor field-effect transistor has been presented as a method for label-
free electrical detection of biomolecules [149,150]. For example, the cardiac biomarkers
CRP and cardiac troponin I (cTnl) were immobilized through the cTnl-specific aptamer
and CRP-specific antibodies on Si NWs, which facilitated the rapid detection of biomarkers
with high sensitivity. The attachment of both biomarkers on the Si NWs’ surface was
confirmed by an AFM study. The sensor demonstrated sensitivity towards CRP and cTnl in
a wide concentration range from 1 pg/mL to 1 pg/mL [149]. Metal-oxide-semiconductor
field-effect transistors have several benefits, including an extended-gate structure and
differential-mode activity. These types of biosensors can be utilized with high sensitivity
and excellent stability [150]. RuO;-based ascorbic acid biosensor demonstrated a sensitivity
of 58.43 mV /decade, a linearity of 0.995, a LOD of 1.5 uM, good selectivity for ascorbic
acid, and a fast response time of 17 s [150].

6.3. Metal-Oxide-Based Enzyme Biosensor

Enzyme biosensors have been concocted based on immobilization strategies, for exam-
ple, the adsorption of enzymes through bonding. The enzymes normally utilized for this
purpose are oxidoreductases, polyphenol oxidases, peroxidases, and amino oxidases [151].
Though enzyme-linked immunosorbent assays (ELISAs) require a much longer analysis
time (~1 h), they have considerably greater sensitivity at low concentrations (~1 pM) [152].
Analytes and biocatalysts mounted on acceptable substrates are required for an enzyme
biosensor to work. Nanostructured metal oxides feature biological recognition combined
with electrical signal transduction is important in new-generation biosensors. The MONP-
based electrode surface’s plausibility of direct electron transfer between chemicals can foster
unrivaled reagent-less sensitivities [80]. For instance, utilizing gold nanoparticles that are
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housed inside tubular nanoclusters of titanium dioxide has allowed for the creation of
thiolated enzyme biosensors [153]. Electrochemical Enzyme NP (ENP) biosensors depend
on the electrochemical reactions among ENPs and reaction blends. The resultant signs of
the electrochemical reactions rely on the sort of transducer utilized which can be estimated
as current, voltage, or conductance. An ENP-based biosensor has three electrodes (counter,
reference, and working electrode) and these sensors have been utilized to work on the
health of individuals, food ventures, and climate monitoring. Among them, the health sec-
tor area is the central space of biosensing applications. By utilizing glucose biosensors, the
detection of blood glucose levels in diabetic people and an investigation of urea in patients
experiencing kidney illnesses can be executed. Additionally, glucose biosensors detect
cholesterol, fatty substances, glycerol, and pyruvate levels in heart patients [154]. ZnO NPs
are used in developing highly sensitive and selective enzymatic biosensors [155,156]. An
enzyme electrode with ZnO nanoparticles and MWCNTs added to it to boost its perfor-
mance was used to create a novel L-lactate sensor. An enzyme electrode serves as the basis
for this sensor’s construction [157].

Urine is a complex physiological fluid utilized for many years to recognize certain
metabolic disorders, including urinary tract infections, kidney diseases, and diabetes. Urea
is the most abundant organic solute in urine, the level of which is utilized for evaluating kid-
ney disorders. The development of a suitable sensor for urea in patients suffering from CKD
is crucial to saving their lives. As a terminal disease patients with end-stage renal disease
(ESRD) require hemodialysis to remove uremic toxins including urea. The urine nitrogen
tests the function of the kidneys. Urinary urea measurement is also utilized as a means
of estimation of nitrogen balance in hospitalized patients who are malnourished [158,159].
Several metal oxides and metal/metal-oxide nanocomposites have been studied for the
detection of urea. Among them, Ni-based catalysts demonstrated better outcomes in the
electrochemical oxidation-based detection of urea. Arian et al. utilized NiO nanomaterials
for developing a urease-free simple, highly sensitive, selective, and steady urea sensor for
biological samples including blood, urine, and duodenal fluids, and the sensor does not
need specific storage conditions [160]. The silver catalyst deposited on ZnO rods/carbon
substrate also functions as an enzyme-free urea sensor [161].

7. Metal-Oxide Biosensor Devices

Metal oxides have assorted chemical and physical properties including bigger ac-
tive surface area, simpler functionality, high adsorption ability, quick electron-transfer
capacity, and tunable bandgaps. They are fundamental for the manufacture of biosens-
ing devices [162]. Among the different metal-oxide NPs, the nano CuO [163], ZnO [164],
SnO, [165], CeO,, TiO; [80], FesO4 [166,167], and MgO [168] have biosensor device ap-
plication. Due to ZnO’s high isoelectric point (9.5), it may immobilize elements with a
low isoelectric point through electrostatic contact [164-171]. ZnO nanomaterials-based
biosensors, for instance, MWCNT /ZnO nanofiber-based biosensors, can be utilized for the
detection of malarial parasites [172]. Biosensor innovation has been an expanding interest
in nanosized biosensors dependent on ZnO nanomaterials since they have been utilized in
the blend of different biosensing molecules. ZnO thin films are incredible for biosensing
devices with exceptional sensitivity to manage the cost of a phenomenal stage. These films
are created by a flexographic printed procedure, bordering a nanotextured surface during
the manufacturing process, and such surface nanostructures have brilliant potential for
expanding surface functionalization, which is fundamental for the high sensitivity needed
to detect illnesses [173]. As it has been estimated that over 3.4 million individuals die from
hypoglycemic and extreme diabetic difficulties, the consistent, consecutive testing of glu-
cose is critical to forestall hypoglycemic and diabetic inconveniences. The efficient glucose
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biosensors depend on electrochemical techniques or optical techniques. Most commercial
glucose biosensors need disposable glucose test strips, which are costly for successive blood
glucose testing. Surface acoustic wave (SAW) biosensors dependent on ZnO films have
acquired a lot of consideration since SAW biosensor devices have high sensitivity, reliability,
and reusability. SAW devices dependent on ZnO demonstrated superiority and could be
incorporated into portable micro-array systems to work with basic and modest electronic
components, making them endurable and reasonable for clinical applications [174].

8. Detection of Dangerous Biologics by Biosensor

Biosensors have been utilized for the biological detection of problems like diabetes,
cancer, CKD, and allergic responses, that is, different issue-based serum investigations. Ex-
amples of uses include recognizing diabetic patients” glucose levels, detecting uremic toxins
and infections in the urinary system, detecting HIV / AIDS, and diagnosing cancer [175].
High glucose levels result in diabetes mellitus, and it can be a threat, even though glucose
plays an important role in some biochemical processes, such as glycolysis. A high glucose
level brings about a metabolic disorder caused by defective pancreatic function. Because
enzymes oxidize glucose in a certain way, the great majority of biosensors are geared
toward monitoring glucose levels. Since the measurement of glucose levels is vital, this is
the primary focus of most biosensors. Glucose biosensors rely only on the enzyme glucose
oxidase (GOx). GOx is responsible for the transformation of glucose and oxygen into
gluconic acid and H;O. This transformation enables the glucose biosensors to detect the
presence of glucose. Following that, hydrogen peroxide is oxidized electrochemically at a
voltage of +500 mV vs. Ag/AgCl.

Glucose + Oy — Gluconic acid + HyOy, HyOp — Oy + 2H* + 22~

ZnO nanostructures are utilized in glucose biosensors because their shape has a
significant impact on their electrochemical characteristics [176]. The generation of a signal
in an ELISA is based on the diffusion of the target component from the sample solution
to a solid surface. This test is an excellent example of a heterogeneous biosensor in its
typical form. Using a wash step, the detecting signal and the background signal can
be separated from one another [177]. To successfully detect SARS-CoV-2, a completely
innovative plasmonic-based biosensing device that is also equipped with dual capabilities
has been developed [178]. The occurrence of plasmonic phenomena is necessary for
the successful operation of this technology. The plasmonic photothermal effect and the
localized surface plasmon resonance effect (LSPR) have been combined in the enhanced
biosensor to make use of both phenomena. Using lanthanide-doped polystyrene NPs
has opened the door to the field of biosensing. Because lanthanides have their unique
electronic configuration, lanthanide-doped NPs have the potential to display a broad range
of fascinating optical characteristics. The SARS-CoV-2 infection can be diagnosed with the
use of biosensors that are based on lanthanide-doped NPs [178]. A fast and sensitive lateral
flow immunoassay that utilized Eu-doped polystyrene nanoparticles based on fluorescence
technique to detect anti-SARS-CoV-2 IgG in human serum was reported [179]. The method
was validated for the identification of anti-SARS-CoV-2 IgG in suspicious cases, which
was found convenient for monitoring the progression of COVID-19 and assessing the
response of patients to treatment [180]. An electrochemical biosensor that is based on
functionalized TiO, nanotubes might potentially be employed for the rapid sensing of
SARS-CoV-2 [180] (Figure 5). Further, doped with AuNPs, zinc-oxide nanorods can detect
Human Papillomavirus-16 in cervical cancer samples [181].
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Figure 5. Schematic of co-functionalized TiO, nanotube (Co-TNT)-based sensing platform for detect-
ing SARS-CoV-2. (adapted from [180] in modified form).

9. Early Detection of Cancer Using Biosensor

Cancer is an uncontrolled growth of cells brought on by environmental toxins and
inherited and acquired genetic and epigenetic mutations. A biomarker is a biological
molecule that can be identified in blood, other body fluids, cells, or tissues and acts as
an indication of either a normal or abnormal process or a disease or sickness. Cancer
biomarkers have the potential to be helpful in the early detection of cancer, the accurate
preoperative staging of the illness, the response to chemotherapy, and the development
of the disease. The biosensor system is beneficial for early cancer detection and effective
therapy, primarily for such cancers that are typically diagnosed at the final stages of the
progression of the disease and demonstrate poor sensitivity to therapy, which ultimately
results in an improvement in patient quality of life and the prolonged survival [182].
Different types of electrochemical biosensors utilizing various support materials such
as carbon allotropes, polymers, metal nanoparticles, and nanocomposites, biomolecules
such as immunoglobulins, nucleic acids, and hormones are useful in cancer diagnosis,
particularly for point-of-care testing (POCT) [183]. Recently, a tapered optical fiber (TOF)
plasmonic biosensor was developed and employed for the sensitive detection of a panel of
microRNAs (miRNAs) in human serum taken from people with and without prostate cancer
(PCa). Since multianalyte detection reduces the number of false positives and negatives
and provides a solid basis for early PCa diagnosis, the oncogenic and tumor suppressor
miRNAs let-7a, let-7c, miR-200b, miR-141, and miR-21 were evaluated as predictive cancer
biomarkers. Further, multianalyte monitoring reduces false-positive and false-negative
rates and offers the opportunity for early PCa diagnosis [183].

The biosensing platform has metallic gold triangular nano prisms (AuTNPs) coated
on the TOF to stimulate surface plasmon waves in the supporting metallic layer and boost
the evanescent mode of the fiber surface. Without RNA extraction or sample amplifi-
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cation, this sensitive TOF plasmonic biosensor, as a point-of-care cancer diagnostic tool,
enabled the identification of the panel of miRNAs in the serum of the patients. With a
detection limit between 179 and 580 aM and good selectivity, the TOF plasmonic biosen-
sor could detect miRNAs in human serum. With a p-value of less than 0.0001, statistical
analyses were conducted to distinguish malignant from noncancerous samples. This high-
throughput TOF plasmonic biosensor has the potential to advance and expand POCT for
cancer diagnoses [184].

Cancer and genetics are interlinked. So, DNA analysis is most important in cancer
treatment and diagnosis. DNA biosensors have been recognized as a screening tool that
can be used for the bioanalysis of environmental pollution studies as well as DNA-drug
reactions. The concept of testing at the point of care has emerged as the new top priority
for biosensor applications. It is now feasible to dramatically enhance the delivery of health
services and healthcare due to POCT [185]. The diagnosis of cancer in clinical medicine is
now mostly dependent on imaging tools as well as the morphological study of diseased
cells or tissues. Particularly, 2D nanomaterials have found great uses in the construction
of electrochemical biosensing platforms, which have enabled the very sensitive detection
of cancer markers present in extremely low concentrations in relatively small amounts of
a variety of clinical samples [186]. Two-dimensional graphene nanomaterials functional-
ized with Fe;04, MoOs3, 5i/5i0,, Cu, Au, Pt, etc., have shown promise in electrochemical
biosensing systems to screen and diagnose different types of cancer both in vitro and
in vivo. The H,O; sensors based on a graphene nano-sheet decorated with Pt, Au, and
CuS have been fruitfully utilized for monitoring H,O, liberated from different cancer cells,
as well as quantifying HyO; levels in human serum and urine samples [186]. Further, a
graphene-based ternary nanocomposite such as an rGO nanocomposite decorated with
Au, Pt, and Fe3O4 nanoparticles was employed to fabricate a sensitive electrochemical
biosensor for the detection of H,O, released from cells during redox hemostasis distraction
by ascorbic acid, including human cervical cell lines (HeLa), human primary glioblastoma
cell lines (U87), human hepatocellular carcinoma cell lines (HepG2), and human embryo
liver cell lines (L02). The study provided crucial information on the intracellular tumor mi-
croenvironment during the tumor development process. The nanostructure microelectrode
based on Au NPs, MnO; nanowires, and a graphene nanosheet-coated carbon-fiber elec-
trode demonstrated excellent sensitivity, reproducibility, stability, and selectivity, making
it ultrasensitive and specific for real-time tracking of the secretion of HyO, from human
HelLa cells and human normal mammary epithelial cells, HBL 100 [186].

Prostate-specific antigen (PSA) was one of the first tumor biomarkers used for the
identification and monitoring of prostate cancer. Smith discovered that 30% of males with
PSA levels between 4.1 and 9.9 mg/mL had prostate cancer. A PSA result that is unusually
high may suggest the existence of benign prostatic hyperplasia, prostatitis, or a benign
prostate tumor. Abnormally high levels of cancer antigen (CA) 125 have been linked not
just to ovarian cancer but also to uterine, cervical, pancreas, liver, colon, breast, lung, and
digestive cancers. The most frequent kind of cancer related to CA 125 levels is ovarian
cancer. As a crucial biomarker, the CA 15-3 levels of breast cancer patients are measured.
Currently, the levels of CA 15-3 are included in the development of therapy protocols.
Other parameters, such as tumor size, malignancy stage, and unfavorable risk factors
(such as HER-2 status and ER /PR status), are also taken into consideration. In addition
to generating an increase in CA 15-3 levels, endometriosis, pelvic inflammatory disease,
hepatitis, pregnancy, and breastfeeding can all be contributory factors. Among the many
types of cancer biomarkers, cancer—testis (CT) antigens stand out. The presence of CT
autoantibodies in serum, which is far more accessible than tissue biopsies, is a benefit of
CT autoantibodies as cancer biomarkers. Therefore, they could be especially useful for
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forecasting the onset and/or development of cancer [182]. An early diagnosis, which makes
use of biomarkers that are particular to prostate cancer, has the potential to significantly
increase the prostate cancer survival rate while simultaneously reducing the total costs of
therapy. miRNAs have attracted a lot of interest as potential biomarkers due to the critical
role that they play in several physiological and pathological processes, one of which is
the development of cancer. Functional research has shown that abnormal expression of
miRNAs may have a direct impact on the progression of prostate cancer. This is because
of aberrant miRNA expression targets components that oversee governing processes such
as the development of the cell cycle, apoptosis, DNA repair, differentiation, androgen
signaling, angiogenesis, hypoxia, and chromatin remodeling. It is typical for patients
with prostate cancer (PCa) to have an elevated level of oncogenic miRNAs. This level
of oncogenic miRNAs contributes to the progression of cancer by inhibiting the activity
of tumor suppressor genes (i.e., TP53, PTEN). Similarly, tumor suppressor miRNAs are
found in the prostate of cancer patients. These miRNAs prevent the formation of malignant
tumors and govern the differentiation or death of cancer cells by focusing on oncogenic
factors, which allows them to do both simultaneously [182,187].

The introduction of label-free chemical imaging techniques in biological samples
has sparked a significant amount of interest in mass spectrometry imaging, which has
successfully garnered a significant amount of this attention [177]. Antibody arrays, in
which antibodies are organized in a two-dimensional pattern on a solid substrate, are
one use of this ground-breaking method. One possible use for this technique is antibody
arrays. The capacity of the antigens to bind to certain antibodies at specified sites allows
for the detection of a variety of different antigens using antibody arrays. Automated
multi-analyte analysis is feasible with the use of these array biosensors, microfluidics
technology, and a detecting element. The use of integrated biosensor chips may enable a
thorough study of a challenging biospecimen, such as blood or other bodily fluids [188].
Zinc-oxide and iron-oxide (Fe,O3) films are innovative solid support for DNA microar-
rays and may be effectively utilized for cancer diagnosis [189]. GeO;-, TiO;-, Al,O3-, and
B,O3-doped fused silica-based fluorescent biosensors may be utilized for the detection of
cancer biomarkers [190]. A peptide-based PEC biosensor was constructed based on the
CdTe/TiO,-sensitized structure as the electrode and CuS nanocrystals as a signal amplifier
to detect PSA with good specificity, stability, and reproducibility in a linear range from
0.005 to 20 ng/mL. The sensor was constructed based on a reaction that the PSA specifi-
cally cleaves a specific amino acid sequence [191,192]. Neuron-specific enolase (NSE) is a
tumor biomarker with expression in non-small cell lung cancer. A 3D-hyperbranched TiO,
nanorod array was fabricated and utilized to construct a dopamine-sensitized PEC biosen-
sor for the detection of NSE. In this sensor, dopamine was used as a sensitizer and combined
with a TiO, nanorod array to achieve signal amplification. The biosensor demonstrated an
excellent linear relationship range from 0.1 ng/mL to 1000 ng/mL, with a detection limit of
0.05 ng/mL for NSE detection [193]. A PEC immunosensor for NSE detection based on a
Z-scheme WO3/NiCoy04/Au nanoarray p-n heterojunction utilized the LSPR effect of Au
to convert thermions into a photocurrent to achieve signal amplification. NiCo,O4 with
good electrical conductivity and WO3;/NiCo,04 with a large specific surface area and a
large number of active centers for the loading of polyamidoamine films were utilized in
biosensor fabrication. The constructed PEC immunosensor for NSE detection was used in
the range of 0.1 pg/mL to 50 ng/mL. The logarithmic value of NSE concentration showed
a linear relationship with the photocurrent intensity with a LOD of 0.07 pg/mL [194]. TP53
is one of the most muted genes in cancer. TP53 is an important tumor marker for colon
cancer. A sensitive fluorescent biosensor based on DNA-functionalized Fe;0, NPs was
fabricated for the detection of TP. The consensus DNA was immobilized on animated
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dextran-modified Fe304 NPs and tagged by Cy-5 to generate a fluorescent signal. The inter-
action between DNA and TP53 protein led to a decrease in fluorescent emission, enabling
the detection of the TP53 tumor marker. The DNA-functionalized Fe;O4 NP sensor for
TP53 detection had a detection limit of 8 pM and a linear range of detection from 50 pM
to 2 nM [195]. Carcinoembryonic antigen (CEA) is a tumor marker for gastrointestinal
tumors. Two-dimensional TiO; nanosheets were modified with carboxylated graphite
carbon nitride (g-C3Ny4) with a strong photocurrent. The antibody of CEA was bound to the
nanosheets, and the specific binding of CEA and its antibody decreased in the photocurrent
allowed for the detection of CEA [196]. Human epidermal growth factor receptor 2 (HER2)
is a tumor biomarker for breast cancer. HER2-positive breast cancer has a high degree of
malignancy and accounts for 20-30% of molecular types of breast cancers. Magnetic Fe3Oy
nanospheres, spherical and uniform in shape, were modified with anti-HER2 antibodies to
proficiently capture HER?2 in serum samples. The signal amplification was performed with
ascorbate oxidase-modified Co304 NPs and HER? aptamers. The detection of the HER2
was based on the reduction in photocurrent intensity. The selectivity and specificity of the
HER?2 senor were detected using human IgG, CEA, BACEL, p53, and human IgM, which
confirmed its good specificity and selectivity. The linear range was 1 pg/mL to 1 ng/mL
and the LOD was 0.026 pg/mL for the HER2 sensor [197].

10. Enzyme-Less Metal-Oxide Biosensors for Biomarker and
Biomolecule Detection

The recent developments in nanomaterial research have facilitated a huge break-
through in smart, portable, and electronic devices. Their high-end features like excellent
sensitivity, portability, fast response, flexibility, validity, and stability have drawn significant
attention from consumers, promoting their use in day-to-day life in the biomedical and
healthcare sectors. As a result, these enzyme-less portable sensor devices need to be further
developed by supplying low-dimensional binary or ternary nanostructure material for
continuous use. To boost the usage demand in everyday life, enzyme-less nanomaterial
sensors fabricated from nanomaterials, conductive polymers, and other available sources
have received remarkable attention to meet the demand in the upcoming decades for
portable biomedical devices due to their stability, reusability, and long-term applicability.
Therefore, researchers have been interested in integrating different functional electro-active
low-dimensional doped nanostructure materials and their NCs with green sources for
portable use in biomedical and healthcare sectors on broad scales. In this era of modern
electrochemical research, enzyme-less sensors have shown remarkable accomplishment
because of their wide operation ranges, elevated sensitivity and large-linear dynamic
ranges, long-term stability, reproducibility, fast response, validity, and uses in conventional
devices and tools. Different selective and sensitive enzyme-less biosensors were developed
with various nanostructures or NC materials [198-200]. The enzyme-less y-amino-butyric
acid sensor has been introduced with low-dimensional copper-oxide NPs by an electro-
chemical approach. The sensor exhibited good sensitivity, a large linear dynamic range,
the lowest limit of detection (11.70 pM), a good limit of quantification (39.0 pM), and
robustness. The impedance impacts were assessed by the I-V strategy with the proposed
sensor (GCE/nafion/CuO NPs) for the y-amino-butyric acid sensor [201]. A CuO NC
sensor exhibited good electrochemical performances. This sensor probe has been validated
with biological samples, for instance, human serum, mouse serum, and rabbit serum, with
acceptable and satisfactory results [191]. A low-dimensional doped silver oxide nanorod
was synthesized wet-chemically and applied for enzyme-less choline detection by an elec-
trochemical approach [202,203]. Further, the CdO/SnO, /V,0s5 micro-sheet sensor probe
was validated with real biological samples. This study introduced a noble approach to
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detect unsafe biological matter with CdO/SnO,/V,0s5 micro-sheets/nafion/GCE sensor
probes [204].

Creatine (CA) is produced in the liver and kidney in humans and distributed through
the blood circulation in the body. The CA is then carried out to tissues with high energy
demands in the body, such as the brain and skeletal muscle. CA is also found in meat
and vegetables which are common in the human food chain. CA has a vital role in energy
production and control of the pH of the buffer system in the living tissues. As a result, the
continuous delivery of CA is essential either through biosynthesis or by food in the human
body [159,205,206]. A shortage of CA may result in several neurological symptoms such as
autism, extrapyramidal syndrome, hypotonia, auto-mutilating behavior, delays in speech
acquisition, and neurodevelopmental disorders [207-209]. Creatinine is a breakdown
product of CA phosphate from muscle and protein metabolism. In normal healthy people,
creatinine is excreted from the body through the kidney. Creatinine is released into the
circulation and almost exclusively excreted in urine. Creatinine is easily filtered by the
glomerulus, and unlike urea, it is not reabsorbed or affected by urine flow rate. If the
kidney function is not healthy, creatinine levels in the body will increase. In the case of a
CKD patient, excess creatinine is accumulated in the body as a uremic toxin, because the
kidney loses its normal filtration activity due to its failure to function normally.

Considering the pathophysiological aspects of CA in humans, it is crucial to develop
reliable and effective sensors for CA in biological systems. The normal serum CA is in the
range of 0.6 to 1.2 mg/dL or 53 to 106 umol/L for adult males and slightly lower (~10%)
in adult females [210]. CA is produced in the body at a virtually constant rate and its
concentration in blood changes a little in healthy people. However, it may be elevated in
some pathological conditions such as metabolic disorders, including CKD and cancer. Like
proteinuria, a high creatine level is a sign of a likely health problem, rather than a problem
itself. If the creatine level increases because of kidney issues, one may experience related
indications. The derivative CA riboside is a significant metabolite of cancer metabolism. It
is used as a urinary biomarker of lung and liver cancer risk and prognosis. Some of the
existing approaches generally utilized for the quantification of CA in human fluids such
as urine and blood include calorimetry, spectrophotometry, and fluorometry [211-213].
These conventional strategies for CA quantification face some difficulties, such as heavy
and expensive instruments, the time-consuming process, the costly reagents, and the lack
of portability. Figure 6 represents the metabolic biomarker detection process with GCE
decorated with porous nano-formulated CMNO materials, such as the detection of CA
with GCE decorated with porous nano-CMNO materials. The higher sensitivity and lower
detection limit, stability, fast response time, large linear dynamic range (0.1 nM~0.1 mM),
repeatability, and validity were significantly determined with this electrode assembly in
the phosphate buffer phase. This research method is an effective enzyme-less sensor probe
for metabolic biomarkers for kidney disease, cancer, etc. [205].

The higher level of uric acid is very unsafe and toxic to human health, and it is
necessary to develop an enzyme-less biosensor probe for detection [214]. The association
of hyperuricemia with CKD is attributed to the retention of serum uric acid that occurs as
the glomerular filtration rate falls. Uric acid may have several roles in kidney disease. Uric
acid induces chemokines in tubular cells and can tempt intrarenal inflammation. Diabetic
patients may develop elevated serum uric acid, and a reduction in uric acid level could
lower kidney disease [215]. Cyclosporine may raise the uric acid level, and the renal disease
induced by cyclosporine could be worsened by increasing the uric acid level and improved
by reducing it [216,217]. A method has been developed utilizing CuO nanomaterials to
detect uric acid [218,219]. Large linear dynamic range, stability, sensitivity, reproducibility,
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Figure 6. Schematic representation of creatine biomarker detection with CMNO-decorated GCE for
the creatine. (a) Modification of glassy carbon electrode (GCE) with CMNO NM:s, (b) electrochem-
ical oxidation of CA on CMNO NMs/GCE, and (c) responses recorded in electrometer. (adapted
from [205]).

A metal-oxide-based heterojunction thin-film transistor (HJ-TFT) using InyO3/ZnO
was developed for the label-free fast detection of uric and vitamin D3 in PBS and human
saliva. The HJ-TFT used a solution-processed InyO3/ZnO channel that was functionalized
with a uricase enzyme and vitamin D3 antibody for the selective detection of uric acid
and vitamin D3 [220]. The ultra-thin tri-channel system facilitates enhanced coupling
between the electron transport along the buried In,O3/Zn0O interface and the electrostatic
perturbations caused by the interactions between the surface-immobilized receptors and
target analytes. HJ-TFT-based microarray for the noninvasive detection of uric and vitamin
D3 in human saliva demonstrated steady performance under physiologically relevant
conditions. The sensor system was able to detect uric acid at a concentration range of 500 nM
to 1000 pM, and 100 pM to 120 nM vitamin D3 within 60 s, respectively. The LOD for uric
acid was ~152 nM and that for vitamin D3 was ~7 pM. HJ-TFT microarray biosensor system
exhibited specific detection of uric acid and vitamin D3 by the selective functionalization of
the individual transistors with uricase enzyme and vitamin D3 antibody [220].

C0304-5nO;, NPs can be utilized for the detection of selective L-glutathione [221]. Non-
enzymatic glucose detection is possible by utilizing AuNP-anchored poly-aniline blue (PAB)
NCs on a glass substrate covered with fluorine-doped tin oxide (FTO), AuNP/PAB/FTO.
The PAB has been applied to the FTO electrode using cyclic voltammetric sweeping to
obtain a high level of surface coverage. On the PAB/FTO electrode, AuNPs are then
deposited using the seed-assisted growth method. When glucose in its native state has
been oxidized, the NCs demonstrated potent electrocatalytic activity. Two linear responses
with sensitivities of 1.30 pAcm 2uM ™! and 0.12 pAcm~2uM~! have been identified in the
concentration ranges of 2-50 pM and 50-250 pM. The difference between these concentra-
tions was 250 uM. The most sensitive level of this sensor can detect things up to 0.40 pm
away. Due to the sensor’s high repeatability, long-term stability, and excellent glucose
recovery in real samples with little interference, it has been used several times without
losing precision [222]. Cu-NPs have been effectively coated on the side wall of MWCNTs
using a polyelectrolyte as a template for a simple and effective in situ process. Due to the
presence of polyelectrolytes in these materials, NCs may undergo fast changes in GCE. This



Chemosensors 2025, 13, 49

25 of 39

has occurred due to the presence of polyelectrolytes in the environment. Utilizing CV and
chronoamperometry as the principal techniques, the glucose oxidation activity of modified
electrodes has been investigated. Under alkaline conditions, the NCs demonstrated potent
non-enzymatic electrocatalytic reactions to glucose. As a result, using NCs, researchers
may investigate and build glucose sensors that do not depend on enzymes [223]. To study
rabbit serum, orange juice, and urine, the ZnO-CuO sensor probe has been developed
and found acceptable with satisfactory results for acetylcholine and ascorbic acid sensing,
which demonstrated sensitivity (317.0 pAuM ~'em 2 and 94.94 pApM ~lem~2), stability,
lowest detection limit (14.7 pM and 12.0 pM), good quantification limit (490.0 mM and
367.0 mM), linearity (R? = 0.9049 and 0.9201), large linear dynamic ranges, repeatability,
and short response times, in large concentration ranges (100.0 pM-100.0 mM). For the safety
of biomedical and healthcare industries in general, this method introduces a novel approach
to simultaneously detect acetylcholine and ascorbic acid using binary doped nanostructure
material via an electrochemical approach. Another oxidative stress indicator is hydrogen
peroxide, which may be a symptom of terminal illnesses including cancer, aging, and brain
damage from trauma as well as ischemia/reperfusion problems and memory loss. Due
to its medicinal significance and status as a major agent, a sensitive and accurate method
of determining its concentration is needed. For the hydrogen peroxide detection with
flower-flake LapZnO4 NCs material, researchers have introduced a non-enzymatic sensing
matrix by an electrochemical approach in room conditions, where the target H,O, analyte
has been detected selectively with higher sensitivity [224].

The nitrite (NO?~) analyte has been implicated in many health complications such
as cancer and oxygen deficiency in blood when it exceeds the limit. The graphene oxide-
polyaniline-Au NP (GO-PANI-AulNP) nanomaterial has displayed an enhanced electro-
chemical conductance as well as electro-catalytic activity towards the target nitrite analyte
compared to other sensors. Good sensor analytical parameters have been obtained a with
good selectivity of 0.5 micrometer to 0.24 mm [225]. A non-enzymatic sensor composed of
AuNPs/PANI/SnO, NCs has been developed to enhance the electrochemical detection of
nitrite. These NCs were created to combine the beneficial properties of MONPs, conducting
polymers, and noble metals. Several spherical AuNPs were dispersed throughout the
fibrous PANI-SnO, surface. The sensor responded effectively to NO?>~ detection. Addition-
ally, this sensor exhibited superior selectivity, stability, and repeatability. Au/PANI/SnO,
can serve as a novel sensor for the non-enzymatic sensing of NO?~ [226]. Cu,S nanorods
on 3D copper foam (CuyS NRs@Cu foam) were fabricated in situ at reasonable costs and
with little effort. CupS NRs@Cu foam has the potential to be used as a source for the
non-enzymatic detection of glucose and H,O, in biological samples. This biosensor has
shown high sensitivity and a low detection limit for the electrocatalytic oxidation of glucose.
When presented to H,O,, this nonenzymatic sensor exhibited an outstanding response, for
instance, high sensitivity (1.686 mA mM~! em2) and low detection limit (0.2 uM). It has
offered a method that is both effective and promising for the development of non-enzymatic
glucose and H,O, sensors and may be used in real-world applications [227]. Malathion
(MLT) is a kind of organophosphorus pesticide, and it has very high toxicity. Electrochemi-
cal platforms for the rapid, simple, cost-effective, and sensitive testing of pesticides remain
a challenge. The AuNP-CS-IL/PGE (pencil graphite electrodes) NCs were evaluated for
their prospective use as a sensing matrix in the non-enzymatic electrochemical detection of
malathion. This has been accomplished by utilizing cyclic voltammetry and square wave
voltammetry to conduct measurements. The findings showed that electrodes modified with
AuNP-CS-IL can be used to perform a simple, quick, highly sensitive, and cost-effective
detection of MLT [228]. It has been shown that enzyme-free glucose detection can be carried
out using Fe;O, nanotubes (NTs) on FTO as a nanoelectrode. The Fe3O4 NT array’s me-
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chanical stability has made it a feasible material for electrochemical sensing. When utilized
for amperometric glucose detection, it has shown a powerful electrocatalytic reaction with
a detection limit of 0.1 pM, rapid response, and excellent sensitivity. The electrochemical
detection potential of this array electrode is high, and it can be employed with a wide
range of analytes [229]. Using a standard wet chemical technique, the copper foil has
been used as the substrate for the deposition of uniform, petal-like CuO nanostructures
at room temperature. Their electrochemical performance has been assessed using cyclic
voltammetry, amperometry, and electrochemical impedance spectroscopy. CuO films have
been proven to be active electrode materials for the non-enzymatic amperometric detection
of H,Olt has a lower detection limit and higher sensitivity. This electrode is an especially
sensitive and reliable device for non-enzymatic electrochemical detection of H,O, [230].

The hybridization chain reaction (HCR) and dsDNA-templated copper NPs have been
used to generate a label-free and non-enzymatically amplified fluorescent method for DNA
detection. Without the need for enzymes, this approach can identify DNA. The biotin
and streptavidin interaction has been used to connect biotinylated capture DNA probes
to streptavidin-modified beads. The target DNA then hybridized with the capture DNA
probes to produce sticky DNA. The sticky end stimulated the HCR process and dsDNA
polymerization despite the presence of two hairpin probes at the same time. CuNPs
with high fluorescence properties were created utilizing dsDNA polymers as a template,
resulting in a non-enzymatic signal response. The fluorescence detection method, on the
other hand, is reliant on HCR activation by the target DNA. In biological and medical
applications, the suggested notions and approaches in this research hold a lot of potential
for quantitative DNA identification [231].

11. Metal-Oxide Biosensors in Healthcare and Environmental Protection

Metal-oxide-based biosensors have significant applications in the healthcare and
environmental sectors. Biosensors that can detect nitrogenous substances like urea are
critical for reducing economically motivated adulteration (EMA) in the food and dairy
industries. US-FDA has categorized urea among chemicals most likely to be used in protein
adulteration. In milk, urea is illegally added to increase solid nonfat (SNF) value and
nitrogen content to mislead the testing result of protein content. Such an adulteration of
milk with cheap toxic chemicals like urea poses a serious health hazard. The acceptable
range of urea in milk is 70 mg/dL. Above this limit, urea has fatal effects on human health,
particularly in children’s. Excess urea in milk can cause indigestion, renal failure, urinary
tract obstruction, gastrointestinal bleeding, and cancer [232]. An aptasensor utilizing
gold NPs (Au NPs) was developed to detect urea in milk [232]. Here, DNA aptamer
interaction with urea was evaluated by affinity, melting curve analysis, CD, and truncation
tests. A user-friendly, “non-enzymatic” aptasensor with dual readouts was developed that
interpreted intrinsic fluorescence variations and color changes produced by aptamer—urea
binding simultaneously. This sensor has high selectivity in the detection of urea. The
response signals increased in proportion to the amount of urea adulteration in the milk.
The detection limit for urea adulteration in milk was 20 mM to 150 mM [232].

To increase food and agricultural production, it is necessary to utilize pesticides
to protect plants. However, this approach poses pesticide poisoning and also increases
environmental hazards. An urgent development of pesticide detection technologies to save
the environment is thus crucial. There have been many efforts to develop technologies
for the development of sensors for different pesticides [233]. Pesticides are frequently
utilized in crop production; however, they may substantially affect both the environment
and human health. Therefore, an effective biosensor for pesticide detection must control
pesticide utilization and safely enhance crop production.
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Metal-oxide-based biosensors have shown great promise in healthcare applications,
as electrochemical biosensors based on NiO were utilized in the sensitive detection of
4-acetaminophen, a NiCo,O4 biosensor was applied for the detection of glucose and lactic
acid, and a NiCoZnO biosensor was utilized to detect dopamine in biofluids [234].

Therefore, metal-oxide-based biosensors facilitate the immobilization of DNA probes
and antibodies, enabling the specific detection of nucleic acids and proteins, which has
applications in the diagnosis of genetic, infectious diseases, and cancer. Metal-oxide
biosensors are useful for recognizing uric acid, dopamine, and lactates and identification of
pathogens and hormones. Biosensors are also effective in the detection of pesticides and
other environmental toxins [235,236].

12. Conclusions

A variety of biosensor types based on promising transducing mechanisms are being
investigated, including electrochemical, thermal, optical, and piezoelectric biosensors.
Metal-oxide NPs have been applied for quick and exact biomolecule detection. MONPs
are auspicious in sensing pathogens, dangerous biologics, and other important species
of the human body. There have been numerous progressions in material manufacturing
methodologies, enzyme/protein designs, and immobilization/conjugation approaches,
which have advanced novel nanoparticles with further developed functionality. Uses
of metal/metal-oxide biosensors include recognizing diabetic patients” glucose levels,
detecting uremic toxins and infections in the urinary system, detecting HIV /AIDS, and
diagnosing cancer. ZnO-based electrochemical biosensors have been used for the detection
of a variety of analytes such as uric acid, glucose, cholesterol, dopamine, and DNA. Metal-
oxide-based optical biosensors are promising in identifying E. coli and Listeria monocytes,
CRP, cTnl, Tau proteins, DNA, and other biomolecules. An electrochemical biosensor based
on functionalized TiO; can potentially be employed for the rapid detection of SARS-CoV-
19. Zinc-oxide nanorods doped with gold NPs can detect Human Papillomavirus-16 in
cervical cancer samples. Piezoelectric biosensors are excellent sensors for lymphocytes
and immunoglobulins such as SiO;/ZnO nanowires modified with AuNPs, which can
be utilized for detecting IgG, and Au/PANI-NF sensors applied for monitoring the T
cell activation. The anti-CD antibody molecule was immobilized onto the composite to
observe the activation by studying the expression of CD69, CD25, and CD. Research in the
state-of-the-art field of biosensing with biofunctionalized multifunctional nanomaterials,
and the advancement of practical biochips utilizing nanoscale sensing material, are very
promising and prospective. Biosensing is an auspicious approach in the biomedical arena,
particularly in cancer, CKD, AD, and the detection of and protection from other diseases.

13. Current Challenges and Future Perspectives

Even though biosensors can be installed in a certain setting, it is far more challenging to
use them in biological matrices like body fluids. This is because biological matrices are more
complex. Research on biosensor application, diagnosis, and follow-up analytical equipment
may be distinguished from research on biosensors [237]. The presence of interference
signals brought on by interferents is a common problem in biosensing. This problem arises
when a sensor is in persistent contact with biofluids, for example, oxidizable acids, and
bases of larger and lower molecular weight. These have the potential to cause interference.
In addition to this, it is quite likely that metabolites derived from pharmaceuticals will be
found in the fluids of the body (e.g., acetaminophen). Allosterically, interfering proteins
with a high molecular weight adsorb on the surface of the transducer. This is known as an
allosteric interaction. Because of this methodology, the chemicals, which are often found in
very trace levels, are not detected even if they are present there [238].
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The biological medium contains a broad variety of substances, any one of which can
encourage the growth of biofouling or cause enzymes to become inactive. In addition to pro-
teins, these molecules can include water-soluble small molecules (such as carbohydrates), as
well as hydrophobic substances (e.g., lipids). Electrode passivation and biofouling develop
from any contact with these chemicals. Polyurethanes with phospholipid-polar polymers,
2-Methacryloyloxyethyl phosphorylcholine, polyvinyl alcohol hydrogels, hyaluronic acid
(HA), and phosphorylcholine are the components that make up these membrane coverings.
Phosphorylcholine, HA, and humic acids are some of the other components that may be
used to coat membranes. These membranes diminish protein adsorption, which in turn
allows target analytes to reach the surface of the biosensor where they can be detected. This
helps to lessen the influence of biological fluids on biosensors. Protein fragments with a low
molecular weight as well as large, charged cell deposits have a lower level of resistance to
these approaches [237]. Enzymes can be stimulated or stifled by the presence of cations in
biological fluids, whether they are monovalent or divalent. Cation effects on enzymes can
be influenced by any one of these effects. The structure of cations determines whether they
are monovalent or divalent. This opens the door for the use of allosteric effectors, which are
not involved in the enzymatic activity or conformational requirements required for catalytic
performance, but have a function. Catalysis is not influenced by allosteric effectors in any
manner, shape, or form, and an effector that does not participate in the catalytic process is
referred to as an “allosteric effector.” There is a chance that one of these occurrences will
ensue at some time. The size of the catalytic region and charge are regarded to be the two
most important factors when selecting whether a metal ion can block an enzyme [239].
Monovalent cation interactions with enzymes are critical in some circumstances, such
as when K* and Na™ protect glucose oxidase against heat denaturation [240]. Proteins
and lipids may sometimes adsorb onto an electrode in a non-specific manner, which can
result in the electrode being passivated. Polymeric films, in addition to other films, can
circumvent the passivation process. On the other hand, this would result in a delay in the
responses that are provided. To reduce the amount of fouling that can occur on electrodes,
such as that which is caused by the oxidation of NADH, carbon nanotubes have also been
used [241,242].

The development of nanophotonic devices, which can control light in quantities less
than a wavelength and boost the number of interactions between light and matter, has
cleared the way for new biosensing opportunities. The limits of existing bioanalytical
technologies in terms of sensitivity, throughput, convenience of use, and downsizing have
inspired the development of a great deal of nanophotonic biosensors in recent years [243].
When dealing with biological material, it is best to use disposable biosensor chips, since
they prevent the spread of infection and eliminate the need for labor-intensive cleaning
processes. In this context, the most workable integration solutions are those that support
both single-use cartridges and independent readers. For example, the nanophotonic biochip
can be put in a disposable cartridge that is kept separate from the light source and detector.
These types of disposable cartridges can be customized to function as consumables for
detecting a variety of analytes using the same reader. This scenario can cut reader costs
by permitting the use of off-the-shelf optoelectronic components. It also has additional
advantages over multiuse biosensor designs, which generally degrade sensor efficacy and
boost ultimate cost due to approaches for surface functionalization renewal. However,
to manufacture affordable cartridges that are intended for a single use, it is necessary for
this technique to need monitoring regarding the cost of biomaterials [244]. It is becoming
more common to use nanophotonic biosensors in conjunction with smartphones. This
is because the light sources, cameras, image recognition capabilities, and connections
offered by smartphones may help to reduce costs and make it possible to disseminate
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information on a large scale [245-247]. They would be used to gather data from patient
samples through wireless transmission, and then custom software would be utilized to
analyze the results of that data collection. It is true that single-use biosensors have a
smaller physical footprint and are simpler to carry. Still, the manufacturing and packaging
operations related to their various device layers contribute to an increase in the cost of
these biosensors. Because of the versatility of these methods in producing a wide variety
of nanostructures, engineers have mostly relied on electron-beam or focused-ion-beam
lithography to create nanophotonic biochips. Because the currently used techniques for
serial patterning have poor throughput and a high cost, it is necessary to create alternative,
more cost-effective manufacturing methods.

Gold and silver are incompatible with front-end CMOS processing. It is projected
that low-cost, large-scale, top-down lithography techniques such as nanoimprinting, nano
stencils, interference lithography, and deep and severe UV lithography can gain popularity
as alternatives to the manufacturing methods that are now in use [248]. As the choice and
arrangement of nanomaterials are basic for quick and exact biomolecule detection, the
constant progressions in material manufacture methodologies, enzyme/protein designing,
and immobilization/conjugation procedures will keep yielding novel nanoparticles with
further developed functionality. Research in the field of cutting-edge biosensing with
biofunctionalized multifunctional nanomaterials, and the advancement of practical biochip
plans utilizing nanoscale sensing materials can additionally prepare for nano-biosensing
stages. An imaging blend of recently emerging fabricating methodologies incorporates
a nanoscale-arranged three- or four-dimensional printing of multicomponent, multifunc-
tional nanostructures, and they are required to pave new roads from the current sensor
design [147]. MONPs can be manufactured and evaluated in a variety of configurations,
such as sensor arrays, to facilitate the production of functional integrated devices [80]. For
this reason, efforts should be made to overcome certain important technological limits
such as regulating the morphology of MONPs on devices to commercialize enzymatic
biosensors based on MONPs. Additionally, work should be carried out to recognize op-
timal enzyme immobilization, maintain the enzyme’s long-term bioactivity, and reduce
matrix interference and sensor fouling [249]. Nanotechnology has changed the nature
of biological detection through the advancement of biosensors. The future is bright for
this dynamic, flexible, and fast recognition framework, considering the multidimensional
capability of nanomaterials and nanostructures. With the momentous progress and thor-
ough research speed of nanomaterial investigation, the detection technology has grown
increasingly flexible, robust, and dynamic, and the expanding headway of miniaturization
and nanomaterials research has invigorated the utilization of these materials for detecting
a few key pathways and regulatory occasions [175]. Ongoing progressions in biosensing
platforms have utilized different novel types of nanomaterials, going from monomolecu-
lar nanomotors to generally bigger nanocages, so the quick, financially savvy, and easy
functional procedures achieved by nanomaterial-based biosensors are required to redesign
current detecting frameworks and their pricing.
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