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Abstract: Micro- and nanotechnology-enabled sensors have made remarkable advancements in
the fields of biomedicine and the environment, enabling the sensitive and selective detection and
quantification of diverse analytes. In biomedicine, these sensors have facilitated disease diagno-
sis, drug discovery, and point-of-care devices. In environmental monitoring, they have played a
crucial role in assessing air, water, and soil quality, as well as ensured food safety. Despite notable
progress, numerous challenges persist. This review article addresses recent developments in micro-
and nanotechnology-enabled sensors for biomedical and environmental challenges, focusing on
enhancing basic sensing techniques through micro/nanotechnology. Additionally, it explores the
applications of these sensors in addressing current challenges in both biomedical and environmental
domains. The article concludes by emphasizing the need for further research to expand the detection
capabilities of sensors/devices, enhance sensitivity and selectivity, integrate wireless communica-
tion and energy-harvesting technologies, and optimize sample preparation, material selection, and
automated components for sensor design, fabrication, and characterization.
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1. Introduction

The development of micro- and nanotechnology-enabled sensors has been a significant
technological advancement that has led to several new applications in the biomedical and
environmental fields [1-8]. These devices have enabled the detection and quantification
of various analytes with high sensitivity and selectivity, making them ideal for appli-
cations such as vital sign monitoring [3,9,10], disease diagnosis [11-13], environmental
monitoring [5,6,14-16], and food safety [17-20]. In recent years, there has been significant
progress in the development of sensors, driven by the need to address critical challenges in
these fields.

In the biomedical field, these devices have enabled the detection and quantification
of biological molecules such as proteins and nucleic acids with high accuracy and in real
time [21-30]. They have also enabled the development of point-of-care devices that can
rapidly diagnose diseases and monitor treatment outcomes [31-35]. The use of micro- and
nanotechnology-enabled sensors in the field of drug discovery and antibiotic resistance has
also been significant. These devices have enabled the high-throughput screening of drug
candidates and the characterization of their biological activities [4,36—41]. Additionally, the
integration of sensors with emerging technologies such as artificial intelligence and machine
learning has further expanded their potential applications in the biomedical field [10,42].

In the environmental field, sensors have been used to monitor the quality of air,
water, and soil [6,43,44]. These devices can detect pollutants with high accuracy and in
real time, enabling timely interventions to mitigate environmental pollution [16,45,46].
The use of sensors in the agricultural industry has also been significant [7,47-49]. These
devices can monitor the quality of food and agricultural products, ensuring their safety and
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quality [7,48,49]. The development of biosensors that use biological components to detect
environmental pollutants has further expanded their applications in this field [14,50].

Despite the significant progress made in sensors, several challenges remain to be
addressed. For instance, there is a need to develop sensors that can detect a wider range
of analytes with higher sensitivity and selectivity. Additionally, the integration of these
sensors with other devices with easier sample preparation and technologies such as wireless
communication enabling the Internet of Things (IoT), automation, and energy harvesting
remains a challenge. These technological challenges, compounded by the global challenges
faced in the biomedical and environmental fields (as depicted in Figure 1), render this area
an intriguing subject for further investigation.
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Figure 1. Schematic illustrating various sensing techniques and micro/nanotechnology approaches
that enhance their performance in terms of specificity and sensitivity, enabling the development of
new technologies to address upcoming biomedical and environmental challenges. The innermost cir-
cle shows fundamental sensing techniques, such as resistive sensing, capacitive sensing, piezoelectric
sensing, optical sensing, acoustic sensing, and electrochemical sensing. The middle circle represents
reported micro- and nanotechnology advances, including nanoparticles, nanomaterials, microfluidics,
and MEMS. These technologies, together with the Internet of Things (IoT), are currently being applied
to the fundamental techniques to enhance their performance. The outermost circle shows biomedical
(blue) and environmental (green) challenges where these technologies are being applied.

In this review, the recent progress in sensors to address biomedical and environmental
challenges in the coming years (as shown in Figure 1) is discussed. Specifically, this review
will focus on progress over the last five years in micro- and nanotechnology-enabled sensors.
We will briefly describe their principles of operation and applications in these fields. We
will also identify the current research gaps and future directions in this rapidly evolving
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field. The review is organized as follows: First, we will provide an overview of micro-
and nanotechnology-enabled sensors. Next, we will discuss the applications of sensors
in the biomedical and environmental fields, focusing on specific identified challenges
(see Figure 1).

The article selection criteria for this review were based on the following factors: rele-
vance to the topic and direct application to the challenges depicted in Figure 1. Preference
was given to articles published between 2018 and 2023 to ensure the inclusion of recent
research and developments. Priority was given to articles from reputable journals and
conferences that had undergone rigorous peer-review processes. Additionally, articles with
robust research methodologies, experimental validation, and reliable data were preferred.
The selection process aimed to include articles from diverse authors, institutions, and
geographical locations to provide a comprehensive view of the research landscape. The
exclusion criteria primarily considered timing and availability.

2. Innovations Enabled by Nanotechnology in Sensing Techniques

There are several sensing techniques that can be utilized for signal detection (see Figure 1
innermost circle (gray)). This section will present these mechanisms and highlight recent
advancements facilitated by nanotechnology (see Figure 1 middle circle). The selection
of a particular mechanism depends on the specific application requirements, such as the
nature of the signal being detected, the desired sensitivity and accuracy levels, and the
environmental conditions in which the sensor will operate.

2.1. Resistive Sensing

Resistive sensing is a method of measuring physical parameters, such as pressure,
force, or temperature, by detecting changes in electrical resistance. This technique is based
on the principle that the electrical resistance of a material changes when it is subjected to
an external stimulus. This technique is simple and low-cost. However, resistive sensing can
be affected by factors such as temperature changes and mechanical wear and tear, which
can affect the accuracy of the measurements over time.

Nanotechnology has brought many different advances to the field of resistive sensing
through the development of different techniques, such as the resistive measurement of
nanostructured materials for gas-sensing applications [51], nanocomposites for resistive
strain sensors using multiwalled carbon nanotubes (MWNTs, diameters 8-15 nm) [52]
(Figure 2A), or the development of resistive pulse sensors (Coulter counter principle),
which have been used to characterize everything from whole cells to small molecules [21,22].
In the work of Feng et al. [52], a method to transform conductive nanocomposites into
dielectrics using tensile strain was developed. The main application of this phenomenon is
integrated resistive—capacitive strain sensors, which show potential in e-skin applications.
Additionally, resistive sensing can be used in aqueous solutions to investigate the fluid
composition. There is a recent study on a resistive pulse sensing device with nanochannels
embedded using nanotechnology to enable label-free biomolecule and bionanoparticle
analysis, showing a promising sensing strategy that is not only capable of label-free analysis
for nanoscale biomolecules and bionanoparticles but also cost-effective for large-scale
manufacturing [53]. Recently, using solid-state nanopores, the dynamics of knots in double-
stranded DNA under unique regimes of nanometer-scale confinement, large forces, and
short time scales were studied in order to investigate the static and dynamic properties of
biopolymers [54]. In terms of environmental applications, a tunable 3D-printed microfluidic
resistive pulse sensor was developed for the characterization of algae and microplastics [55],
showing promising results. See Figure 2C. On the other hand, a study on high-performance
resistive humidity sensors based on Ag nanoparticles (AgNPs) decorated with graphene
quantum dots (GQDs) showed that a 1:1 ratio of the GQD/AgNP nanocomposite exhibited
the best humidity response of 98.14%, with an exponential relation in the humidity range of
25-95% relative humidity at room temperature, as well as faster response/recovery times
than a commercial one in the same conditions [56].
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2.2. Capacitive Sensing

Capacitive sensing is a technique that has the ability to detect and gauge the presence
or absence of virtually any type of object, irrespective of its material composition. This
technology operates as a non-contact method by utilizing the unique properties of an
electric capacitor and its electrical field. Capacitive sensors are able to create a highly
sensitive system that can detect even the slightest changes in the electric field.

Capacitive pressure sensor arrays have been applied to electronic skin, medical pros-
thetics, wearable devices, biometrics, touch pads, and touch screens [57]. Recent progress
in capacitive sensing includes the development of flexible wearable devices with high
sensitivity and wide ranges [58,59]. There has also been progress in pressure sensors for
wearable electronics, including porous pyramidal PDMS dielectric layers [60].

Finally, Cao et al. presented a review of conductive polymer composites with dif-
ferent micro/nano-conductive network structures based on the fundamental tunneling
percolation theory and their potentialities and drawbacks for tactile sensor applications.
They highlighted how model simulations can be used to clearly elucidate the structure-and-
property relationship and guide the modulation of the network structure of conductive
composites, discussing how emerging machine learning paradigms may create newly
conductive polymer composites in the future [61].

2.3. Piezoelectricity Sensing

In a piezoelectric material, the material generates an electric potential in response
to a deformation. This property can be used for sensing and actuation. Recent advances
in nanotechnology for piezoelectric sensing include the development of biosensors for
detecting heavy metals [62]. Piezoelectric thin films such as zinc oxide and aluminum
nitride have found applications in acoustic biosensors [63].

Piezoelectric-based biosensors utilize bioreceptors attached to materials such as ceram-
ics and quartz. These materials generate a measurable signal in response to mass-induced
oscillations on the surface of the piezoelectric crystal, enabling the detection of low concen-
trations of lead ions [62].

In an emerging application, piezoelectric, photoexcitation, and semiconductor prop-
erties can be coupled in two-way or multiway interactions, leading to the emergence of
new research fields, such as piezotronics and piezo-phototronics. These areas of research
have garnered significant attention due to their potential applications in utilizing basic me-
chanical stimuli and designing new strain sensors based on the alteration of semiconductor
properties caused by strain [64].

On the other hand, Du et al. [65] comprehensively discussed the latest advancements
in hydrogel-based piezoelectric devices for biomedical applications. The article particularly
emphasizes the potential of such devices in wearable sensing technology, including biosig-
nal sensing, energy harvesting, wound healing, and ultrasonic stimulation. The authors
provide a comprehensive overview of the current state-of-the-art research in this field,
highlighting the key challenges and opportunities for future development. On a similar
topic, a composite hydrogel with piezoresistive and piezoelectric sensing for flexible strain
sensors with enhanced sensitivity and a wide frequency band response for smart wearable
strain sensors was reported by [66].

These advances in nanotechnology have enabled the development of piezoelectric
sensors with improved sensitivity, stability, efficiency, and affordability. The use of nan-
otechnology has allowed for the creation of piezoelectric sensors that can be used for a
wide range of applications, including structural health monitoring, force sensing, and
energy harvesting.
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Figure 2. Resistive, capacitive, and resistive pulsing sensors. (A) The device can be transformed from
conductive to non conductive Electrical and dielectric results of nanocomposites of MWNTs and
PDMS with various weight fractions. When W(MWNT) = 8.03%, transformation occurs due to tensile
strain. (B) Schematic showing the integrated R-C strain sensor and characterization method and
the performance of the R-C sensor. Reprinted (adapted) with permission from [52]. Copyright 2020
American Chemical Society. (C) Capacitive pressure sensor based on porous Ecoflex-multiwalled
carbon nanotube composite (PEMC) structures, with a sensitivity (6.42 and 1.72 kPa x 107 'ina
range of 0-2 and 2-10 kPa, respectively) due to the synergetic effect of the porous elastomer and
the percolation of carbon nanotube fillers. The figure shows a 3D model of a constructed prosthetic
arm with an integrated robot finger for grasping movements; an LED is attached to the index
finger to gauge the pressure sensed by the PEMC-based pressure sensor embedded into the thumb.
Demonstration of the grasping abilities of the robot finger for a soft material (top 4 insets), and a hard
material (plastic ball; bottom 4 insets), for both cases i-iv: Demonstrate progressive and reversible
increase of capacitance as a function of robot finger force. Reprinted (adapted) with permission
from [67]. Copyright 2020 American Chemical Society. (D) A low-cost and high-throughput multi-use
resistive pulse sensor (RPS) produced through additive manufacturing demonstrated the ability to
selectively detect and characterize both microplastics (shed from tea bags) and two algae species.
Reprinted (adapted) with permission from [55]. Copyright 2020 American Chemical Society.

2.4. Thermoelectricity Sensing

The thermoelectric effect, which converts heat energy into electrical energy, can be
achieved through any of the three fundamental phenomena: the Seebeck effect, the Peltier
effect, and the Thomson effect. These phenomena are essential for the development of
thermoelectric materials and can be used as sensing techniques [68].

The Seebeck effect refers to the phenomenon in which a temperature gradient (AT)
across a thermoelectric material can produce the direct conversion of heat energy into
electrical energy. The Peltier effect is characterized by the absorption or release of heat
at the interface of two different materials as a result of the passage of an electric current.
The Thomson effect is observed when a uniform conductor is subjected to a constant
current, and the application of a temperature gradient causes the absorption or release of
additional heat.

Recent progress in thermoelectric sensing includes advances in materials and device
designs for wearable technology [69], computational methods for discovering new thermo-
electric materials [70], and the use of two-dimensional heterostructures for thermoelectric
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applications [71]. Flexible thermoelectric devices have also been developed to convert body
heat into useful energy [72].

Thermoelectric sensing has a wide range of applications, including biomedical, thermal-
cycling, optical, and sensor applications in the telecom, automotive, consumer, and even
power generation industries [9]. Thermoelectric generators are also used in sensors that
monitor the vital signs, movements, and physiological conditions of the body in a noninva-
sive way [9]. Thermoelectric generators (TEGs) are attractive candidates for power sources
or self-powered heat sensors for portable devices [73].

Wearable thermoelectric generators (TEGs) are attracting interest due to their ability
to self-power these electronic devices or sensors by harvesting human body heat. Wang
et al. developed a numerical model to investigate the performance of wearable TEGs on
the curved human wrist [74]. See Figure 3A.

The use of nanotechnology has enabled the creation of thermoelectric devices with
improved sensitivity, stability, and efficiency, which can be used to measure temperature
with improved accuracy and precision.
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Figure 3. Thermoelectric sensing and electrochemical sensing. (A) Wearable thermoelectric generators
(TEGs) are attracting interest due to their ability to self-power these electronic devices or sensors
by harvesting human body heat. Wang et al. developed a numerical model to investigate the
performance of wearable TEGs on the curved human wrist. Reprinted from [74] with permission
from Elsevier Copyright (2017). (B) Combining microfluidics and laser-engraved fabrication methods,
Yang et al. developed a wearable sensor for sensitive detection of uric acid and tyrosine in sweat.
Reprinted from [34] with permission from Elsevier Copyright (2020).

2.5. Acoustic Sensing

Acoustic sensing refers to the use of technology to detect, analyze, and measure sound
waves or acoustic signals in various environments and is used to detect a wide range of
sounds, from human speech and music to machinery noise and environmental sounds.
Acoustic sensing technology typically consists of a sensor that can detect sound waves
and can convert them into an electrical signal, which is then processed and analyzed using
specialized software or hardware. The sensor may be a microphone or a more complex
device, such as an acoustic resonator or a piezoelectric sensor.

Recent advances in nanomaterial-enabled acoustic devices have greatly improved
the sensitivity, tunability, and other limitations of conventional acoustic sensors; however,
further exploration of flexible acoustic devices is a key priority and will have a great impact
on the advancement of intelligent robot-human interaction and flexible electronics [75].
Wei et al. presented a review of nanomechanical resonators, which are able to detect very
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small changes in acoustic waves [76]. The coupling of micro- or nanomechanical resonators
via a shared substrate is intensively exploited to build systems for fundamental studies.
This can be exploited to realize high-quality phonon cavities, an alternative to acoustic
radiation shielding, acoustic superlenses, waveguides, vibration attenuation, mass sensing,
and phononic graphene [77].

Other applications use nanowire-based acoustic sensors, which are a type of sensor
that incorporates nanowires. A soft resistive acoustic sensor based on suspended nanowires
has also been developed for future wearable voice recognition devices, cochlear implants,
and human-machine interfaces [78]. A flexible, localized acoustic sensor with a mass
block-beam using silver nanowires coated on polydimethylsiloxane (PDMS) has also been
designed to test the sound source orientation [79]. Nanowire-based sensors have been
studied in the context of 1D nanostructures, nanowire synthesis for sensing, and composite
nanowire materials to determine the freshness status of mackerel fish (Scomber scombrus)
in a quick and noninvasive way [80]. In terms of fabrication, nanocrystalline diamonds
are ideal materials for manufacturing various microelectromechanical devices and mass
sensors due to their high-frequency working range and excellent material properties.
Recently, a low-cost method to fabricate diamond-based micro-resonators using a modified
home/office desktop inkjet printer was used to locally deposit nanodiamond ink as ¢
50-60 um spots [81].

2.6. Electrochemical Sensing

Electrochemical sensing is a technique that uses electrochemical principles to detect
and measure the concentration of a specific chemical species in a sample. Electrochemical
sensors typically consist of a three-electrode cell: an interrogating electrode, a reference
electrode, and a counter electrode. A signal is generated within the electrochemical cell
and then measured and analyzed by a potentiostat [82]. Nanotechnology has brought
significant progress to the field of electrochemical sensing by enabling the development of
highly sensitive and selective sensors with improved performance characteristics.

One of the main advantages of nanotechnology in electrochemical sensing is the ability
to increase the surface area of the electrode, which enhances the sensitivity and selectivity
of the sensor. This can be achieved by using nanomaterials such as carbon nanotubes,
graphene, and metal nanoparticles to modify the electrode surface [82].

Nanotechnology has also enabled the development of new sensing mechanisms, such
as surface-enhanced Raman spectroscopy (SERS) and electrochemiluminescence (ECL),
which offer high sensitivity and selectivity for certain analytes [18].

Recent advancements in electrochemical sensors include the development of microfluidic-
based electrochemical sensors for sensing foodborne pathogens [18], advances in electro-
chemical sensing platforms enabling the detection of biomolecules and whole cells [23], and
the integration of a flexible electrochemical sensor into a microfluidic chip for simulating
and monitoring vascular mechanotransduction [83].

For other applications, various nanomaterials, such as carbon nanotubes, graphene,
and metal nanoparticles, have been integrated into electrochemical sensors to enhance their
performance, such as sensitivity, selectivity, and stability [24,84,85].

For wearable applications, electrochemical sensors have been developed using mi-
crofluidics and nanotechnology to monitor various physiological parameters, such as
glucose, lactate, and pH in real time and even lead and cadmium from a sample sweat [86].
These sensors are noninvasive and comfortable to wear, and some can transmit data wire-
lessly to a smartphone or a cloud server, as discussed by [87,88].

On the other hand, paper-based electrochemical sensors have been developed using
microfluidics and nanotechnology for point-of-care diagnosis in resource-limited settings.
These sensors are low-cost and portable and can detect various analytes, such as glucose,
cholesterol, and DNA. Recent advancement are ePADs (electrochemical paper-based ana-
lytical devices), including several preparation methods [31] and printed paper-based elec-
trochemical sensors for low-cost point-of-care disease and environmental diagnostics [32].
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The development of electrochemical and optical detection methods based on microfluidic
paper-based analytical devices (1Pads) for point-of-care testing applications is discussed
by Hou et al. [33]. Combining microfluidics and laser-engraved fabrication methods,
Yang et al. developed a wearable sensor for the sensitive detection of uric acid and tyrosine
in sweat [34]. See Figure 3B.

Lastly, multiplexed electrochemical sensors have been developed using microflu-
idics to detect multiple analytes simultaneously. These sensors can be used for the high-
throughput screening of samples and can reduce the cost and time required for analysis [38].
Multiplexing sensing refers to the simultaneous detection of multiple analytes using a sin-
gle sensor platform. This approach offers several advantages, such as reduced analysis
time, increased throughput, and cost-effectiveness compared to traditional single-analyte
detection methods [34]. Multi-analyte electrochemical detection can enhance the efficiency
of analyzing multiple food safety hazards. However, interference and cross-reactions
among analytes can impede simultaneous detection by electrochemical sensors. This inter-
ference can arise from similar analytes, interferences between channels, and low detection
sensitivity. To address these challenges, different nanostructuring options can be employed.
These include incorporating nanoparticles to enhance electrocatalytic properties, utilizing
nanostructured electrodes to improve sensitivity and selectivity, depositing nanostruc-
tured films or coatings to enhance selectivity and stability, incorporating nanopores or
nanochannels for controlled analyte diffusion, and employing nanostructured catalysts to
enhance electrochemical reactions. These nanostructuring approaches mitigate interference
and improve the performance of electrochemical sensors in the simultaneous detection of
analytes [89-92]. Some recent advancements in multiplexing sensing include the develop-
ment of an antifouling coating that enables affinity-based electrochemical biosensing in
complex biological fluids [93].

Overall, these advancements in electrochemical sensors hold promise for a wide range
of applications in healthcare, environmental monitoring, food safety, and many other areas.

2.7. Optical Sensing

Optical sensing refers to the process of detecting and measuring light or other forms
of electromagnetic radiation using specialized sensors or devices. Optical sensing works
by detecting changes in the intensity, wavelength, polarization, phase, or direction of light
or other forms of electromagnetic radiation. Common types of optical sensors include
photodiodes, phototransistors, photovoltaic cells, and charge-coupled devices (CCDs).

2.7.1. Photodetection Sensing

A photodetector (PD) is an optoelectronic device that converts incident light or other
electromagnetic radiation in the UV, visible, and infrared spectral regions into electrical
signals [94]. Nanotechnology has brought recent progress to photodetection sensing by
enabling the development of low-dimensional photodetectors [95] and nanostructured
photodetector technology for UV sensing and pollution detection [96]. There are also recent
developments in lead-free double perovskites for X-ray and UV-vis photodetection [97].

Graphene and semiconductor nanocrystals have been used in the development of pho-
todetectors due to their unique optical and electronic properties, such as high absorption
coefficients and high charge carrier mobility. In this context, nanostructured materials have
been developed, such as perovskites, which have a long carrier lifetime, high carrier mobil-
ity, and facile synthesis [98]. Low-dimensional semiconductor/Si hybrid heterostructures
provide a great platform for fabricating high-performance photodetectors [99]. Various ab-
sorber materials, such as quantum dots (QDs), plasmonic metal nanoparticles, perovskites,
and organic materials, have been investigated to improve broadband absorption [100].

2.7.2. Plasmonic Nanosensors

Microdevices and nanotechnology have had a significant impact on the field of optical
sensing by enabling the development of more sensitive and selective sensors with higher
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resolution and faster response times. The use of nanoscale materials, advanced fabrication
methods, and surface plasmon resonance (SPR) in plasmonic nanosensors has enabled
the development of highly sensitive and selective sensing technologies for a wide range
of applications, including biomedical diagnostics, environmental monitoring, and food
safety [101,102].

SPR is a phenomenon that occurs when light interacts with a thin metal film or
nanoparticle at a specific angle, causing the conduction electrons in the metal to oscillate
and generate an electromagnetic field known as a surface plasmon. This electromagnetic
field is highly sensitive to changes in the refractive index of the surrounding environment,
making SPR a popular technique for sensing applications [103].

Plasmonic biosensors use evanescent waves to detect analytes such as proteins, nucleic
acids, pathogens, and drugs without the need for labeling. This label-free detection provides
exceptional sensitivity in a real-time one-step format [104].

Plasmonic nanosensors take advantage of the SPR phenomenon to detect changes
in the environment. By functionalizing metal nanoparticles with specific biomolecules
or chemical groups, plasmonic nanosensors can detect the presence of specific analytes
or molecules in a sample. The interaction between the analyte and the functionalized
nanoparticles causes a shift in the SPR signal, which can be measured to determine the
concentration or presence of the analyte [25].

Recent advancements in surface plasmon resonance (SPR) include the development
of highly sensitive pathogen biosensing techniques [105]. There have been significant
developments in SPR sensing devices for the detection of various chemical and biological
molecules [26]. A review by Huo et al. describes the principle of SPR imaging and
discusses recent developments in prism-coupled and non-prism-coupled SPRI techniques
in detail [106].

Knoezer et al. demonstrated how an optical frequency comb can be used to enhance
the functionality of an integrated photonic biosensor platform by sampling the spectral
response of a Mach—Zehnder interferometer and arranging the sample response to periodic
intervals to combine them into a single measurement of the interferometer phase, resulting
in a lower limit of detection of 3.7 x 10~7 RIU [107].

In another application, a dual-functional nanoprobe based on dopant-driven plas-
monic oxides was recently developed, demonstrating a maximum accuracy above 90% in
distinguishing single THP-1 cells (related to leukemia) from peripheral blood mononuclear
cells (PBMCs) and human embryonic kidney (HEK) 293 cells from the human macrophage
cell line U937 based on their surface-enhanced Raman spectroscopy (SERS) patterns [108].
See Figure 4A.

Lastly, in terms of the tunability of materials, nanoscale materials are commonly used
in plasmonic nanosensors to tune the plasmonic properties of the material and increase
sensitivity. Researchers can control the size, shape, and composition of nanoparticles to
optimize sensor performance, and the high surface-area-to-volume ratio of nanoscale mate-
rials allows for their functionalization. Two-dimensional nanomaterials such as graphene
and transition metal dichalcogenides have been studied for their potential to improve SPR
sensor performance with increased sensitivity and narrower full-width half-maxima [26].
Similarly, metal-organic frameworks provide many attractive features, including tailorable
porosity, high surface areas, good chemical /thermal stability, and various host-guest in-
teractions, making them appealing candidates for volatile organic compound capture and
sensing [109].



Sensors 2023, 23, 5406

10 of 38

A
N .’:"‘;.-..“ ' [
R (% » e,
N ","Y . e \ LR IR
Enhanced Protei Y ROS/
Raman rotein ' antioxidant
. molecule d
scattering : .
JJ O o NIR-/Vis-PO NIR-/Vis-PO
I Q -
Laser source ~J" OO /,/\ \\ > py o
Glucose - CH
plasmon resonance variation ©©
NIR-/Vis-PO Cell OMo
B I C I
Cell incubation
with NIR-/Vis-PO
D XYZ Motorized . Controller
Scanner Arm Module
Radiating <X Frequency
Antennas 3 Extension
Module
/’ \.

Figure 4. Optical sensing and electromagnetic wave technology. (A-C) Single-cell analysis using a
dual-functional nanoprobe based on dopant-driven plasmonic oxides, which enables the identification
of a single THP-1 (related to leukemia) cells from peripheral blood mononuclear cells (PBMCs) and
human embryonic kidney cells from human macrophage cells based on their surface-enhanced Raman
spectroscopy (SERS) patterns. (B,C) (I) Cells are coated with PO (plasmonic oxide) via incubation. (II)
Illustration (left) and optical image (right) of the PO-coated cells infused into a microfluidic chip and
settled separately in the small grooves (highlighted in red). Reprinted from [108] with permission
from Elsevier Copyright (2022). (D) Millimeter-wave technology. Schematic of the developed ultra-
wideband millimeter-wave imaging system for real-time in vivo skin cancer imaging, achieving an
overall synthetic bandwidth of 98 GHz. At each scanning step, two sub-band antennas are placed in
front of the target, transmit their signals in their respective sub-band frequency ranges, and record the
backscattered signals. Reprinted from [110] under Creative Commons Attribution 4.0 International
License Copyright (2022). (E) Metamaterial-inspired biosensors using THz detection and a label-free
biosensing approach for molecular classification of glioma cells. A metamaterial biosensor consisting
of cut wires and split-ring resonators is used to realize polarization-independent electromagnetically
induced transparency (EIT) at THz frequencies. The theoretical sensitivity of the biosensor was
evaluated up to 496.01 GHz/RIU. The measured results indicated that mutant and wild-type glioma
cells can be distinguished directly by observing variations in both the EIT resonance frequency
and magnitude at any cell concentration without antibody introduction. Reprinted from [111] with
permission from Elsevier Copyright (2022).



Sensors 2023, 23, 5406

11 of 38

2.7.3. Photonic Crystals

Photonic crystals are periodic structures with a periodicity on the order of the wave-
length of light. By controlling the periodicity and composition of photonic crystals, it is
possible to create sensors that are highly sensitive to changes in the refractive index of a
sample. For example, photonic crystal sensors have been used to detect small changes in
the concentration of glucose in blood samples [112]. The sensor is able to perform at an
ultrahigh sensitivity of 4200 nm/RIU, is a low-cost, tunable design, enables real-accurate
detection, and has a simple structure, which is supportive of an industrial design using
low-cost product nanofabrication techniques. On the other hand, Boes et al. presented an
excellent review of lithium niobate, showing its capabilities to open a new-generation field
in sensor development due to its virtues, such as a large dynamic range [113]. Additionally,
integrated photonics on thin-film lithium niobate holds great promise for realizing low-cost
and scaled optical solutions for communication, sensing, and computation [113].

Overall, nanotechnology has allowed for the development of optical sensors with
higher sensitivity, selectivity, and resolution, making them valuable tools for a wide range
of applications, from biomedical diagnostics to environmental monitoring.

2.8. Electromagnetic Wave Technology

Millimeter waves, microwaves, and terahertz waves have emerged as as valuable seg-
ments of the electromagnetic spectrum for a wide range of sensing applications addressing
biomedical and environmental challenges through their unique sensing capabilities.

In the biomedical field, these waves offer noninvasive and precise methods for imag-
ing, diagnostics, and monitoring. Millimeter waves, ranging from 30 to 300 gigahertz
(GHz), are employed for the imaging of skin lesions, the early detection of breast cancer,
and noninvasive glucose monitoring [10,110]. Microwaves, spanning the frequency range
of 300 megahertz (MHz) to 30 GHz, facilitate deep tissue imaging, thermotherapy, and vital
sign monitoring. Terahertz waves, with frequencies between 0.1 and 10 terahertz (THz),
have the potential to revolutionize biomedical imaging by revealing molecular-level details
and enabling the early detection of diseases [114,115]. In this context, Mirbeik et al. [110]
evaluated the application of a real-time high-resolution millimeter-wave imaging (HR-
MMWI) system for in vivo skin cancer diagnosis, achieving high diagnostic accuracy (97%
sensitivity and 98% specificity) comparable to clinical examination and other methods
using a combination of 3D principal component analysis and multilayer perception classifi-
cation. See Figure 4D. Zhang et al. [111] proposed a label-free biosensing approach using
metamaterial-inspired biosensors to classify glioma cells based on variations in resonance
frequency and magnitude, achieving high sensitivity and the potential for the molecular
classification of glioma cells without antibody introduction. See Figure 4E.

On the other hand, in the environmental realm, these waves find applications in
remote sensing, pollution monitoring, and climate research, as well as the identification and
analysis of specific chemical compounds and environmental pollution detection [116,117].
Frau et al. developed a novel technique using microwave spectroscopy and planar sensors
for the real-time in situ monitoring of water quality, specifically targeting trace metals in
polluted mining areas, and demonstrated the immediate response and classification of
water pollution levels based on multiple resonant peaks in the GHz range, which represents
a significant advancement in quantifying pollutants in water [116].

2.9. Field-Effect Transistor (FET) Sensing

Field-effect transistor (FET) biosensors are a type of biosensor that use a FET as the
transducer to convert the biological signals generated by the interaction of a biological
molecule with its ligand into an electrical signal [47].

The basic structure of a FET biosensor consists of gate, source, and drain electrodes
and a semiconductor channel between them. The gate electrode is typically modified with
a receptor molecule that can selectively interact with the target analyte of interest. When
the analyte binds to the receptor on the gate electrode, it induces a change in the electrical
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charge at the interface between the gate and the semiconductor channel, resulting in a
change in the current flowing through the channel [47]. Recent progress in field-effect
transistor (FET) biosensors has been made in the early detection of biomarkers for different
diseases, including cancer and infectious diseases [118,119]. Sadigh et al. highlighted the
advantages of FET-based biosensing arrangements for early biomarker detection and drug
screening [120]. The advantages of using FET biosensors in early biomarker detection
include the specific and sensitive detection of cancer biomarkers, which can be used to
detect early-stage cancer, monitor the progress of the disease, and evaluate the effectiveness
of therapies [121]. FET biosensors are attractive pocketable devices with short detection
time capabilities [118,119]. They can detect diseases rapidly and reliably [120]. Some of the
notable progress made in this field includes:

Nanopores in FET biosensors. Researchers have developed FET biosensors with
nanopores, which can enhance the sensitivity and selectivity of the device by increasing
the surface area available for biomolecule binding. A new class of nanoscale sensors called
nanopore extended field-effect transistor (NEFET) has been designed for selective single-
molecule detection, enabling higher molecular throughput, an enhanced signal-to-noise
ratio, and heightened selectivity via functionalization with an embedded receptor [122].

Graphene-based FET biosensors. Graphene, a two-dimensional material, has shown
promise in improving the sensitivity and selectivity of FET biosensors. Graphene-based
FET biosensors have been shown to detect single molecules of DNA and proteins. Recent
progress has been made in the design and development of high-performance graphene-
based FET biosensors. A review of recent advances in the general design strategy of
high-performance graphene field-effect transistor (GFET) biosensors was conducted, with
an emphasis on their sensing performance and characteristics [123]. Graphene-based FET
biosensors decorated with Pt/Pd nanoparticles have also been successfully utilized for
the rapid detection of COVID-19 [124], with a limit of detection (LOD) of 1 fgmL of the
COVID-19 spike antigen.

Microfluidic integration. FET biosensors have been integrated with microfluidic
systems, enabling the real-time label-free analysis of biological samples with high sensitivity
and specificity using fully closed devices [125].

These advancements in FET biosensors hold great potential for their use in a range
of applications, from medical diagnostics to environmental monitoring, and could lead to
significant improvements in disease detection and treatment, as well as in the development
of new drugs and therapies.

2.10. Biosignal Sensing

Biosignals (or bioelectrical signals) are any signals in living beings that can be con-
tinually measured and monitored, such as a beating heart or a contracting muscle [126].
Biosignals can be emitted by our body when flexing muscles, blinking eyes, or even think-
ing. They originate due to the physiological processes in living beings [126].

Nanotechnology has enabled significant advances in soft and dry electrodes for wear-
able electronics for biosignals, such as the electroencephalogram (EEG), electrocardiogram
(ECG), and electromyogram (EMG) [127]; thin-film electrodes based on two-dimensional
materials [128]; and advances in biosignal sensing and signal processing [129] improving
the signal-to-noise ratio and sensitivity. On the other hand, there are also new devices for
home sleep monitoring that incorporate miniaturized electronics [130,131].

Furthermore, the field of wearable devices for the continuous monitoring of biosignals
has become increasingly popular [132,133]. These devices can continuously collect high-
fidelity biosignals over weeks and months at a time. Advances in nanotechnology have
enabled the development of wearable systems capable of monitoring the previously dis-
cussed biosignals as well as oxygen saturation and motion (with applications to breathing
rate and pulse detection on small arteries) [133]. Recently, wearable sensors based on col-
loidal nanocrystals (NCs) have been developed for the monitoring of human motion, strain,
pressure, and temperature with unprecedented accuracy, reliability, and tunable properties;
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however, challenges still exist in terms of developing advanced patterning techniques that
can take advantage of advanced fabrication methods, such as direct optical lithography
using light-responsive ligands without photoresists, for the realization of practical and
cost-efficient NC-based wearable devices [134]. Kim et al. [135] reported a microfabrication
process for flexible and stretchable sensor platforms of biosignals encompassing conduc-
tor formation and patterning to encapsulate and open sensing windows. The feasibility
of the method was demonstrated in the sensing of electrochemical (glucose), electrical
(electrocardiogram), mechanical (strain), and thermal (body temperature) modalities. See
Figure 5A.

Krishnan et al. developed a wireless, battery-free epidermal electronic device for the
continuous thermal characterization of the skin. They demonstrated its capabilities in
measuring skin hydration and injury, and importantly, the technology is capable of data
acquisition without disrupting natural daily activities [136].

2.11. Bioinspired Sensing

In recent years, the field of bioinspired sensing has observed a multitude of significant
advancements. These sensors are rooted in the notion that nature embodies a profound
reservoir of inspiration, offering invaluable insights for the development of efficacious
solutions to address various sensing challenges.

Li et al. [137] developed a novel biosensor using two-photon polymerization and
graphene to fabricate a bioinspired cage structure that enhances the detection of motile bac-
teria by concentrating them around the sensing region, resulting in significantly enhanced
sensing signals for fluorescence, pH, and electrical measurements.

Among different applications of skin-inspired devices, there has been significant
progress in artificial mechanoreceptors for tactile enhancement and integration. In this
regard, Li et al. [138] developed an artificial mechanoreceptor by integrating a polypyrrole-
based resistive pressure sensor with a volatile NbO, memristor, enabling tactile sensory
coding and perception similar to natural skin. The system converts mechanical stimuli
into electrical spikes, processes spike frequency characteristics with a pulse-coupled neural
network for sensation enhancement, and integrates signals from parallel sensor channels
resembling the coding of intensity in tactile neural processing, offering potential for future
bioinspired electronic systems. See Figure 5B.

In a similar application of tactile and bioinspired skin, there has been recent progress
in developing methods for self-healing electronic skins for aquatic environments [139].

Xu et al. [140] designed a self-powered triboelectric palm-like tactile sensor (TPTS)
inspired by the leathery, granular texture of the palms of sea otters, enabling underwater
vehicles to build a tactile perceptual system. The TPTS can detect and distinguish normal
and shear external loads in real time, approximate the external stimulation area, and
maintain stable performance under high-frequency contact, making it a promising tool for
integration into grippers mounted on underwater vehicles to perform various underwater
tasks. Ji et al. [141] developed a novel hybrid dielectric inspired by human skin, comprising
a low-permittivity micro-cilia array, a high-permittivity rough surface, and a micro-dome
array, enabling capacitive tactile sensors to achieve an ultrawide linearity range of up
to 1000 kPa and a high sensitivity of 0.314 kPa~! by enabling pressure-induced series-
parallel conversion and controllable capacitance, with potential applications in healthcare
monitoring and control command conversion. In other applications, bioinspired flow
sensors have been the subject of recurrent investigation, and lately, novel methods to create
flow sensors have been created, including a bioinspired airflow sensor with self-bended 3D
hair-like configurations [142]. Similarly, a bioinspired flow sensing cupula using capacitive
sensing with little hysteresis to accurately determine flow rates was recently developed by
Wissman et al. [143].
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Figure 5. Biosignals (A) and bioinspired sensing (B). (Aa,Ab) Flexible and stretchable sensor plat-
forms of biosignals for glucose, electrocardiogram, and body temperature. (Ac) Recorded ECG
signals using the proposed ECG sensor and magnified view clearly showing PQRST waveforms.
(Ad) ECG signal measured from the patch sensor attached to the chest of a human subject, com-
pared to the signal from conventional gel-type electrodes. Reprinted from [135] under Creative
Commons Attribution 4.0 International License Copyright (2021). (B) Bioinspired sensing. Biological
and artificial mechanoreceptors. (Ba) Biological mechanoreceptors convert specific types of external
pressure stimuli into receptor potentials. The soma of the mechanoreceptor integrates potentials
and generates electrical impulses. The coded pressure information is ultimately sent to the brain for
further processing. (Bb) The artificial mechanoreceptor is composed of a micro-pyramidal polypyr-
role resistive pressure sensor and a NbOx volatile memristor. The output electrical spikes can be
processed effectively by a pulse-coupled neural network (PCNN). (Bc) Schematic illustration of the
tactile perception process in humans (left) and in the artificial mechanoreceptor system enhanced
by the PCNN (right). Reprinted from [138] with permission from ACS Copyright (2021), American
Chemical Society.
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Among various methods using light, bioinspired photonic crystal patterns, such as
the identified static patterns of butterfly wings, have been developed for sensing and
information display [144-146]. For applications for monitoring physiological variables, a
disposable bioinspired kirigami fish-based wearable biosensor was recently developed
using microfluidic channels and stretchable materials for sweat collection, diagnostics, and
motion monitoring [147].

Lastly, in the domain of pressure sensors, Zhao successfully engineered biomimetically
textured porous materials, leading to the creation of exceedingly sensitive and flexible
piezoresistive structures [148]. These structures exhibit remarkable capabilities in detecting
pressure within the range of 140 Pa to 0.5 Pa, thereby enabling the real-time monitoring of
various human physiological signals, such as finger pressing, voice vibration, swallowing
activity, and wrist pulse [148].

3. Overview of Recent Innovations Addressing Different Challenges

In the preceding sections of this article, a comprehensive range of sensing techniques
was presented and classified by the fundamental principles of sensing. However, in this
section, a distinct approach will be employed to shed light on the current pivotal challenges
encountered in the biomedical and environmental domains, as illustrated in the outermost
circle in Figure 1. By shifting our perspective from principles to the forefront of research,
various noteworthy studies will be presented and discussed.

3.1. Biomedical Challenges

Biomedical research and innovation are constantly advancing, and microdevices and
nanotechnology are playing an increasingly important role in addressing some of the most
pressing challenges in healthcare. The outermost circle (blue) in Figure 1 presents some of
the most important challenges identified, including infectious diseases, noncommunicable
diseases (cancer, cardiovascular, diabetes, mental health), antibiotic resistance, and the
aging population, which can be targeted using frontier technologies offering promising
solutions to complex issues. Figures 6 and 7 present some of the most recent progress
made in addressing these challenges using micro- and nanotechnologies. Furthermore,
the following sections discuss the progress made in tackling the most pressing challenges
through the utilization of microdevices and nanotechnology from a sensor perspective.

3.1.1. Infectious Diseases

The emergence of new infectious diseases is a constant threat. In the last 20 years, we
have seen the emergence of several new viruses, including SARS-CoV, MERS-CoV, and
COVID-109. It is likely that new diseases will continue to emerge in the coming years [149].

Micro- and nanotechnologies are being developed to address infectious disease prob-
lems, including the development of new diagnostic tools, therapeutics, and prevention
strategies. Here are some examples of current progress:

Rapid diagnostics. Micro- and nanotechnologies are being used to develop rapid diag-
nostic tests for infectious diseases. For example, researchers are developing nanosensors
that can detect viral or bacterial particles in clinical samples, allowing for rapid diagnosis
and treatment, particularly in the context of COVID-19 [1,11,12]. This includes the develop-
ment of new diagnostic tests that are simple, rapid, and sensitive. There have also been
advances in using nanotechnology for the detection of other diseases, such as arbovirus-
borne diseases [13]. Figure 6A presents a device engineered by Torrente et al. [150], who
developed a multiplexed, portable, wireless electrochemical platform called the SARS-
CoV-2 RapidPlex by utilizing mass-producible laser-engraved graphene electrodes. This
platform enables the ultrasensitive and rapid detection of COVID-19 by detecting the viral
antigen nucleocapsid protein, IgM and IgG antibodies, and the inflammatory biomarker
C-reactive protein in physiologically relevant ranges, showing promise for high-frequency
at-home testing and the telemedicine diagnosis and monitoring of COVID-19.
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Tessaro et al. [151] investigated the use of gold spherical nanoparticles (AuNPs) func-
tionalized with oligonucleotides as plasmonic nanobiosensors for the rapid and sensitive
detection of SARS-CoV-2 in ready-to-eat vegetables, demonstrating their potential as a
low-cost and efficient method using loop-mediated isothermal amplification (LAMP) and
ultraviolet—visible (UV-Vis) absorption spectroscopy.

Targeted drug delivery. Sensing technologies, combined with advanced drug de-
livery systems such as nanoparticles, liposomes, and hydrogels, enable targeted drug
delivery with enhanced precision, reduced side effects, and improved therapeutic out-
comes of infectious diseases. Yan Li et al. [152] successfully prepared nano-polydopamine-
reinforced hemicellulose-based hydrogels with multistage pore structures, exhibiting ex-
cellent mechanical properties, stable electrochemical properties, and self-adhesive prop-
erties. The hydrogels demonstrated high ultimate tensile strain, strong shear adhesion to
skin tissue, improved electrical conductivity, and, remarkably, the ability to detect body
movements in real time as a motion sensor. Additionally, they facilitated the loading
of cationic drugs and the transdermal introduction of electrically stimulated drug ions,
making them potential candidates for next-generation flexible materials suitable for health
monitoring and self-administration. On the other hand, liposomes can be modified to
respond to specific enzymes present in the target site or associated with certain diseases.
Naoto Asai et al. [153] developed an integrated sensor combining quartz crystal microbal-
ance dissipation (QCM-D) and localized surface plasmon resonance (LSPR) to monitor
the adsorption and rupture of liposomes in real time. The sensor successfully detected
liposome conformational changes upon exposure to Triton X-100 surfactant, providing
valuable insights into biomolecular interactions and offering potential applications for
monitoring conformational changes in various biomolecules, viruses, bacteria, vesicles,
and cells.

Vaccines. Micro- and nanotechnologies are being used to monitor and develop new
vaccine technologies for the prevention of infectious diseases. Gepnet et al. [154] conducted
a prospective observational study using FDA-approved chest-patch sensors and a mobile
application to continuously monitor 13 cardiovascular and hemodynamic vitals post-
vaccination with the BNT162b2 COVID-19 vaccine. The study revealed significant and
continuous changes in vitals, even in asymptomatic participants, providing evidence of the
potential of wearable sensors to revolutionize clinical trials by enabling the earlier detection
of abnormal reactions with fewer subjects.

Funari et al. [155] developed a multiplex nanoplasmonic biosensor utilizing gold
nanostructures and localized surface plasmon resonance (LSPR) to capture the humoral
response in serums against multiple antigens, demonstrating its potential as a cost-effective
and high-throughput alternative for antibody profiling in the context of SARS-CoV-2 vari-
ants and vaccine development, with successful validation against monoclonal antibodies
and murine sera.

Antimicrobial agents. Micro- and nanotechnologies are being used to develop new
antimicrobial agents that can be used to treat infectious diseases. Microfluidic platforms
have the potential for conducting pharmacological testing of antibiotic susceptibility and
toxicity [156]. Recent advances have also been reported in microfluidic-integrated biosen-
sors for pathogen evaluation [157].

Ramki et al. [158] synthesized molybdenum carbide (M02C) hexagons and integrated
them with functionalized carbon nanofiber (f-CNF) to form a composite. The Mo2C/{-CNF
composite demonstrated excellent electrochemical properties and was used to develop an
efficient electrode for the ultra-sensitive detection of antimicrobial agents such as metronida-
zole (MTZ), achieving a low detection limit of 0.002 M and a linear range of 0.04—-647.7 uM.
The composite electrode was successfully applied for real-time detection in human urine
samples, highlighting its effectiveness for MTZ detection.
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Figure 6. Biomedical challenges. Infectious diseases (A-D) and NCDs (EF). (A-D) Illustration of the

RapidPlex multisensor telemedicine platform. (A) Schematic illustration of the SARS-CoV-

2 Rapid-

Plex multisensor telemedicine platform for detection of SARS-CoV-2 viral proteins, antibodies (IgG
and IgM), and inflammatory biomarker C-reactive protein (CRP). Data can be wirelessly transmitted
to a mobile user interface. WE, working electrode; CE, counter electrode; RE, reference electrode.
(B) Mass-producible laser-engraved graphene sensor arrays. (C) Photograph of a disposable and
flexible graphene array. (D) Image of a SARS-CoV-2 RapidPlex system with a graphene sensor array

connected to a printed circuit board for signal processing and wireless communication. Reprinted
from [150] with permission from Elsevier Copyright (2020). NCDs—(E,F) Nanosensors able to detect
biomarkers in blood, urine, or saliva that indicate the presence of a cardiovascular diseases, such
as troponin, D-dimers, brain natriuretic peptide (BNP), and cardiac troponin I (cTnl). Reprinted

from [159] with permission from ACS Copyright (2021), American Chemical Society.
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3.1.2. Noncommunicable Diseases (NCDs)

Globally, the prevalence of noncommunicable diseases (NCDs), such as diabetes, can-
cer, cardiovascular disease, and mental health issues, is increasing, which can be attributed
to lifestyle changes characterized by unhealthy eating habits, sedentary behavior, tobacco
use, and social isolation. Microdevices and nanotechnology have the potential to revolu-
tionize the way that NCDs are diagnosed and treated. Below are different ways in which
microdevices and nanotechnology are addressing these challenges.

Early detection. Microdevices and nanotechnology can enable the early detection of
NCDs, which can improve patient outcomes. Grabowska et al. [159] developed aptamer-
based electrochemical sensors for brain natriuretic peptide (BNP-32) and cardiac tro-
ponin I (cTnl), enabling the rapid and accurate detection of cardiovascular abnormalities.
See Figure 6E,F. They modified gold-based electrodes with polyethyleneimine/reduced
graphene oxide films and immobilized aptamers using Cu(I)-based “click” chemistry. The
sensors demonstrated low biofouling, high specificity, and linear responses within clinically
relevant concentration ranges, making them promising for point-of-care diagnostics and
the early-stage identification of heart failure.

In their review, Pal et al. [2] discuss the importance of the early diagnosis and pre-
vention of cardiovascular disease (CVD) and highlight the limitations of current detection
methods for CVD biomarkers. They emphasize the need for a highly efficient, rapid, and
sensitive detection method and propose the use of electrochemical biosensors as a promis-
ing approach for early detection. The authors also advocate for a multiplex diagnosis
approach that incorporates a panel of biomarkers into a single platform, aiming to improve
the accuracy and efficiency of CVD diagnosis and facilitate point-of-care applications.

In their opinion review, Abensur et al. [160] presented the results of a survey con-
ducted among physicians to identify relevant biomarkers for emergency situations. They
focused on cardiovascular disease and highlighted troponin, D-dimers, and brain natri-
uretic peptide (BNP) as important biomarkers. They discussed the potential of biosensors,
combining medicine, basic research, and engineering, to provide a rapid and reliable analy-
sis of cardiovascular biomarkers, emphasizing the need for multi-marker approaches and
machine learning analysis for patient risk assessment. The authors also addressed market
access issues related to these biosensor technologies.

Wearable devices. Microdevices can be used to create wearable devices that can
monitor patients’ vital signs, such as heart rate, blood pressure, and glucose levels. This
can help patients manage their NCDs and prevent complications. Kristoffersson et al. [3]
conducted a systematic review of the use of wearable sensors for remote health monitoring
and the prevention of noncommunicable diseases (NCDs). They highlighted the potential
of wearable sensor systems in detecting warning signals of NCDs, such as stroke and
cardiac arrest, and discussed the need for further testing on representative populations
to address existing issues and unlock the full potential of wearable sensors in diagnosing,
monitoring, and preventing NCDs in the future.

Hatamie et al. [161] conducted a comprehensive review of the emergence, fabrication,
materials, and applications of chemical and physical flexible and stretchable textile-based
sensors, highlighting their potential in various fields, such as sports performance moni-
toring, clinical diagnostics, and healthcare applications, and emphasizing the importance
of composites and nanomaterials for improved performance and intimate contact with
the skin.

3.1.3. Mental Health

Mental health is becoming an increasingly important issue, with more people reporting
anxiety and depression [162]. This may be due in part to the stresses of modern life, includ-
ing work pressures and social isolation. Seunggyu Lee et al. [163] conducted a literature
survey on wearable devices and sensors for assessing and monitoring depression. They
reviewed 18 studies and examined the types of sensors used (actigraphy units, wristbands,
fitness trackers, smartwatches) and parameters measured, discussed future trends and
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challenges in utilizing wearable devices for the real-time objective monitoring, diagnosis,
and treatment of depression, and emphasized the need to address issues such as limited
data types, reliability, user adherence, and privacy concerns. Gomes et al. [164] conducted
a systematic review of the literature to explore monitoring solutions in mental health using
wearable sensors; they discussed the advantages of convenience, cost-effectiveness, and
real-world data collection, focused on anxiety, stress levels, and panic attacks, described
available sensors and their success in providing meaningful data for machine learning
algorithms, and suggested that mental health monitoring through wearable sensors is
feasible. Mahsa Sheikh et al. [165] conducted a comprehensive review of the utilization of
various sensors embedded in daily life contexts for monitoring mental health. The review
explored parameters such as movement, sleep duration, heart rate, electrocardiogram, skin
temperature, etc., and their association with psychiatric disorders. The authors empha-
sized the development of devices with multiple sensors that capture physiological and
behavioral data and convert them into features for defining behavioral markers through
machine learning. Additionally, the review highlighted the importance of establishing
well-defined relationships and considering intrapersonal and interpersonal differences
when interpreting the data, ultimately aiming to provide a useful tool for monitoring and
managing mental disorders.

3.1.4. Antibiotic Resistance

Antibiotic resistance is a growing problem that threatens to make many common infec-
tions untreatable [166]. This is due in part to the overuse of antibiotics in humans and ani-
mals. The number of new antibiotics introduced to the clinic is decreasing over time, while
the number of resistant strains is increasing [166]. The review by Madhu et al. [167] focuses
on recent developments in electrochemical sensing techniques for assessing antibiotic resis-
tance in pathogenic bacteria, highlighting the importance of biorecognition probes, tailor-
made nanomaterials, and the potential use of nanomaterials as both transducer electrodes
and antimicrobial agents. It also discusses the challenges and future prospects of point-of-
care (POC) electrochemical sensors in the healthcare sector. Chunlei Li et al. [168] presented
a method for evaluating drug resistance in Escherichia coli by using an electrochemical-
based sensor that measures the activity of E. coli on the electrode surface. They utilized a
graphene dispersion to enhance the current signal and assessed the antibiotic resistance of
different E. coli strains based on the difference in the electrochemical reduction signal when
antibiotics are present. Jain et al. [169] developed a novel method for antibiotic suscepti-
bility testing (AST) using a microwave resonator that enables the rapid, contactless, and
noninvasive monitoring of bacterial response to antibiotics, demonstrating decisive results
in under 6 h and showing the potential for automating the AST workflow in clinical settings.
Reynoso et al. [170] presented an overview of novel biosensing strategies for the rapid de-
termination of antimicrobial resistance, highlighting the potential of chemical sensors and
biosensors as easy-to-operate, robust, sensitive, specific, and inexpensive tools for both the
phenotypic and genotypic detection of resistant microorganisms, with applications in mod-
ern healthcare and environmental surveillance. Wang et al. [171] developed culture-free
and self-driving DNA nanosensors by combining diffusometry and oligonucleotide probes
capable of rapidly and accurately detecting methicillin-resistant Staphylococcus aureus by
recognizing its genomic DNA sequences, achieving high selectivity and specificity through
the use of conjugated fluorescent nanobeads and gold nanoparticles (AuNPs) with a detec-
tion limit of 10 pM and offering a promising approach for the rapid and robust detection of
superbugs and unknown pathogenic microorganisms. Domingo-Roca et al. [172] devel-
oped a fully 3D-printed electrochemical biosensor for rapid bacterial growth monitoring
using gel modification and electrochemical impedance spectroscopy. The biosensor allowed
for the identification of the growth profiles and antibiotic susceptibility of Escherichia coli
and Pseudomonas aeruginosa within 90 min, providing a faster alternative to the current
gold standard of culture-based antimicrobial susceptibility testing, with potential for op-
timization. The biosensor was demonstrated to be a rapid and cost-efficient platform
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for phenotypic antibiotic susceptibility testing in clinically relevant concentration ranges,
addressing the need for enhanced antibiotic stewardship. Gowers et al. [173] developed
a potentiometric microneedle-based biosensor coated with a pH-sensitive iridium oxide
layer to detect the levels of B-lactam antibiotics in vivo, demonstrating the potential of this
minimally invasive biosensor to provide real-time measurements of antibiotic concentra-
tions, enabling individualized drug dosing, and contributing to a closed-loop therapeutic
drug monitoring system.

3.1.5. Aging Population

The aging population poses challenges to biomedical technology, including increased
chronic diseases and healthcare needs, financial constraints, and ethical considerations [174].
Smart implants are a promising area of biomedical technology that could help manage
chronic conditions while maintaining the independence of the patients [175-177]. Smart
implants can provide real-time data on health parameters and personalized treatment
options, improving the management of chronic conditions and enabling targeted treat-
ments. Examples of smart implants include those designed to monitor heart rate, blood
pressure, and other vital signs. These devices can be particularly useful for individuals with
complex medical needs, such as those with heart disease or other chronic conditions. These
devices can provide real-time data on blood glucose levels, which can be transmitted to a
smartphone app or other device to help individuals manage their condition [176]. However,
ethical and practical considerations need to be addressed, and not all individuals may
be candidates for smart implants. Other examples include cardiac pacemakers, cochlear
implants (devices are implanted in the ear to provide hearing to people with severe hearing
loss), insulin pumps (devices are implanted in the abdomen to regulate blood sugar levels
in people with diabetes), and neural implants (devices are implanted in the brain or spinal
cord to treat conditions such as Parkinson’s disease, epilepsy, and chronic pain) [176,177].

To face the problem of detecting prosthetic implant loosening, Mohammad et al. [178]
proposed a new wireless inductive proximity sensor system for detecting early implant
loosening. The system showed that the designed proximity sensor is capable of measuring
the loosening of a hip implant at 50 pm resolution at distances of less than 8 mm and 100
um resolution at a distance of 15 mm. See Figure 7D.

A smart knee implant using triboelectric energy harvesters was developed by Ibrahim [179],
as presented in Figure 7E-G. The system was characterized as a triboelectric energy har-
vester under compressive body loads. The harvester prototype is intended to be placed
between the tibial component and polyethylene bearing of a total knee replacement implant.
The results of this work demonstrate that triboelectric energy harvesting is a promising
technique for self-powering load sensors inside knee implants. In general, smart implants
are likely to be used more frequently in older adults, as the prevalence of many chronic
medical conditions tends to increase with age. However, as medical technology advances
and smart implants become more widely available, they may be used by a broader range of
patients, including younger people with chronic medical conditions.

It is also worth noting that not all smart implants are designed to treat age-related
medical conditions. For example, some neural implants are used to treat conditions such
as chronic pain or movement disorders, which can affect people of all ages. Similarly,
some smart implants are designed to monitor and track health data, rather than treat
specific medical conditions, and may be used by people of all ages to improve their health
and wellness.

3.2. Environmental Challenges

Microdevices and nanotechnology are opening up exciting new avenues for environ-
mental research and innovation. The outermost circle (blue) in Figure 1 presents some of the
most difficult challenges in the coming years, including plastic pollution, eutrophication,
deforestation, air pollution, climate change, and fatberg management and prevention.
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Figure 7. Biomedical challenges. Antibiotic resistance (A—C) and aging population (D-G). For
antibiotic resistance (A—C), microfluidics has been successfully applied. Pathogen identification
and antimicrobial susceptibility testing (AST) from urine samples were achieved within 30 min,
allowing the detection of 165 rRNA from single bacterial cells encapsulated in picoliter droplets
and enabling the molecular identification of uropathogenic bacteria directly from urine in as little
as 16 min. Moreover, in-droplet single-bacterial measurements of 165 rRNA provide a surrogate for
AST, shortening the exposure time to 10 min for gentamicin and ciprofloxacin. Reprinted (adapted)
from [36] under the terms of the Creative Commons CC BY license. (D-G) The aging population will
push the development of smart implants. A new wireless inductive proximity sensor system enabled
the early detection of implant loosening with high precision. Reprinted (adapted) with permission
from [178]. (E-G) Development of a smart knee implant utilizing triboelectric energy harvesters for
self-powering load sensors. Reprinted (adapted) with permission from [179].

3.2.1. Plastic Pollution

Plastic pollution refers to the accumulation and presence of plastic materials in the
environment, particularly in oceans, rivers, lakes, and other natural habitats. It is caused by
the improper disposal of plastic waste, the lack of effective recycling programs, and the use
of non-biodegradable plastic products. Microdevices and nanotechnology can help address
plastic pollution in several ways.
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Schmidt et al. [180] conducted a study exploring the potential of multispectral and
hyperspectral remote sensing for the detection and differentiation of plastic waste in the en-
vironment, using reflectance spectra of commonly used plastic types. They found that while
most multispectral sensors were unable to differentiate between plastic types, hyperspectral
sensors yielded outstanding results by leveraging narrow shortwave infrared channels
with specific absorption bands, highlighting their high capability for plastic differentiation.

Gongi et al. [181] developed an electrochemical-impedance-spectroscopy-based sensor
by depositing cyanobacterial extracellular polymeric substances (EPSs) on a gold electrode,
enabling the detection of microplastics with a size range of 0.1 pm to 1 mm. The EPS-coated
sensor exhibited a highly homogeneous structure with functional groups, allowing for the
detection of microplastics at low concentrations, with a low limit of detection of 10-11 M,
presenting a new quantification method for microplastics.

Rizzato et al. [182] optimized surface acoustic wave (SAW) delay lines on lithium
niobate for environmental monitoring, achieving improved device performance through
the optimization of design parameters. They demonstrated the detection of polystyrene par-
ticles as nanoparticulates/nanoplastics with a limit of detection (LOD) of 0.3 ng, surpassing
the current state of the art.

Secme et al. [183] developed and compared two types of planar microwave sensors,
a coplanar waveguide (CPW) and a split-ring resonator (SRR), integrated with optical
microscopy to differentiate microscale objects based on their dielectric properties. The
standalone microwave sensors were capable of the real-time tracking of relative changes
in cellular size and exhibited high signal-to-noise ratios, demonstrating the potential of
microwave sensing as a complementary technique for single-cell biophysical experiments
and microscale pollutant screening.

Lastly, Sa et al. [184] demonstrated the enhanced sensitivity of flexible screen-printed
carbon electrodes (SPEs) for the simultaneous detection of bisphenol-A (BPA), hydro-
quinone, and catechol in water using a simple electrochemical procedure in acidic solu-
tions, enabling the detection of emerging pollutants from plastic into water to monitoring
water quality.

3.2.2. Eutrophication

Eutrophication is a process in which excess nutrients, such as nitrogen and phospho-
rus, from human activities, such as agriculture and wastewater discharge, accumulate
in bodies of water and lead to the disproportionate growth of algae and other aquatic
plants [185]. This process can lead to harmful algal blooms, oxygen depletion, and the loss
of aquatic life. Sensors in water treatment monitor pH, conductivity, turbidity, dissolved
oxygen, disinfectant levels (such as chlorine, ozone, or UV radiation), flow rates, and pres-
sures. They ensure water quality, aid in process control, and optimize treatment efficiency.
Figure 8A presents a schematic of eutrophication. Fay et al. [186] developed a low-cost and
low-power turbidity sensing technique using Paired Emitter—Detector Diodes (PEDDs),
which demonstrated superior performance compared to conventional photodiode-LED
arrangements in terms of spectral sensitivity, cost, power use, sensitivity, limit of detection,
and adherence to the ISO 7027 turbidity sensing standard, enabling cost-effective and
efficient environmental deployments of IoT sensors. See Figure 8B. In a similar application,
Rocher et al. [187] developed a low-cost sensor system using infrared and RGB LED light
sources and photoreceptors to monitor eutrophication, turbidity, and solid concentration
in water bodies, achieving accurate measurements and classification with errors of 7.45%
and 11.40%, respectively, and a precision of 89.3% for determining the percentage of algae
and an error of 17.95% for determining the levels (mg/L) of algae in water. Recently, a
biosensor developed by Marzhocchi et al. [14] based on the reduction of sulfate to H2S
by sulfate-reducing bacteria detected H2S formed in freshwater sediment. Enzymatic
phosphate ion (Pi) biosensors have also been developed for eutrophication and microbial
detection [50].
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Lastly, microbial fuel cells (MFCs) are bioelectrochemical devices that generate elec-
tricity by using electrons obtained from the anaerobic oxidation of substrates found in
wastewater while also removing nutrients [188]. In this regard, Olias et al. [189] devel-
oped a self-powered ceramic soil microbial fuel cell (MFC) sensor that monitors dissolved
oxygen in water to detect algal growth and potential eutrophication events, showing a
correlation between the sensor signal and dissolved oxygen and the algal concentration
and highlighting the influence of temperature, dissolved oxygen, nitrates, and pH on
sensor performance, making it the first proposed MFC-based biosensor for the in-field,
early detection of eutrophic events.
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Figure 8. Environmental challenges. (A) Eutrophication: Excess nutrients from human activities
accumulate in water, causing disproportionate growth of algae and aquatic plants. (B) A low-cost
and low-power turbidity sensing technique using Paired Emitter—Detector Diodes (PEDDs) adhering
to the ISO 7027 turbidity sensing standard, enabling cost-effective and efficient environmental
deployments of IoT sensors. Adapted from [186] under an open-access Creative Commons CC BY
4.0 license. (C) A flexible respiration sensor integrated into a face mask. (Ca) Schematic diagram
of monitoring human breath by utilizing manganite oxide respiration sensor. (Cb) The wireless
mode and (Cc) the wired mode of LSMO/Mica sensors used in human breath monitoring. (Cd) The
obtained data are used for further processing and analysis. Reprinted from [190] under the terms of
the Creative Commons CC-BY license.

3.2.3. Climate Change

Climate change refers to the long-term changes in the Earth’s climate patterns that have
been observed over the past century and are projected to continue into the future [191]. The
Earth’s climate has always varied naturally over time, but the current changes are occurring
at an unprecedented rate, largely as a result of human activities, such as the burning of fossil
fuels, deforestation, and other industrial processes that release large amounts of greenhouse
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gases (such as carbon dioxide) into the atmosphere [191]. Using micro- and nanotechnology
sensors for climate change is crucial due to their distinct advantages, including enhanced
efficiency, selectivity, scalability, and versatility, which outperform traditional approaches.
Recent advancements in these areas demonstrate the potential of these technologies in
tackling climate change challenges.

Solar cells. Solar cells play a vital role in the fight against climate change, as they
serve as a renewable power source that reduces greenhouse gas emissions, safeguarding
humans, wildlife, and ecosystems and contributing to the mitigation of climate change
impacts. The following types of sensors have been recently used in the development of
solar cells. Beinert et al. [192] proposed silicon solar-cell-integrated stress and temperature
sensors for the direct and continuous in situ measurement of mechanical stress and tem-
perature in photovoltaic (PV) modules, achieving sensitivities of (—47.41 & 0.14)%/GPa
for the stress sensor and (3.557 + 0.008) x10~3 K~! for the temperature sensor, enabling
increased measurement accuracy, process evaluation, reliability tests, and correlation with
real exposure to climate in PV module research. Nagasaki et al. [193] developed an optical
pH sensor using a pH-sensitive fluorescent dye embedded in a fluororesin membrane
filter, enabling the non-destructive measurement of acetic acid and its distribution in a
photovoltaic module during damp heat (DH) testing. It successfully tracked pH changes for
up to 2000 h and demonstrated a selective response to acetic acid without being influenced
by moisture and heat.

Energy storage. Measuring the temperature of supercapacitors and energy storage
devices is crucial for ensuring safe operation, optimizing performance, and preventing
thermal degradation. For example, Listewnik et al. [194] presented a study in which they
demonstrated the integration of a fiber-optic microstructure with a thin zinc oxide coating
as a temperature sensor for the in situ monitoring of supercapacitors, achieving a high
sensitivity of 109.6 nW deg C~! and a correlation coefficient of R* = 0.97 in the temperature
range of 30 °C to 90 °C.

3.2.4. Air Pollution

Air pollution refers to the presence of harmful substances in the air we breathe, which
can have negative impacts on human health, the environment, and the climate [195]. These
pollutants can come from both natural sources, such as wildfires and volcanic eruptions,
and human activities, such as industrial processes, transportation, and energy production.
Developing sensors for air pollution is crucial because it empowers us to monitor and
understand the quality of the air we breathe, enabling timely interventions to protect public
health and the environment. Various types of sensors are being used in the development of
devices for air pollution.

Rioual et al. [196] developed low-cost and low-visual-nuisance air-quality sensors
based on radio-frequency identification (RFID) technology by utilizing reactive metallic
dosimeters, which can be easily integrated into existing RFID applications and provide
chemical analysis to determine pollutant origins. Pillarisetti et al. [197] developed a suite
of affordable and durable microchip-based devices for quantifying parameters related to
household air pollution, including particle monitors, temperature sensors, time-activity
monitoring systems, and a CO,-based tracer-decay system, which have been extensively
used in global studies to improve our understanding of household air pollution concen-
trations and exposures. Zikova et al. [198] used low-cost sensors to measure ambient
particulate matter (PM) in multiple locations, revealing moderate spatial inhomogeneity
and coherent variation driven by meteorological conditions and PM transport. Despite
limitations in accuracy, these sensors proved useful for assessing spatial and temporal
variations in PM concentrations and providing estimates based on central site monitoring
data. Broday et al. [199] conducted comprehensive studies on the practical implementa-
tion of Wireless Distributed Environmental Sensor Networks for air-quality monitoring,
assessing their capability to capture fine spatiotemporal urban pollutant patterns; the
findings revealed the challenges of sensor interference and the need for frequent calibra-
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tions, highlighting the importance of developing suitable field calibration procedures to
ensure reliable data for assessing the effects of air pollution on public health and human
well-being. Caubel et al. [200] developed the Aerosol Black Carbon Detector (ABCD), a
low-cost sensor designed to measure black carbon (BC) in densely distributed wireless
networks, demonstrating its comparable measurement performance to a commercial BC
instrument and presenting a data processing methodology that improves measurement
accuracy in unconditioned operating environments, thus filling a critical gap in low-cost
air pollution sensing technology.

Lastly, Ye et al. [190] developed a flexible Lag 7Srp sMnO3; (LSMO)/Mica respiration
sensor integrated into a face mask, enabling effective human breath monitoring with multi-
modal capabilities and stability. It demonstrated the ability to discern different breath
statuses (cough, normal breath, deep breath) and paves the way for novel flexible and
wearable electronic devices in personal and public health applications. See Figure 8C.

3.2.5. Deforestation

Deforestation, the removal of trees and vegetation, is a critical environmental issue
due to its impact on climate regulation and biodiversity. Trees absorb carbon dioxide and
release oxygen, mitigating climate change effects. They also provide habitats for numerous
species. Deforestation has social and economic consequences [201]. Sensors offer promising
solutions for forest monitoring and management. Microdevices and nanotechnology are
being implemented to create sensors that can monitor various environmental factors, such
as temperature, humidity, and soil moisture. See Figure 9A,B. This information can be
used to detect changes in the forest ecosystem and to identify areas that may be at risk of
deforestation and to detect early warning signals of ecosystem regime shifts in terms of
forest productivity, health, and biodiversity [202].

Mutiara et al. [203] proposed an integrated system utilizing microcontrollers, a sound
sensor, and an accelerometer sensor, among other components, to monitor and track the
positions of cut logs in forests. They demonstrated the real-time detection of illegal logging
and achieved a tracking performance with tracking times ranging from 5 to 46 s for new
log positions. Similarly, Prasetyo et al. [204] developed a prototype system utilizing a
combination of a sound sensor and vibration sensor, integrated with a microcontroller and
a Global System for Mobile (GSM) module, to detect illegal logging activities by identifying
chainsaw sounds and detecting tree-falling vibrations, with optimized threshold values
of 63.4 dB and 4400, respectively, providing an effective technology-based approach for
reducing the occurrence of illegal logging. Andreadis et al. [205] proposed and evaluated a
framework for automatically detecting illegal tree-cutting activity in forests using audio
event classification by employing tiny ultra-low-power devices with edge-computing
microcontrollers and long-range wireless communication and utilizing an efficient and
accurate audio classification solution based on convolutional neural networks for resource-
constrained wireless edge devices, achieving an accuracy of 85% in detecting tree-cutting
events for cost-effective forest monitoring through smart IoT.

3.2.6. Fatbergs

Fatbergs, comprising congealed fat, oil, grease (FOG), and non-biodegradable ma-
terials such as wipes and sanitary products, pose a significant threat to sewer systems,
leading to costly blockages. Implementing sensors becomes crucial in the early detection,
monitoring, and prevention of fatberg formation, effectively mitigating issues such as block-
ages, sewer corrosion, odors, and environmental pollution. This sensor-based approach
enables the efficient maintenance and preservation of sewer infrastructure, facilitating
the development of intelligent sewer systems. Tatiparthi et al. [206] developed flushable
ultrahigh-frequency radio-frequency identification (UHF RFID) sensors for quick surveys
of sanitary and storm-water pipes, enabling the low-cost, high-throughput, and robust
monitoring of blockages, illicit connections, and water flow in sewer networks to pre-
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vent the release of pathogens into the environment, overcoming the limitations of current
technologies. See Figure 9C.
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Figure 9. (A) Climate-smart forestry utilizes a comprehensive network of sensors interconnected
through IoT to monitor forest conditions in real time, providing early warning signals of ecosystem
regime shifts. (B) Light Detection and Ranging (LiDAR) and Radio Detection and Ranging (RADAR)
technologies enable the highly accurate detection of vegetation canopy components and subcanopy
topography, as demonstrated by a LiDAR system’s point cloud slice. The figure shows a slice
of a point cloud acquired by a LiDAR system, with points colored by return number (red, first
return; green, second return; blue, third return), evidencing the two-layered structure of a forest.
Reprinted (adapted) with permission from [202]. (C) Flushable ultrahigh-frequency (UHF)-RFID-
based sensors, address sewer blockages and illicit connections, offering an easy-to-operate, high-
throughput, accurate, and low-cost solution. Field trials in Auckland, New Zealand, validated the
feasibility of UHF-RFID sensors for digital water management. Adapted with permission from

referenced sources [206].

4. Discussion

This study presents some of the most significant progress in sensors in the biomedical
and environmental fields. These technologies have enabled unprecedented sensitivity and
new ways of detecting analytes and events.

In the biomedical field, sensors have been enabled disease detection and diagnosis,
drug discovery, and point-of-care devices. Electrochemical biosensors, for example, have
been used to detect biomolecules such as glucose, lactate, and cholesterol for diagnosing
diabetes and cardiovascular diseases. The use of sensors in drug discovery and antibiotic
resistance research has also been significant, particularly those integrating microfluidics.
These devices can screen a large number of drug candidates and characterize their biological
activities with high accuracy and throughput, enabling the development of new drugs and
therapies. Furthermore, the integration of sensors with artificial intelligence and machine
learning has enabled further insight into the data and expanded potential applications.

In the environmental field, sensors have been used to monitor air, water, pollution, and
food safety. These devices have been shown to detect pollutants with high accuracy and
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in real time, which may enable timely interventions to mitigate environmental pollution
or provide insight into industrial activities. In recent years, biosensors that use biological
components to detect environmental pollutants have been developed, enabling the high-
sensitivity and high-selectivity detection of pollutants.

While the biomedical and environmental applications of sensors may seem different at
first glance, they share several fundamental technologies that enable them to accurately and
reliably measure physical, chemical, or biological phenomena. These technologies include
transducer elements, signal processing, data communication, data analytics (statistical
modeling, machine learning), and power management. As a result, advances and obstacles
can be readily exchanged between these two fields, leading to a deeper understanding of
and greater progress in the development and utilization of sensor technologies. Despite
the significant progress made in sensors, several challenges remain to be addressed. For
instance, there is a need to develop sensors that can detect a wider range of analytes
with higher sensitivity and selectivity. Some progress has been made in the simultaneous
detection of multiple analytes using a single sensor and multiplexed sensors; these sensors
can be used for high-throughput measurements, reducing the cost and time required for
analysis. Moreover, the integration of sensors with other technologies, such as wireless
communication to enable IoT, has significantly progressed over the last years. In addition,
the challenge of power management is opening the door for research opportunities in
energy harvesting. Another significant challenge in the design and fabrication of these
devices is the development of automated methods that allow reliability and consistency to
be maintained outside of the laboratory using similar fabrication techniques. Additionally,
there is a need to develop standards and regulations to ensure the safety and efficacy of
these devices.

5. Perspective

Recent progress in the development of sensors has demonstrated their immense
potential in addressing critical challenges in both biomedical and environmental domains.
To fully leverage the capabilities of these sensors into devices, it is imperative to focus on the
specific biomedical and environmental challenges identified, including infectious diseases,
noncommunicable diseases, antibiotic resistance, the aging population, plastic pollution,
eutrophication, deforestation, air pollution, climate change, and fatberg management
and prevention.

In the realm of biomedical challenges, the design of sensors and devices should pri-
oritize simplifying sample preparation procedures. Streamlining the sample preparation
process not only saves time but also enhances the feasibility of point-of-care applications,
allowing for rapid disease diagnosis and monitoring. Additionally, identifying suitable ma-
terials for sensor production is crucial to ensure both laboratory and commercial scalability.
These materials should possess the necessary properties for sensor fabrication while also
meeting safety and regulatory requirements. Furthermore, an important consideration in
sensor design and characterization is the implementation of automated procedures, from
the sensor layout design and fabrication to the characterization of the sensor. Automation
not only improves operational efficiency but also enables sensor characterization in real
time, offering valuable insights for disease management and drug discovery.

In the environmental domain, sensors can play a vital role in addressing challenges
such as plastic pollution, eutrophication, deforestation, air pollution, climate change, and
fatberg management and prevention. The design of these sensors should take into account
the unique requirements of each challenge, including the ability to detect and monitor
pollutants with high sensitivity and specificity. Moreover, simplifying the procedures for
sample preparation is equally important in the environmental context, allowing for efficient
monitoring and timely interventions to mitigate environmental damage. Additionally,
sensor design should incorporate automated processes to streamline the operation of
sensor design and characterization, facilitating real-time data collection and analysis for
effective decision making and interventions.
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Addressing these challenges and considerations in the design of sensors is pivotal
to their successful adoption in biomedical and environmental applications. By simplify-
ing sample preparation procedures, identifying suitable materials for sensor production,
and incorporating automation, these sensors/devices can unlock their full potential in
revolutionizing disease diagnosis, monitoring, and environmental management. Further-
more, collaboration between researchers, engineers, and stakeholders is crucial to drive
innovation and ensure the translation of these advancements from the laboratory to com-
mercial settings.

6. Conclusions

In conclusion, the recent progress in the development of sensors has demonstrated
their significant potential in addressing critical challenges in both the biomedical and
environmental fields. These devices have revolutionized the detection and quantification of
various analytes, enabling advancements in disease diagnosis, drug discovery, environmen-
tal monitoring, and food safety. Integration with emerging technologies, such as artificial
intelligence and machine learning, has further expanded their potential applications, paving
the way for novel solutions in healthcare and environmental sustainability.

While significant strides have been made, several challenges remain to be addressed
to fully leverage the capabilities of sensors. One key challenge is the development of sen-
sors capable of detecting a wider range of analytes with higher sensitivity and selectivity.
Advancements in multiplexed sensors offer promise in simultaneously detecting multiple
analytes, reducing the time and cost of analysis. Additionally, the integration of sen-
sors with emerging technologies, such as wireless communication and energy harvesting,
presents opportunities for enhanced capabilities and autonomous operation.

To capitalize on the potential of sensors, it is crucial to address the specific challenges
identified in the biomedical and environmental domains. These challenges encompass
infectious diseases, noncommunicable diseases, antibiotic resistance, the aging population,
plastic pollution, eutrophication, deforestation, air pollution, climate change, and fatberg
management and prevention. Simplifying sample preparation procedures, identifying
appropriate sensor production materials, and incorporating automation into sensor design
and characterization are vital steps toward widespread adoption and deployment.

By emphasizing these considerations, we can enhance disease diagnosis, monitoring,
and management while effectively addressing pressing environmental concerns. Collab-
oration among researchers, engineers, and stakeholders is essential to drive innovation
and ensure the successful translation of advancements from the laboratory to commercial
settings. With a focus on simplification, automation, and integration, sensors have the
potential to usher in a healthier and more sustainable future for all, where critical chal-
lenges are effectively tackled and improved outcomes are realized in both biomedical and
environmental contexts.
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Abbreviations

The following abbreviations are used in this manuscript:

AgNPs Ag nanoparticles

AD Analytical devices

AST Antibiotic susceptibility testing
BNP Brain natriuretic peptide

CcoO Carbon monoxide

cTnl Cardiac troponin I

CVDs Cardiovascular diseases

CCDs Charge-coupled devices

CSF Climate-smart forestry

CPW Coplanar waveguide
PCNN Coupled neural network

EWS Early warning signals

ECG Electrocardiogram

ECL Electrochemiluminescence

EEG Electroencephalogram

EMG Electromyogram

ePADs Electrochemical paper-based analytical devices
EPS Extracellular polymeric substances

FOG Fat, oil, and grease

FET Field-effect transistor

GFET Graphene field-effect transistor

GQDs Graphene quantum dots

GSM Global System for Mobile

ToT Internet of Things

LAMP Loop-mediated isothermal amplification
LiDAR  Light Detection and Ranging

LOD Limit of detection

LSPR Localized surface plasmon resonance

MDPI Multidisciplinary Digital Publishing Institute
MEFCs Microbial fuel cells

MEMS Microelectromechanical systems
MPs Microplastics

MSCs Microsupercapacitors

MWNTs Multiwalled carbon nanotubes
MTZ Metronidazole

NC Nanocrystals

NEFET  Nanopore extended field-effect transistor
BNP-32  Natriuretic peptide

NOx Nitrogen oxides

NCAs Nitrogen-doped carbon aerogels
NCD Noncommunicable diseases

OoC Organ-on-a-chip

ORR Oxygen reduction reaction

PBMC Peripheral blood mononuclear cell
PDs Photodetector

PO Plasmonic oxide

POC Point of care

PDMS Polydimethylsiloxane

PEMC Porous Ecoflex-multiwalled carbon nanotube composite
PA Precision agriculture PA

QDs Quantum dots

QCM-D  Quartz crystal microbalance dissipation
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RADAR Radio Detection and Ranging

RF Radio frequency

RFID Radio-frequency identification

RIU Refractive Index Units

SAW Surface acoustic wave

SSPP Spoof surface plasmon polaritons
SO, Sulfur dioxide

SPPs Surface plasmon polaritons

SPR Surface plasmon resonance

SRR Split-ring resonator

SERS Surface-enhanced Raman spectroscopy
THz Terahertz

TPTS Triboelectric palm-like tactile sensor
TEGs Thermoelectric generators

VOCs Volatile organic compounds

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Rasmi, Y.; Saloua, K.S.; Nemati, M.; Choi, J.R. Recent Progress in Nanotechnology for COVID-19 Prevention, Diagnostics and
Treatment. Nanomaterials 2021, 11, 1788. https://doi.org/10.3390/nano11071788.

Pal, M.; Khan, R. Biosensor platforms for detection of cardiovascular disease risk biomarkers. In Functional Polysaccharides for
Biomedical Applications; Elsevier: Amsterdam, The Netherlands, 2019; pp. 397—431. https://doi.org/10.1016/B978-0-08-102555-0
.00012-1.

Kristoffersson, A.; Lindén, M. Wearable Sensors for Monitoring and Preventing Noncommunicable Diseases: A Systematic
Review. Information 2020, 11, 521. https://doi.org/10.3390/info11110521.

Ndebele, R.T.; Yao, Q.; Shi, Y.N.; Zhai, Y.Y.; Xu, H.L.; Lu, C.T; Zhao, Y.Z. Progress in the Application of Nano- and Micro-based
Drug Delivery Systems in Pulmonary Drug Delivery. BIO Integr. 2022, 3, 71-83. https://doi.org/10.15212 /bioi-2021-0028.
Wan, H.; Zhuang, L.; Pan, Y.; Gao, F; Tu, J.; Zhang, B.; Wang, P. Biomedical sensors. In Biomedical Information Technology; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 51-79. https:/ /doi.org/10.1016/B978-0-12-816034-3.00002-X.

Botturi, A.; Ozbayram, E.G.; Tondera, K.; Gilbert, N.I; Rouault, P; Caradot, N.; Gutierrez, O.; Daneshgar, S.; Frison, N.; Akyol, C.;
et al. Combined sewer overflows: A critical review on best practice and innovative solutions to mitigate impacts on environment
and human health. Crit. Rev. Environ. Sci. Technol. 2021, 51, 1585-1618. https://doi.org/10.1080/10643389.2020.1757957.
Zhang, P; Guo, Z; Ullah, S.; Melagraki, G.; Afantitis, A.; Lynch, I. Nanotechnology and artificial intelligence to enable sustainable
and precision agriculture. Nat. Plants 2021, 7, 864-876. https:/ /doi.org/10.1038/s41477-021-00946-6.

Orlando, M.; Molla, G.; Castellani, P; Pirillo, V.; Torretta, V.; Ferronato, N. Microbial Enzyme Biotechnology to Reach Plastic Waste
Circularity: Current Status, Problems and Perspectives. Int. J. Mol. Sci. 2023, 24, 3877. https://doi.org/10.3390/ijms24043877.
Hasan, M.N.; Nafea, M.; Nayan, N.; Mohamed Ali, M.S. Thermoelectric Generator: Materials and Applications in Wearable
Health Monitoring Sensors and Internet of Things Devices. Adv. Mater. Technol. 2022, 7,2101203. https://doi.org/10.1002/admt.
202101203.

Iyer, S.; Zhao, L.; Mohan, M.P; Jimeno, J.; Siyal, M.Y.; Alphones, A.; Karim, M.F. mm-Wave Radar-Based Vital Signs Monitoring
and Arrhythmia Detection Using Machine Learning. Sensors 2022, 22, 3106. https://doi.org/10.3390/s22093106.

Moabelo, K.L.; Martin, D.R.; Fadaka, A.O.; Sibuyi, N.R.S.; Meyer, M.; Madiehe, A.M. Nanotechnology-Based Strategies for
Effective and Rapid Detection of SARS-CoV-2. Materials 2021, 14, 7851. https://doi.org/10.3390/ma14247851.

Santos, B.S.; Cunha, J.L.; Carvalho, I.C.; Costa, ].M.; Longo, B.C.; Galinari, G.C.; Diniz, PH.; Mendes, G.M.; Fonseca, F.G.; Abrahao,
J.S.; et al. Nanotechnology meets immunology towards a rapid diagnosis solution: The COVID-19 outbreak challenge. RSC Adv.
2022, 12, 31711-31728. https://doi.org/10.1039 /D2RA05096].

Campos, E.-V.R,; de Oliveira, ].L.; Abrantes, D.C.; Rogério, C.B.; Bueno, C.; Miranda, V.R.; Monteiro, R.A.; Fraceto, L.F. Recent
Developments in Nanotechnology for Detection and Control of Aedes aegypti-Borne Diseases. Front. Bioeng. Biotechnol. 2020, 8,
€00102. https://doi.org/10.3389/fbioe.2020.00102.

Marzocchi, U.; Revsbech, N.P. Sulfate biosensor for environmental applications. Limnol. Oceanogr. Methods 2022, 20, 674-681.
https:/ /doi.org/10.1002/1om3.10512.

Peydayesh, M. Nanofiltration Membranes: Recent Advances and Environmental Applications. Membranes 2022, 12, 518.
https://doi.org/10.3390 /membranes12050518.

Saleem, H.; Zaidi, S.J.; Ismail, A.F,; Goh, P.S. Advances of nanomaterials for air pollution remediation and their impacts on the
environment. Chemosphere 2022, 287,132083. https://doi.org/10.1016/j.chemosphere.2021.132083.

Sharma, C.; Dhiman, R.; Rokana, N.; Panwar, H. Nanotechnology: An Untapped Resource for Food Packaging. Front. Microbiol.
2017, 8, e01735. https:/ /doi.org/10.3389/fmicb.2017401735.

Kulkarni, M.B.; Ayachit, N.H.; Aminabhavi, T.M. Recent Advances in Microfluidics-Based Electrochemical Sensors for Foodborne
Pathogen Detection. Biosensors 2023, 13, 246. https://doi.org/10.3390/bios13020246.


https://doi.org/10.3390/nano11071788
https://doi.org/10.1016/B978-0-08-102555-0.00012-1
https://doi.org/10.1016/B978-0-08-102555-0.00012-1
https://doi.org/10.3390/info11110521
https://doi.org/10.15212/bioi-2021-0028
https://doi.org/10.1016/B978-0-12-816034-3.00002-X
https://doi.org/10.1080/10643389.2020.1757957
https://doi.org/10.1038/s41477-021-00946-6
https://doi.org/10.3390/ijms24043877
https://doi.org/10.1002/admt.202101203
https://doi.org/10.1002/admt.202101203
https://doi.org/10.3390/s22093106
https://doi.org/10.3390/ma14247851
https://doi.org/10.1039/D2RA05096J
https://doi.org/10.3389/fbioe.2020.00102
https://doi.org/10.1002/lom3.10512
https://doi.org/10.3390/membranes12050518
https://doi.org/10.1016/j.chemosphere.2021.132083
https://doi.org/10.3389/fmicb.2017.01735
https://doi.org/10.3390/bios13020246

Sensors 2023, 23, 5406 31 of 38

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hua, Z.; Yu, T; Liu, D.; Xianyu, Y. Recent advances in gold nanoparticles-based biosensors for food safety detection. Biosens.
Bioelectron. 2021, 179, 113076. https://doi.org/10.1016/].bios.2021.113076.

Ziani, K.; Ionitd-Mindrican, C.B.; Mititelu, M.; Neacsu, S.M.; Negrei, C.; Morosan, E.; Draganescu, D.; Preda, O.T. Microplastics:
A Real Global Threat for Environment and Food Safety: A State of the Art Review. Nutrients 2023, 15, 617. https://doi.org/10.3
390/nu15030617.

Choi, G.; Murphy, E.; Guan, W. Microfluidic Time-Division Multiplexing Accessing Resistive Pulse Sensor for Particle Analysis.
ACS Sens. 2019, 4, 1957-1963. https://doi.org/10.1021/acssensors.9b01067.

Pollard, M.; Maugi, R.; Platt, M. Multi-resistive pulse sensor microfluidic device. Analyst 2022, 147, 1417-1424. https:
//doi.org/10.1039/D2AN00128D.

Suhito, I.R.; Koo, K.M.; Kim, T.H. Recent Advances in Electrochemical Sensors for the Detection of Biomolecules and Whole Cells.
Biomedicines 2020, 9, 15. https://doi.org/10.3390/biomedicines9010015.

Daniel, M.; Mathew, G.; Anpo, M.; Neppolian, B. MOF based electrochemical sensors for the detection of physiologically relevant
biomolecules: An overview. Coord. Chem. Rev. 2022, 468, 214627. https://doi.org/10.1016/j.ccr.2022.214627.

Nocerino, V.; Miranda, B.; Tramontano, C.; Chianese, G.; Dardano, P; Rea, I.; De Stefano, L. Plasmonic Nanosensors: Design,
Fabrication, and Applications in Biomedicine. Chemosensors 2022, 10, 150. https://doi.org/10.3390/chemosensors10050150.
Mondal, B.; Zeng, S. Recent Advances in Surface Plasmon Resonance for Biosensing Applications and Future Prospects. In
Nanophotonics in Biomedical Engineering; Springer: Singapore, 2021; pp. 21-48. https://doi.org/10.1007/978-981-15-6137-5_2.
Lin, B,; Liu, H.; Huang, C.; Xiao, X.; Pedersen-Bjergaard, S.; Shen, X. Versatile Integration of Liquid-Phase Microextraction and
Fluorescent Aptamer Beacons: A Synergistic Effect for Bioanalysis. Anal. Chem. 2021, 93, 14323-14333. https://doi.org/10.1021/
acs.analchem.1c03600.

Moutsiopoulou, A.; Broyles, D.; Dikici, E.; Daunert, S.; Deo, S.K. Molecular Aptamer Beacons and Their Applications in Sensing,
Imaging, and Diagnostics. Small 2019, 15, 1902248. https://doi.org/10.1002/smll.201902248.

Zheng, WW.,; Yang, L.T.; Zhou, H.; Zhang, Z.Y.; Wang, X.Y.; Wu, ].Y; Lu, X.C.; Chen, J.; Duan, C.W.; Chen, KM. A novel aptamer
beacon for rapid screening of recombinant cells and in vivo monitoring of recombinant proteins. Appl. Microbiol. Biotechnol. 2023,
107, 553-567. https:/ /doi.org/10.1007 /s00253-022-12331-0.

Zhao, L.; Wang, Q.; Yin, Y.; Yang, Y.; Cui, H.; Dong, Y. Evolution of Interferon-Gamma Aptamer with Good Affinity and
Analytical Utility by a Rational In Silico Base Mutagenesis Post-SELEX Strategy. Molecules 2022, 27, 5725. https://doi.org/10.339
0/molecules27175725.

Sun, Y.; Jiang, Q.; Chen, E; Cao, Y. Paper-based electrochemical sensor.  Electrochem. Sci. Adv. 2022, 2, €2100057.
https://doi.org/10.1002/elsa.202100057.

Smith, S.; Madzivhandila, P.; Ntuli, L.; Bezuidenhout, P.; Zheng, H.; Land, K. Printed Paper—Based Electrochemical Sensors for
Low-Cost Point-of-Need Applications. Electrocatalysis 2019, 10, 342-351. https:/ /doi.org/10.1007/s12678-019-0512-8.

Hou, Y,; Lv, C.C,; Guo, Y.L; Ma, X.H.; Liu, W,; Jin, Y,; Li, BX; Yang, M.; Yao, S.Y. Recent Advances and Applications in
Paper-Based Devices for Point-of-Care Testing. J. Anal. Test. 2022, 6, 247-273. https://doi.org/10.1007 /s41664-021-00204-w.
Yang, Y.; Song, Y,; Bo, X.; Min, J.; Pak, O.S.; Zhu, L.; Wang, M.; Tu, ].; Kogan, A.; Zhang, H.; et al. A laser-engraved wearable
sensor for sensitive detection of uric acid and tyrosine in sweat. Nat. Biotechnol. 2020, 38, 217-224. https://doi.org/10.1038/s415
87-019-0321-x.

Singh, S.; Gill, A.A.S.; Nlooto, M.; Karpoormath, R. Prostate cancer biomarkers detection using nanoparticles based electrochemi-
cal biosensors. Biosens. Bioelectron. 2019, 137, 213-221. https://doi.org/10.1016/j.bios.2019.03.065.

Kaushik, A.M.; Hsieh, K.; Mach, K.E.; Lewis, S.; Puleo, C.M.; Carroll, K.C.; Liao, ]J.C.; Wang, T. Droplet-Based Single-Cell
Measurements of 165 rRNA Enable Integrated Bacteria Identification and Pheno-Molecular Antimicrobial Susceptibility Testing
from Clinical Samples in 30 min. Adv. Sci. 2021, 8, 2003419. https://doi.org/10.1002/advs.202003419.

Singh, S.; Numan, A.; Cinti, S. Point-of-Care for Evaluating Antimicrobial Resistance through the Adoption of Functional
Materials. Anal. Chem. 2022, 94, 26-40. https://doi.org/10.1021/acs.analchem.1c03856.

Vasala, A.; Hytonen, V.P,; Laitinen, O.H. Modern Tools for Rapid Diagnostics of Antimicrobial Resistance. Front. Cell. Infect.
Microbiol. 2020, 10, €00308. https://doi.org/10.3389/fcimb.2020.00308.

Cafiadas-Ortega, M.; Gémez-Cruz, C.; Vaquero, ].J.; Munoz-Barrutia, A. The contribution of microfluidics to the fight against
tuberculosis. Nanotechnol. Rev. 2021, 11, 40-54. https://doi.org/10.1515/ntrev-2022-0004.

Postek, W.; Pacocha, N.; Garstecki, P. Microfluidics for antibiotic susceptibility testing. Lab A Chip 2022, 22, 3637-3662.
https:/ /doi.org/10.1039 /D2LCO0394E.

Parsley, N.C.; Smythers, A.L.; Hicks, L.M. Implementation of Microfluidics for Antimicrobial Susceptibility Assays: Issues and
Optimization Requirements. Front. Cell. Infect. Microbiol. 2020, 10, e547177. https://doi.org/10.3389/fcimb.2020.547177.
Moheimani, R.; Gonzalez, M.; Dalir, H. An Integrated Nanocomposite Proximity Sensor: Machine Learning-Based Optimization,
Simulation, and Experiment. Nanomaterials 2022, 12, 1269. https://doi.org/10.3390/nano12081269.

Arroyo, P.; Gomez-Sudrez, J.; Sudrez, ].I; Lozano, J. Low-Cost Air Quality Measurement System Based on Electrochemical and
PM Sensors with Cloud Connection. Sensors 2021, 21, 6228. https://doi.org/10.3390/521186228.

Liu, Y,; Yao, L.; He, L; Liu, N.; Piao, Y. Electrochemical enzyme biosensor bearing biochar nanoparticle as signal enhancer for
bisphenol a detection in water. Sensors 2019, 19, 1619. https://doi.org/10.3390/s19071619.


https://doi.org/10.1016/j.bios.2021.113076
https://doi.org/10.3390/nu15030617
https://doi.org/10.3390/nu15030617
https://doi.org/10.1021/acssensors.9b01067
https://doi.org/10.1039/D2AN00128D
https://doi.org/10.1039/D2AN00128D
https://doi.org/10.3390/biomedicines9010015
https://doi.org/10.1016/j.ccr.2022.214627
https://doi.org/10.3390/chemosensors10050150
https://doi.org/10.1007/978-981-15-6137-5_2
https://doi.org/10.1021/acs.analchem.1c03600
https://doi.org/10.1021/acs.analchem.1c03600
https://doi.org/10.1002/smll.201902248
https://doi.org/10.1007/s00253-022-12331-0
https://doi.org/10.3390/molecules27175725
https://doi.org/10.3390/molecules27175725
https://doi.org/10.1002/elsa.202100057
https://doi.org/10.1007/s12678-019-0512-8
https://doi.org/10.1007/s41664-021-00204-w
https://doi.org/10.1038/s41587-019-0321-x
https://doi.org/10.1038/s41587-019-0321-x
https://doi.org/10.1016/j.bios.2019.03.065
https://doi.org/10.1002/advs.202003419
https://doi.org/10.1021/acs.analchem.1c03856
https://doi.org/10.3389/fcimb.2020.00308
https://doi.org/10.1515/ntrev-2022-0004
https://doi.org/10.1039/D2LC00394E
https://doi.org/10.3389/fcimb.2020.547177
https://doi.org/10.3390/nano12081269
https://doi.org/10.3390/s21186228
https://doi.org/10.3390/s19071619

Sensors 2023, 23, 5406 32 of 38

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

de Almeida, D.S.; Martins, L.D.; Aguiar, M.L. Air pollution control for indoor environments using nanofiber filters: A brief
review and post-pandemic perspectives. Chem. Eng. J. Adv. 2022, 11,100330. https://doi.org/10.1016/j.ceja.2022.100330.
Wang, H.; Yin, F; Li, Z.; Su, W,; Li, D. Advances of microfluidic lung chips for assessing atmospheric pollutants exposure. Environ.
Int. 2023, 172,107801. https://doi.org/10.1016/j.envint.2023.107801.

Elli, G.; Hamed, S.; Petrelli, M.; Ibba, P.; Ciocca, M.; Lugli, P; Petti, L. Field-Effect Transistor-Based Biosensors for Environmental
and Agricultural Monitoring. Sensors 2022, 22, 4178. https://doi.org/10.3390/s22114178.

Samreen, T.; Rasool, S.; Kanwal, S.; Riaz, S.; Sidra-Tul-Muntaha.; Nazir, M.Z. Role of Nanotechnology in Precision Agriculture.
In Proceedings of the The 1st International Precision Agriculture Pakistan Conference 2022 (PAPC 2022)—Change the Culture
of Agriculture, Rawalpindi, Pakistan, 22-24 September 2022; MDPI: Basel Switzerland, 2022; p. 17. https://doi.org/10.3390/
environsciproc2022023017.

Faraji Rad, Z. Microneedle Technologies for Food and Crop Health: Recent Advances and Future Perspectives. Adv. Eng. Mater.
2023, 25,2201194. https://doi.org/10.1002/adem.202201194.

Nakamura, H. Developmental Studies on Practical Enzymatic Phosphate Ion Biosensors and Microbial BOD Biosensors, and New Insights
into the Future Perspectives of These Biosensor Fields; Intechopen: London, UK, 2022. https://doi.org/10.5772 /intechopen.104377.
Bhattacharyya, P; Acharyya, D.; Dutta, K. Resistive and Capacitive Measurement of Nano-Structured Gas Sensors; Springer Nature:
Cham, Switzerland, 2019; pp. 25-62. https://doi.org/10.1007 /978-3-319-98708-8_2.

Feng, P.; Yuan, Y,; Zhong, M.; Shao, J.; Liu, X.; Xu, J.; Zhang, J.; Li, K.; Zhao, W. Integrated Resistive-Capacitive Strain Sensors Based
on Polymer—Nanoparticle Composites. ACS Appl. Nano Mater. 2020, 3, 4357-4366. https://doi.org/10.1021/acsanm.0c00487.
Han, Z,; Liu, J.; Liu, Z.; Pan, W,; Yang, Y.; Chen, X,; Gao, Y.; Duan, X. Resistive pulse sensing device with embedded
nanochannel (nanochannel-RPS) for label-free biomolecule and bionanoparticle analysis. Nanotechnology 2021, 32, 295507.
https://doi.org/10.1088/1361-6528 /abf510.

Sharma, RK.; Agrawal, I.; Dai, L.; Doyle, P.; Garaj, S. DNA Knot Malleability in Single-Digit Nanopores. Nano Lett. 2021,
21,3772-3779. https://doi.org/10.1021/acs.nanolett.0c05142.

Pollard, M.; Hunsicker, E.; Platt, M. A Tunable Three-Dimensional Printed Microfluidic Resistive Pulse Sensor for the Characteri-
zation of Algae and Microplastics. ACS Sens. 2020, 5, 2578-2586. https:/ /doi.org/10.1021/acssensors.0c00987.

Chaloeipote, G.; Samarnwong, J.; Traiwatcharanon, P.; Kerdcharoen, T.; Wongchoosuk, C. High-performance resistive humidity
sensor based on Ag nanoparticles decorated with graphene quantum dots. R. Soc. Open Sci. 2021, 8, 210407. https://doi.org/10.1
098 /150s.210407.

Duan, Y;; He, S.; Wu, J.; Su, B.; Wang, Y. Recent Progress in Flexible Pressure Sensor Arrays. Nanomaterials 2022, 12, 2495.
https://doi.org/10.3390/nano12142495.

Ma, Z.; Zhang, Y.; Zhang, K.; Deng, H.; Fu, Q. Recent progress in flexible capacitive sensors: Structures and properties. Nano
Mater. Sci. 2022, in press. https://doi.org/10.1016/j.nanoms.2021.11.002.

Mishra, R.B.; El-Atab, N.; Hussain, A.M.; Hussain, M.M. Recent Progress on Flexible Capacitive Pressure Sensors: From Design
and Materials to Applications. Adv. Mater. Technol. 2021, 6, 2001023. https://doi.org/10.1002/admt.202001023.

Kim, Y.; Oh, ].H. Recent Progress in Pressure Sensors for Wearable Electronics: From Design to Applications. Appl. Sci. 2020,
10, 6403. https:/ /doi.org/10.3390/app10186403.

Cao, J.; Zhang, X. Modulating the percolation network of polymer nanocomposites for flexible sensors. J. Appl. Phys. 2020,
128,220901. https://doi.org/10.1063/5.0033652.

Pohanka, M. The Piezoelectric Biosensors: Principles and Applications, a Review. Int. J. Electrochem. Sci. 2017, 12, 496-506.
https://doi.org/10.20964/2017.01.44.

Fu, Y;; Luo, J.; Nguyen, N.; Walton, A.; Flewitt, A.; Zu, X; Li, Y.; McHale, G.; Matthews, A,; Iborra, E.; et al. Advances in
piezoelectric thin films for acoustic biosensors, acoustofluidics and lab-on-chip applications. Prog. Mater. Sci. 2017, 89, 31-91.
https://doi.org/10.1016/j.pmatsci.2017.04.006.

Pan, C.; Zhai, ].; Wang, Z.L. Piezotronics and Piezo-phototronics of Third Generation Semiconductor Nanowires. Chem. Rev.
2019, 119, 9303-9359. https://doi.org/10.1021/acs.chemrev.8b00599.

Du, Y,; Du, W,; Lin, D.; Ai, M,; Li, S.; Zhang, L. Recent Progress on Hydrogel-Based Piezoelectric Devices for Biomedical
Applications. Micromachines 2023, 14, 167. https://doi.org/10.3390/mil4010167.

Hu, Z,; Li, J.; Wei, X.; Wang, C.; Cao, Y.; Gao, Z.; Han, J; Li, Y. Enhancing Strain-Sensing Properties of the Conductive Hydrogel
by Introducing PVDE-TrFE. ACS Appl. Mater. Interfaces 2022, 14, 45853—45868. https://doi.org/10.1021/acsami.2c13074.

Choi, J.; Kwon, D.; Kim, K.; Park, J.; Orbe, D.D.; Gu, J.; Ahn, J.; Cho, I; Jeong, Y.; Oh, Y,; et al. Synergetic Effect of Porous
Elastomer and Percolation of Carbon Nanotube Filler toward High Performance Capacitive Pressure Sensors. ACS Appl. Mater.
Interfaces 2020, 12, 1698-1706. https:/ /doi.org/10.1021/acsami.9b20097.

Peng, S.; Wang, D.; Lu, J.; He, M,; Xu, C; Li, Y.; Zhu, S. A Review on Organic Polymer-Based Thermoelectric Materials. J. Polym.
Environ. 2017, 25, 1208-1218. https://doi.org/10.1007 /s10924-016-0895-z.

Sattar, M.; Yeo, W.H. Recent Advances in Materials for Wearable Thermoelectric Generators and Biosensing Devices. Materials
2022, 15,4315. https://doi.org/10.3390/ma15124315.

Gutiérrez Moreno, ].J.; Cao, J.; Fronzi, M.; Assadi, M.H.N. A review of recent progress in thermoelectric materials through
computational methods. Mater. Renew. Sustain. Energy 2020, 9, 16. https://doi.org/10.1007 /s40243-020-00175-5.


https://doi.org/10.1016/j.ceja.2022.100330
https://doi.org/10.1016/j.envint.2023.107801
https://doi.org/10.3390/s22114178
https://doi.org/10.3390/environsciproc2022023017
https://doi.org/10.3390/environsciproc2022023017
https://doi.org/10.1002/adem.202201194
https://doi.org/10.5772/intechopen.104377
https://doi.org/10.1007/978-3-319-98708-8_2
https://doi.org/10.1021/acsanm.0c00487
https://doi.org/10.1088/1361-6528/abf510
https://doi.org/10.1021/acs.nanolett.0c05142
https://doi.org/10.1021/acssensors.0c00987
https://doi.org/10.1098/rsos.210407
https://doi.org/10.1098/rsos.210407
https://doi.org/10.3390/nano12142495
https://doi.org/10.1016/j.nanoms.2021.11.002
https://doi.org/10.1002/admt.202001023
https://doi.org/10.3390/app10186403
https://doi.org/10.1063/5.0033652
https://doi.org/10.20964/2017.01.44
https://doi.org/10.1016/j.pmatsci.2017.04.006
https://doi.org/10.1021/acs.chemrev.8b00599
https://doi.org/10.3390/mi14010167
https://doi.org/10.1021/acsami.2c13074
https://doi.org/10.1021/acsami.9b20097
https://doi.org/10.1007/s10924-016-0895-z
https://doi.org/10.3390/ma15124315
https://doi.org/10.1007/s40243-020-00175-5

Sensors 2023, 23, 5406 33 of 38

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Jia, PZ,; Xie, ].P; Chen, X.K,; Zhang, Y,; Yu, X.; Zeng, Y].; Xie, Z.X,; Deng, Y.X.; Zhou, W.X. Recent progress of two-dimensional het-
erostructures for thermoelectric applications. J. Phys. Condens. Matter 2023, 35, 073001. https://doi.org/10.1088/1361-648X/aca8e4.
Yang, S.; Qiu, P; Chen, L.; Shi, X. Recent Developments in Flexible Thermoelectric Devices. Small Sci. 2021, 1, 2100005.
https:/ /doi.org/10.1002/smsc.202100005.

Massetti, M.; Jiao, F.; Ferguson, A.J.; Zhao, D.; Wijeratne, K.; Wiirger, A.; Blackburn, J.L.; Crispin, X.; Fabiano, S. Uncon-
ventional Thermoelectric Materials for Energy Harvesting and Sensing Applications. Chem. Rev. 2021, 121, 12465-12547.
https://doi.org/10.1021/acs.chemrev.1c00218.

Wang, Y.; Shi, Y.; Mei, D.; Chen, Z. Wearable thermoelectric generator for harvesting heat on the curved human wrist. Appl.
Energy 2017, 205, 710-719. https://doi.org/10.1016/j.apenergy.2017.08.117.

Ding, H.; Shu, X; Jin, Y.; Fan, T.; Zhang, H. Recent advances in nanomaterial-enabled acoustic devices for audible sound
generation and detection. Nanoscale 2019, 11, 5839-5860. https:/ /doi.org/10.1039/C8NR09736D.

Wei, L.; Kuai, X.; Bao, Y.; Wei, ].; Yang, L.; Song, P.; Zhang, M.; Yang, F.; Wang, X. The Recent Progress of MEMS/NEMS
Resonators. Micromachines 2021, 12, 724. https://doi.org/10.3390/mi12060724.

Kéhler, H.; Platz, D.; Schmid, S. Surface acoustic wave coupling between micromechanical resonators. Commun. Phys. 2022,
5,118. https://doi.org/10.1038/s42005-022-00895-2.

Gong, S.; Yap, LW.; Zhu, Y,; Zhu, B,; Wang, Y.; Ling, Y.; Zhao, Y.; An, T.; Lu, Y,; Cheng, W. A Soft Resistive Acoustic
Sensor Based on Suspended Standing Nanowire Membranes with Point Crack Design. Adv. Funct. Mater. 2020, 30, 1910717.
https:/ /doi.org/10.1002/adfm.201910717.

Zhang, Q.; Ji, C.; Lv, L,; Zhao, D.; Ji, J.; Zhuo, K,; Yuan, Z.; Zhang, W.; Sang, S. A Flexible, Acoustic Localized Sen-
sor with Mass Block-Beam Structure Based on Polydimethylsiloxane—Silver Nanowires.  Soft Robot. 2021, 8, 352-363.
https:/ /doi.org/10.1089 /soro.2020.0030.

Tonezzer, M. Detection of Mackerel Fish Spoilage with a Gas Sensor Based on One Single SnO, Nanowire. Chemosensors 2020,
9, 2. https://doi.org/10.3390/chemosensors9010002.

Sartori, A.F,; Belardinelli, P.; Dolleman, R.J.; Steeneken, P.G.; Ghatkesar, M.K.; Buijnsters, J.G. Inkjet-Printed High-Q Nanocrys-
talline Diamond Resonators. Small 2019, 15, 1803774. https:/ /doi.org/10.1002 /smll.201803774.

Baranwal, J.; Barse, B.; Gatto, G.; Broncova, G.; Kumar, A. Electrochemical Sensors and Their Applications: A Review.
Chemosensors 2022, 10, 363. https://doi.org/10.3390/chemosensors10090363.

Jin, Z; Liu, Y,; Fan, W.; Huang, W. Integrating Flexible Electrochemical Sensor into Microfluidic Chip for Simulating and
Monitoring Vascular Mechanotransduction. Small 2020, 16, 1903204. https://doi.org/10.1002/smll.201903204.

Meskher, H.; Mustansar, H.C.; Thakur, A.K.; Sathyamurthy, R.; Lynch, I.; Singh, P.; Han, TK.; Saidur, R. Recent trends in carbon
nanotube (CNT)-based biosensors for the fast and sensitive detection of human viruses: A critical review. Nanoscale Adv. 2023,
5,992-1010. https://doi.org/10.1039/D2NA00236A.

Shoaib, A.; Darraj, A.; Khan, M.E.; Azmi, L.; Alalwan, A.; Alamri, O.; Tabish, M.; Khan, A.U. A Nanotechnology-Based Approach to
Biosensor Application in Current Diabetes Management Practices. Nanomaterials 2023, 13,867. https://doi.org/10.3390 /nano13050867.
de Campos, A.M,; Silva, R.R.; Calegaro, M.L.; Raymundo-Pereira, P.A. Design and Fabrication of Flexible Copper Sensor
Decorated with Bismuth Micro/Nanodentrites to Detect Lead and Cadmium in Noninvasive Samples of Sweat. Chemosensors
2022, 10, 446. https://doi.org/10.3390/chemosensors10110446.

Ghaffari, R.; Rogers, J.A.; Ray, T.R. Recent progress, challenges, and opportunities for wearable biochemical sensors for sweat
analysis. Sens. Actuator Chem. 2021, 332, 129447. https://doi.org/10.1016/j.snb.2021.129447.

Gao, F; Liu, C.; Zhang, L.; Liu, T,; Wang, Z,; Song, Z.; Cai, H.; Fang, Z.; Chen, J.; Wang, J.; et al. Wearable and flexible
electrochemical sensors for sweat analysis: A review. Microsyst. Nanoeng. 2023, 9, 1. https://doi.org/10.1038/s41378-022-00443-6.
Li, Z,; Liu, C.; Sarpong, V.; Gu, Z. Multisegment nanowire/nanoparticle hybrid arrays as electrochemical biosensors for
simultaneous detection of antibiotics. Biosens. Bioelectron. 2019, 126, 632-639. https:/ /doi.org/10.1016/].B10S.2018.10.025.
Zumpano, R.; Polli, F.; D’Agostino, C.; Antiochia, R.; Favero, G.; Mazzei, F. Nanostructure-Based Electrochemical Immunosensors
as Diagnostic Tools. Electrochem 2021, 2, 10-28. https://doi.org/10.3390/electrochem2010002.

Bertel, L.; Miranda, D.A.; Garcia-Martin, .M. Nanostructured Titanium Dioxide Surfaces for Electrochemical Biosensing. Sensors
2021, 21, 6167. https://doi.org/10.3390/s21186167.

Sinha, A.; Dhanjai.; Tan, B.; Huang, Y.; Zhao, H.; Dang, X.; Chen, J.; Jain, R. MoS; nanostructures for electrochemical sensing of
multidisciplinary targets: A review. TrAC Trends Anal. Chem. 2018, 102, 75-90. https://doi.org/10.1016/j.trac.2018.01.008.
Sabaté del Rio, J.; Henry, O.Y.E,; Jolly, P; Ingber, D.E. An antifouling coating that enables affinity-based electrochemical biosensing
in complex biological fluids. Nat. Nanotechnol. 2019, 14, 1143-1149. https://doi.org/10.1038 /s41565-019-0566-z.

Hui, R. Photodetectors. In Introduction to Fiber-Optic Communications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 125-154.
https:/ /doi.org/10.1016 /B978-0-12-805345-4.00004-4.

Li, Z.; Xu, K.; Wei, E. Recent progress in photodetectors based on low-dimensional nanomaterials. Nanotechnol. Rev. 2018,
7,393—-411. https:/ /doi.org/10.1515/ntrev-2018-0084.

Yadav, PK,; Ajitha, B.; Kumar Reddy, Y.A.; Sreedhar, A. Recent advances in development of nanostructured photodetectors from
ultraviolet to infrared region: A review. Chemosphere 2021, 279, 130473. https://doi.org/10.1016/j.chemosphere.2021.130473.
Ghosh, J.; Sellin, PJ.; Giri, P.K. Recent advances in lead-free double perovskites for X-ray and photodetection. Nanotechnology
2022, 33, 312001. https://doi.org/10.1088/1361-6528 /ac6884.


https://doi.org/10.1088/1361-648X/aca8e4
https://doi.org/10.1002/smsc.202100005
https://doi.org/10.1021/acs.chemrev.1c00218
https://doi.org/10.1016/j.apenergy.2017.08.117
https://doi.org/10.1039/C8NR09736D
https://doi.org/10.3390/mi12060724
https://doi.org/10.1038/s42005-022-00895-2
https://doi.org/10.1002/adfm.201910717
https://doi.org/10.1089/soro.2020.0030
https://doi.org/10.3390/chemosensors9010002
https://doi.org/10.1002/smll.201803774
https://doi.org/10.3390/chemosensors10090363
https://doi.org/10.1002/smll.201903204
https://doi.org/10.1039/D2NA00236A
https://doi.org/10.3390/nano13050867
https://doi.org/10.3390/chemosensors10110446
https://doi.org/10.1016/j.snb.2021.129447
https://doi.org/10.1038/s41378-022-00443-6
https://doi.org/10.1016/J.BIOS.2018.10.025
https://doi.org/10.3390/electrochem2010002
https://doi.org/10.3390/s21186167
https://doi.org/10.1016/j.trac.2018.01.008
https://doi.org/10.1038/s41565-019-0566-z
https://doi.org/10.1016/B978-0-12-805345-4.00004-4
https://doi.org/10.1515/ntrev-2018-0084
https://doi.org/10.1016/j.chemosphere.2021.130473
https://doi.org/10.1088/1361-6528/ac6884

Sensors 2023, 23, 5406 34 of 38

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Li, C; Li, J.; Li, Z,; Zhang, H.; Dang, Y.; Kong, F. High-Performance Photodetectors Based on Nanostructured Perovskites.
Nanomaterials 2021, 11, 1038. https://doi.org/10.3390/nano11041038.

Tian, W.; Sun, H.; Chen, L.; Wangyang, P.; Chen, X; Xiong, J.; Li, L. Low-dimensional nanomaterial /Si heterostructure-based
photodetectors. InfoMat 2019, 1, 140-163. https:/ /doi.org/10.1002/inf2.12014.

Yoo, TJ.; Kim, W.S.; Chang, K.E.; Kim, C.; Kwon, M.G.; Jo, ].Y.; Lee, B.H. High Gain and Broadband Absorption Graphene
Photodetector Decorated with Bi,Te3 Nanowires. Nanomaterials 2021, 11, 755. https://doi.org/10.3390/nano11030755.

Soler, M.; Huertas, C.S.; Lechuga, L.M. Label-free plasmonic biosensors for point-of-care diagnostics: A review. Expert Rev. Mol.
Diagn. 2019, 19, 71-81. https://doi.org/10.1080/14737159.2019.1554435.

Huertas, C.S.; Bonnal, S.; Soler, M.; Escuela, A.M.; Valcarcel, ].; Lechuga, L.M. Site-Specific mRNA Cleavage for Selective
and Quantitative Profiling of Alternative Splicing with Label-Free Optical Biosensors. Anal. Chem. 2019, 91, 15138-15146.
https://doi.org/10.1021/acs.analchem.9b03898.

Schasfoort, R.B.M. Introduction to Surface Plasmon Resonance. In Handbook of Surface Plasmon Resonance; The Royal Society of
Chemistry: London, UK, 2017; pp. 1-26. https://doi.org/10.1039/9781788010283-00001.

Soler, M.; Lechuga, L.M. Principles, technologies, and applications of plasmonic biosensors. J. Appl. Phys. 2021, 129, 111102.
https://doi.org/10.1063/5.0042811.

Park, J.H.; Cho, Y.W,; Kim, T.H. Recent Advances in Surface Plasmon Resonance Sensors for Sensitive Optical Detection of
Pathogens. Biosensors 2022, 12, 180. https:/ /doi.org/10.3390/bios12030180.

Huo, Z,; Li, Y.; Chen, B.; Zhang, W.; Yang, X.; Yang, X. Recent advances in surface plasmon resonance imaging and biological
applications. Talanta 2023, 255, 124213. https://doi.org/10.1016/j.talanta.2022.124213.

Knoerzer, M.; Szydzik, C.; Ren, G.; Huertas, C.S.; Palmer, S.; Tang, P.; Nguyen, T.G.; Bui, L.; Boes, A.; Mitchell, A. Optical
frequency comb based system for photonic refractive index sensor interrogation. Opt. Express 2019, 27, 21532. https://doi.org/
10.1364/0E.27.021532.

Zhang, B.Y.; Yin, P; Hu, Y.; Szydzik, C.; Khan, M.W.; Xu, K.; Thurgood, P.; Mahmood, N.; Dekiwadia, C.; Afrin, S.; et al. Highly
accurate and label-free discrimination of single cancer cell using a plasmonic oxide-based nanoprobe. Biosens. Bioelectron. 2022,
198, 113814. https://doi.org/10.1016/j.bios.2021.113814.

Shen, Y.; Tissot, A.; Serre, C. Recent progress on MOF-based optical sensors for VOC sensing. Chem. Sci. 2022, 13, 13978-14007.
https://doi.org/10.1039/D2SC04314A.

Mirbeik, A.; Ashinoff, R.; Jong, T.; Aued, A.; Tavassolian, N. Real-time high-resolution millimeter-wave imaging for in-vivo skin
cancer diagnosis. Sci. Rep. 2022, 12, 4971. https://doi.org/10.1038 /s41598-022-09047-6.

Zhang, J.; Mu, N,; Liu, L.; Xie, J.; Feng, H.; Yao, J.; Chen, T.; Zhu, W. Highly sensitive detection of malignant glioma cells using
metamaterial-inspired THz biosensor based on electromagnetically induced transparency. Biosens. Bioelectron. 2021, 185, 113241.
https://doi.org/10.1016/j.bios.2021.113241.

Daher, M.G. Supersensitive biosensor based on a photonic crystal nanostructure for blood sugar level monitoring with ultra-high
quality factor and low detection limit. Optik 2023, 275, 170581. https://doi.org/10.1016/j.ijle0.2023.170581.

Boes, A.; Chang, L.; Langrock, C.; Yu, M.; Zhang, M.; Lin, Q.; Lonc¢ar, M.; Fejer, M.; Bowers, ].; Mitchell, A. Lithium niobate
photonics: Unlocking the electromagnetic spectrum. Science 2023, 379. https:/ /doi.org/10.1126/science.abj4396.

Son, J.H.; Oh, SJ.; Cheon, H. Potential clinical applications of terahertz radiation. ]. Appl. Phys. 2019, 125, 190901.
https://doi.org/10.1063/1.5080205.

Gezimati, M.; Singh, G. Advances in terahertz technology for cancer detection applications. Opt. Quantum Electron. 2023, 55, 151.
https:/ /doi.org/10.1007 /s11082-022-04340-0.

Frau, L; Wylie, S.; Byrne, P,; Onnis, P.; Cullen, J.; Mason, A.; Korostynska, O. Microwave Sensors for In Situ Monitoring of Trace
Metals in Polluted Water. Sensors 2021, 21, 3147. https://doi.org/10.3390/s21093147.

Moejes, K.B.; Sherif, R.S.R.; Diirr, S.; Conlan, S.; Mason, A.; Korostynska, O. Real-Time Monitoring of Tetraselmis suecica in A
Saline Environment as Means of Early Water Pollution Detection. Toxics 2018, 6, 57. https://doi.org/10.3390/ toxics6040057.
Chao, L.; Liang, Y.; Hu, X,; Shi, H.; Xia, T.; Zhang, H.; Xia, H. Recent advances in field effect transistor biosensor technology for
cancer detection: A mini review. J. Phys. D Appl. Phys. 2022, 55, 153001. https://doi.org/10.1088/1361-6463 /ac3f5a.

Panahi, A.; Sadighbayan, D.; Forouhi, S.; Ghafar-Zadeh, E. Recent Advances of Field-Effect Transistor Technology for Infectious
Diseases. Biosensors 2021, 11, 103. https:/ /doi.org/10.3390/bios11040103.

Sadighbayan, D.; Hasanzadeh, M.; Ghafar-Zadeh, E. Biosensing based on field-effect transistors (FET): Recent progress and
challenges. TrAC Trends Anal. Chem. 2020, 133, 116067. https://doi.org/10.1016/j.trac.2020.116067.

Eswaran, M.; Chokkiah, B.; Pandit, S.; Rahimi, S.; Dhanusuraman, R.; Aleem, M.; Mijakovic, I. A Road Map toward Field-Effect
Transistor Biosensor Technology for Early Stage Cancer Detection. Small Methods 2022, 6, 2200809. https://doi.org/10.1002/
smtd.202200809.

Ren, R.; Zhang, Y.; Nadappuram, B.P; Akpinar, B.; Klenerman, D.; Ivanov, A.P; Edel, ].B.; Korchev, Y. Nanopore extended field-effect
transistor for selective single-molecule biosensing. Nat. Commun. 2017, 8, 586. https://doi.org/10.1038/541467-017-00549-w.
Wang, Y.; Kavanagh, S.R.; Burgués-Ceballos, I.; Walsh, A.; Scanlon, D.O.; Konstantatos, G. Cation disorder engineering yields
AgBiS2 nanocrystals with enhanced optical absorption for efficient ultrathin solar cells. Nat. Photonics 2022, 16, 235-241.
https://doi.org/10.1038 /s41566-021-00950-4.


https://doi.org/10.3390/nano11041038
https://doi.org/10.1002/inf2.12014
https://doi.org/10.3390/nano11030755
https://doi.org/10.1080/14737159.2019.1554435
https://doi.org/10.1021/acs.analchem.9b03898
https://doi.org/10.1039/9781788010283-00001
https://doi.org/10.1063/5.0042811
https://doi.org/10.3390/bios12030180
https://doi.org/10.1016/j.talanta.2022.124213
https://doi.org/10.1364/OE.27.021532
https://doi.org/10.1364/OE.27.021532
https://doi.org/10.1016/j.bios.2021.113814
https://doi.org/10.1039/D2SC04314A
https://doi.org/10.1038/s41598-022-09047-6
https://doi.org/10.1016/j.bios.2021.113241
https://doi.org/10.1016/j.ijleo.2023.170581
https://doi.org/10.1126/science.abj4396
https://doi.org/10.1063/1.5080205
https://doi.org/10.1007/s11082-022-04340-0
https://doi.org/10.3390/s21093147
https://doi.org/10.3390/toxics6040057
https://doi.org/10.1088/1361-6463/ac3f5a
https://doi.org/10.3390/bios11040103
https://doi.org/10.1016/j.trac.2020.116067
https://doi.org/10.1002/smtd.202200809
https://doi.org/10.1002/smtd.202200809
https://doi.org/10.1038/s41467-017-00549-w
https://doi.org/10.1038/s41566-021-00950-4

Sensors 2023, 23, 5406 35 of 38

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

Wasfi, A.; Awwad, F; Qambhieh, N.; Al Murshidi, B.; Palakkott, A.R.; Gelovani, ].G. Real-time COVID-19 detection via
graphite oxide-based field-effect transistor biosensors decorated with Pt/Pd nanoparticles. ~ Sci. Rep. 2022, 12, 18155.
https://doi.org/10.1038 /s41598-022-22249-2.

Chao, L.; Shi, H.; Nie, K.; Dong, B.; Ding, J.; Long, M.; Liu, Z. Applications of Field Effect Transistor Biosensors Integrated in
Microfluidic Chips. Nanosci. Nanotechnol. Lett. 2020, 12, 427-445. https://doi.org/10.1166/nnl.2020.3138.

Semmlow, J. The Big Picture. In Circuits, Signals and Systems for Bioengineers; Elsevier: Amsterdam, The Netherlands, 2018;
pp. 3-50. https:/ /doi.org/10.1016 /B978-0-12-809395-5.00001-1.

Kim, H.; Kim, E.; Choi, C.; Yeo, W.H. Advances in Soft and Dry Electrodes for Wearable Health Monitoring Devices. Micromachines
2022, 13, 629. https://doi.org/10.3390/mi13040629.

Faisal, S.N.; Iacopi, F. Thin-Film Electrodes Based on Two-Dimensional Nanomaterials for Neural Interfaces. ACS Appl. Nano
Mater. 2022, 5, 10137-10150. https://doi.org/10.1021/acsanm.2c03056.

Matthews, J.; Kim, J.; Yeo, W. Advances in Biosignal Sensing and Signal Processing Methods with Wearable Devices. Anal. Sens.
2022, 3, €202200062. https://doi.org/10.1002/anse.202200062.

Kwon, S.; Kim, H.; Yeo, W.H. Recent advances in wearable sensors and portable electronics for sleep monitoring. iScience 2021,
24,102461. https://doi.org/10.1016/j.isci.2021.102461.

Driscoll, N.; Erickson, B.; Murphy, B.B.; Richardson, A.G.; Robbins, G.; Apollo, N.V.; Mentzelopoulos, G.; Mathis, T.; Han-
tanasirisakul, K.; Bagga, P.; et al. MXene-infused bioelectronic interfaces for multiscale electrophysiology and stimulation. Sci.
Transl. Med. 2021, 13, 612. https://doi.org/10.1126/scitranslmed.abf8629.

Stuart, T.; Hanna, J.; Gutruf, P. Wearable devices for continuous monitoring of biosignals: Challenges and opportunities. APL
Bioeng. 2022, 6, 021502. https://doi.org/10.1063/5.0086935.

Toral, V.; Garcia, A.; Romero, F; Morales, D.; Castillo, E.; Parrilla, L.; Gémez-Campos, F; Morillas, A.; Sdnchez, A. Wear-
able System for Biosignal Acquisition and Monitoring Based on Reconfigurable Technologies.  Sensors 2019, 19, 1590.
https:/ /doi.org/10.3390/519071590.

Lee, W.S.; Jeon, S.; Oh, S.J. Wearable sensors based on colloidal nanocrystals. Nano Converg. 2019, 6, 10. https://doi.org/10.1186/
s40580-019-0180-7.

Kim, C.H.; Lee, D.H.; Youn, J.; Lee, H.; Jeong, ]. Simple and cost-effective microfabrication of flexible and stretchable electronics for
wearable multi-functional electrophysiological monitoring. Sci. Rep. 2021, 11, 14823. https:/ /doi.org/10.1038/s41598-021-94397-w.
Krishnan, S.R.; Su, C.; Xie, Z.; Patel, M.; Madhvapathy, S.R.; Xu, Y.; Freudman, J.; Ng, B.; Heo, S.Y.; Wang, H.; et al. Wireless,
Battery-Free Epidermal Electronics for Continuous, Quantitative, Multimodal Thermal Characterization of Skin. Small 2018,
14,1803192. https:/ /doi.org/10.1002/smll.201803192.

Li, B;; Tan, H.; Anastasova, S.; Power, M.; Seichepine, F.; Yang, G.Z. A bio-inspired 3D micro-structure for graphene-based
bacteria sensing. Biosens. Bioelectron. 2019, 123, 77-84. https://doi.org/10.1016/.bios.2018.09.087.

Li, F; Wang, R;; Song, C.; Zhao, M.; Ren, H.; Wang, S.; Liang, K.; Li, D.; Ma, X.; Zhu, B.; et al. A Skin-Inspired Artificial
Mechanoreceptor for Tactile Enhancement and Integration. ACS Nano 2021, 15, 16422-16431. https://doi.org/10.1021/acsnano.
1c05836.

Cao, Y; Tan, YJ.; Li, S.; Lee, WW.; Guo, H.; Cai, Y.; Wang, C.; Tee, B.K. Self-healing electronic skins for aquatic environments. Nat.
Electron. 2019, 2, 75-82. https://doi.org/10.1038 /s41928-019-0206-5.

Xu, P; Liu, J.; Liu, X.; Wang, X.; Zheng, J.; Wang, S.; Chen, T.; Wang, H.; Wang, C.; Fu, X,; et al. A bio-inspired and self-powered
triboelectric tactile sensor for underwater vehicle perception. NPJ Flex. Electron. 2022, 6, 25. https:/ /doi.org/10.1038/s41528-022
-00160-0.

Ji, B.; Zhou, Q.; Hu, B.; Zhong, J.; Zhou, J.; Zhou, B. Bio-Inspired Hybrid Dielectric for Capacitive and Triboelectric Tactile Sensors
with High Sensitivity and Ultrawide Linearity Range. Adv. Mater. 2021, 33, 2100859. https://doi.org/10.1002/adma.202100859.
Shen, D.; Jiang, Y.; Ma, Z.; Zhao, P.; Gong, Z.; Dong, Z.; Zhang, D. Bio-inspired Flexible Airflow Sensor with Self-bended 3D
Hair-like Configurations. J. Bionic Eng. 2022, 19, 73-82. https://doi.org/10.1007 /s42235-021-00110-y.

Wissman, J.P.; Sampath, K.; Freeman, S.E.; Rohde, C.A. Capacitive bio-inspired flow sensing cupula. Sensors 2019, 19, 2639.
https://doi.org/10.3390/s19112639.

Wu, P; Wang, J.; Jiang, L. Bio-inspired photonic crystal patterns. Mater. Horiz. 2020, 7,338-365. https://doi.org/10.1039/c9mh01389;.
Shang, L.; Zhang, W.; Xu, K.; Zhao, Y. Bio-inspired intelligent structural color materials. Mater. Horiz. 2019, 6, 945-958.
https:/ /doi.org/10.1039 /c9mh00101h.

Vaz, R.; Frasco, M.F,; Sales, M.G.F. Photonics in nature and bioinspired designs: Sustainable approaches for a colourful world.
Nanoscale Adv. 2020, 2, 5106-5129. https:/ /doi.org/10.1039/d0na00445f.

Gao, B,; Elbaz, A.; He, Z.; Xie, Z.; Xu, H,; Liu, S.; Su, E.; Liu, H.; Gu, Z. Bioinspired Kirigami Fish-Based Highly Stretched
Wearable Biosensor for Human Biochemical—Physiological Hybrid Monitoring. Adv. Mater. Technol. 2018, 3, 1700308.
https:/ /doi.org/10.1002/admt.201700308.

Zhao, T,; Li, T.; Chen, L.; Yuan, L.; Li, X.; Zhang, J. Highly Sensitive Flexible Piezoresistive Pressure Sensor Developed Using
Biomimetically Textured Porous Materials. ACS Appl. Mater. Interfaces 2019, 11, 29466-29473. https://doi.org/10.1021/acsami.
9b09265.

Dodds, W. Disease Now and Potential Future Pandemics. In The World’s Worst Problems; Springer International Publishing: Cham,
Switezerland, 2019; pp. 31-44. https://doi.org/10.1007/978-3-030-30410-2_4.


https://doi.org/10.1038/s41598-022-22249-2
https://doi.org/10.1166/nnl.2020.3138
https://doi.org/10.1016/B978-0-12-809395-5.00001-1
https://doi.org/10.3390/mi13040629
https://doi.org/10.1021/acsanm.2c03056
https://doi.org/10.1002/anse.202200062
https://doi.org/10.1016/j.isci.2021.102461
https://doi.org/10.1126/scitranslmed.abf8629
https://doi.org/10.1063/5.0086935
https://doi.org/10.3390/s19071590
https://doi.org/10.1186/s40580-019-0180-7
https://doi.org/10.1186/s40580-019-0180-7
https://doi.org/10.1038/s41598-021-94397-w
https://doi.org/10.1002/smll.201803192
https://doi.org/10.1016/j.bios.2018.09.087
https://doi.org/10.1021/acsnano.1c05836
https://doi.org/10.1021/acsnano.1c05836
https://doi.org/10.1038/s41928-019-0206-5
https://doi.org/10.1038/s41528-022-00160-0
https://doi.org/10.1038/s41528-022-00160-0
https://doi.org/10.1002/adma.202100859
https://doi.org/10.1007/s42235-021-00110-y
https://doi.org/10.3390/s19112639
https://doi.org/10.1039/c9mh01389j
https://doi.org/10.1039/c9mh00101h
https://doi.org/10.1039/d0na00445f
https://doi.org/10.1002/admt.201700308
https://doi.org/10.1021/acsami.9b09265
https://doi.org/10.1021/acsami.9b09265
https://doi.org/10.1007/978-3-030-30410-2_4

Sensors 2023, 23, 5406 36 of 38

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Torrente-Rodriguez, RM.; Lukas, H.; Tu, J.; Min, J.; Yang, Y.; Xu, C.; Rossiter, H.B.; Gao, W. SARS-CoV-2 RapidPlex: A
Graphene-Based Multiplexed Telemedicine Platform for Rapid and Low-Cost COVID-19 Diagnosis and Monitoring. Matter 2020,
3,1981-1998. https://doi.org/10.1016/j.matt.2020.09.027.

Tessaro, L.; Aquino, A.; Panzenhagen, P.; Ochioni, A.C.; Mutz, Y.S.; Raymundo-Pereira, P.A.; Vieira, LR.S.; Belem, N.K.R,;
Conte-Junior, C.A. Development and Application of an SPR Nanobiosensor Based on AuNPs for the Detection of SARS-CoV-2 on
Food Surfaces. Biosensors 2022, 12, 1101. https://doi.org/10.3390/bios12121101.

Li, Y;; Yao, M,; Luo, Y.; Li, J.; Wang, Z; Liang, C.; Qin, C.; Huang, C.; Yao, S. Polydopamine-Reinforced Hemicellulose-Based
Multifunctional Flexible Hydrogels for Human Movement Sensing and Self-Powered Transdermal Drug Delivery. ACS Appl.
Mater. Interfaces 2023, 15, 5883-5896. https://doi.org/10.1021/acsami.2c19949.

Asai, N.; Matsumoto, N.; Yamashita, I.; Shimizu, T.; Shingubara, S.; Ito, T. Detailed analysis of liposome adsorption and its
rupture on the liquid-solid interface monitored by LSPR and QCM-D integrated sensor. Sens. Bio-Sens. Res. 2021, 32, 100415.
https://doi.org/10.1016/j.sbsr.2021.100415.

Geprner, Y.; Mofaz, M.; Oved, S.; Yechezkel, M.; Constantini, K.; Goldstein, N.; Eisenkraft, A.; Shmueli, E.; Yamin, D. Utilizing
wearable sensors for continuous and highly-sensitive monitoring of reactions to the BNT162b2 mRNA COVID-19 vaccine.
Commun. Med. 2022, 2, 27. https://doi.org/10.1038 /s43856-022-00090-y.

Funari, R.; Fukuyama, H.; Shen, A.Q. Nanoplasmonic multiplex biosensing for COVID-19 vaccines. Biosens. Bioelectron. 2022,
208, 114193. https://doi.org/10.1016/j.bios.2022.114193.

Dai, J.; Hamon, M.; Jambovane, S. Microfluidics for Antibiotic Susceptibility and Toxicity Testing. Bioengineering 2016, 3, 25.
https:/ /doi.org/10.3390/bioengineering3040025.

Bahavarnia, F.; Hasanzadeh, M.; Sadighbayan, D.; Seidi, F. Recent Progress and Challenges on the Microfluidic Assay of
Pathogenic Bacteria Using Biosensor Technology. Biomimetics 2022, 7, 175. https://doi.org/10.3390/biomimetics7040175.
Ramki, S.; Sukanya, R.; Chen, S.M.; Sakthivel, M. Hierarchical multi-layered molybdenum carbide encapsulated oxidized carbon
nanofiber for selective electrochemical detection of antimicrobial agents: Inter-connected path in multi-layered structure for
efficient electron transfer. Inorg. Chem. Front. 2019, 6, 1680-1693. https:/ /doi.org/10.1039/C9QI00158A.

Grabowska, I.; Sharma, N.; Vasilescu, A.; lancu, M.; Badea, G.; Boukherroub, R.; Ogale, S.; Szunerits, S. Electrochemical
Aptamer-Based Biosensors for the Detection of Cardiac Biomarkers. ACS Omega 2018, 3, 12010-12018. https://doi.org/10.1021/
acsomega.8b01558.

Abensur Vuillaume, L.; Frija-Masson, J.; Hadjiat, M.; Riquier, T.; d’Ortho, M.P,; Le Borgne, P.; Goetz, C.; Voss, PL.; Ougazzaden,
A.; Salvestrini, ].P; et al. Biosensors for the Rapid Detection of Cardiovascular Biomarkers of Vital Interest: Needs, Analysis and
Perspectives. ]. Pers. Med. 2022, 12, 1942. https://doi.org/10.3390/jpm12121942.

Hatamie, A.; Angizi, S.; Kumar, S.; Pandey, C.M.; Simchi, A.; Willander, M.; Malhotra, B.D. Review—Textile Based Chemical and
Physical Sensors for Healthcare Monitoring. |. Electrochem. Soc. 2020, 167, 037546. https://doi.org/10.1149/1945-7111/ab6827.
Santomauro, D.F.; Mantilla Herrera, A.M.; Shadid, J.; Zheng, P.; Ashbaugh, C.; Pigott, D.M.; Abbafati, C.; Adolph, C.; Amlag, ].O.;
Aravkin, A.Y,; et al. Global prevalence and burden of depressive and anxiety disorders in 204 countries and territories in 2020
due to the COVID-19 pandemic. Lancet 2021, 398, 1700-1712. https:/ /doi.org/10.1016/5S0140-6736(21)02143-7.

Lee, S.; Kim, H.; Park, M.].; Jeon, H.]. Current Advances in Wearable Devices and Their Sensors in Patients With Depression.
Front. Psychiatry 2021, 12, e672347. https://doi.org/10.3389/fpsyt.2021.672347.

Gomes, N.; Pato, M.; Lourenco, A.R.; Datia, N. A Survey on Wearable Sensors for Mental Health Monitoring. Sensors 2023,
23,1330. https:/ /doi.org/10.3390/s23031330.

Sheikh, M.; Qassem, M.; Kyriacou, P.A. Wearable, Environmental, and Smartphone-Based Passive Sensing for Mental Health
Monitoring. Front. Digit. Health 2021, 3, e662811. https://doi.org/10.3389/fdgth.2021.662811.

Mestrovic, T.; Robles Aguilar, G.; Swetschinski, L.R.; Ikuta, K.S.; Gray, A.P,; Davis Weaver, N.; Han, C.; Wool, E.E.; Gershberg Hay-
oon, A.; Hay, S.I; et al. The burden of bacterial antimicrobial resistance in the WHO European region in 2019: A cross-country
systematic analysis. Lancet Public Health 2022, 7, e897-€913. https://doi.org/10.1016/52468-2667(22)00225-0.

Madhu, S.; Ramasamy, S.; Choi, ]. Recent Developments in Electrochemical Sensors for the Detection of Antibiotic-Resistant
Bacteria. Pharmaceuticals 2022, 15, 1488. https://doi.org/10.3390/ph15121488.

Li, C.; Sun, F. Graphene-Assisted Sensor for Rapid Detection of Antibiotic Resistance in Escherichia coli. Front. Chem. 2021,
9, €696906. https:/ /doi.org/10.3389 /fchem.2021.696906.

Jain, M.C.; Nadaraja, A.V.; Narang, R.; Zarifi, M.H. Rapid and real-time monitoring of bacterial growth against antibiotics in solid
growth medium using a contactless planar microwave resonator sensor. Sci. Rep. 2021, 11, 14775. https://doi.org/10.1038/s415
98-021-94139-y.

Reynoso, E.C.; Laschi, S.; Palchetti, I.; Torres, E. Advances in Antimicrobial Resistance Monitoring Using Sensors and Biosensors:
A Review. Chemosensors 2021, 9, 232. https:/ /doi.org/10.3390/chemosensors9080232.

Wang, ].C.; Tung, Y.C.; Ichiki, K.; Sakamoto, H.; Yang, T.H.; Suye, S.i.; Chuang, H.S. Culture-free detection of methicillin-
resistant Staphylococcus aureus by using self-driving diffusometric DNA nanosensors. Biosens. Bioelectron. 2020, 148, 111817.
https://doi.org/10.1016/j.bios.2019.111817.

Domingo-Roca, R.; Lasserre, P.; Riordan, L.; Macdonald, A.; Dobrea, A.; Duncan, K.; Hannah, S.; Murphy, M.; Hoskisson,
P; Corrigan, D. Rapid assessment of antibiotic susceptibility using a fully 3D-printed impedance-based biosensor. Biosens.
Bioelectron. X 2023, 13, 100308. https://doi.org/10.1016/j.biosx.2023.100308.


https://doi.org/10.1016/j.matt.2020.09.027
https://doi.org/10.3390/bios12121101
https://doi.org/10.1021/acsami.2c19949
https://doi.org/10.1016/j.sbsr.2021.100415
https://doi.org/10.1038/s43856-022-00090-y
https://doi.org/10.1016/j.bios.2022.114193
https://doi.org/10.3390/bioengineering3040025
https://doi.org/10.3390/biomimetics7040175
https://doi.org/10.1039/C9QI00158A
https://doi.org/10.1021/acsomega.8b01558
https://doi.org/10.1021/acsomega.8b01558
https://doi.org/10.3390/jpm12121942
https://doi.org/10.1149/1945-7111/ab6827
https://doi.org/10.1016/S0140-6736(21)02143-7
https://doi.org/10.3389/fpsyt.2021.672347
https://doi.org/10.3390/s23031330
https://doi.org/10.3389/fdgth.2021.662811
https://doi.org/10.1016/S2468-2667(22)00225-0
https://doi.org/10.3390/ph15121488
https://doi.org/10.3389/fchem.2021.696906
https://doi.org/10.1038/s41598-021-94139-y
https://doi.org/10.1038/s41598-021-94139-y
https://doi.org/10.3390/chemosensors9080232
https://doi.org/10.1016/j.bios.2019.111817
https://doi.org/10.1016/j.biosx.2023.100308

Sensors 2023, 23, 5406 37 of 38

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

Gowers, S.A.N.; Freeman, D.M.E.; Rawson, T.M.; Rogers, M.L.; Wilson, R.C.; Holmes, A.H.; Cass, A.E.; O'Hare, D. Development
of a Minimally Invasive Microneedle-Based Sensor for Continuous Monitoring of f-Lactam Antibiotic Concentrations in Vivo.
ACS Sens. 2019, 4, 1072-1080. https://doi.org/10.1021/acssensors.9b00288.

The Lancet Public Health. = Ageing: A 21st century public health challenge?  Lancet Public Health 2017, 2, €297.
https://doi.org/10.1016/52468-2667(17)30125-1.

Ledet, E.H.; Liddle, B.; Kradinova, K.; Harper, S. Smart implants in orthopedic surgery, improving patient outcomes: A review.
Innov. Entrep. Health 2018, 5, 41-51. https://doi.org/10.2147 /IEH.S133518.

Veleti¢, M.; Apu, E.H.; Simi¢, M.; Bergsland, J.; Balasingham, I.; Contag, C.H.; Ashammakhi, N. Implants with Sensing Capabilities.
Chem. Rev. 2022, 122, 16329-16363. https://doi.org/10.1021/acs.chemrev.2c00005.

Gaobotse, G.; Mbunge, E.; Batani, J.; Muchemwa, B. Non-invasive smart implants in healthcare: Redefining healthcare services
delivery through sensors and emerging digital health technologies. Sens. Int. 2022, 3, 100156. https://doi.org/10.1016/j.sintl.20
22.100156.

Mohammadbagherpoor, H.; Ierymenko, P; Craver, M.H.; Carlson, J.; Dausch, D.; Grant, E.; D. Lucey, ]. An Implantable Wireless
Inductive Sensor System Designed to Monitor Prosthesis Motion in Total Joint Replacement Surgery. IEEE Trans. Biomed. Eng.
2020, 67, 1718-1726. https://doi.org/10.1109/TBME.2019.2943808.

Ibrahim, A.; Jain, M.; Salman, E.; Willing, R.; Towfighian, S. A smart knee implant using triboelectric energy harvesters. Smart
Mater. Struct. 2019, 28, 025040. https://doi.org/10.1088/1361-665X/aaf3f1.

Schmidt, T.; Kuester, T.; Smith, T.; Bochow, M. Potential of Optical Spaceborne Sensors for the Differentiation of Plastics in the
Environment. Remote Sens. 2023, 15, 2020. https://doi.org/10.3390/rs15082020.

Gongi, W.; Touzi, H; Sadly, L; Ben ouada, H.; Tamarin, O.; Ben ouada, H. A Novel Impedimetric Sensor Based on Cyanobacterial
Extracellular Polymeric Substances for Microplastics Detection. J. Polym. Environ. 2022, 30, 4738-4748. https:/ /doi.org/10.1007/
$10924-022-02555-6.

Rizzato, S.; Monteduro, A.G.; Buja, I.; Maruccio, C.; Sabella, E.; De Bellis, L.; Luvisi, A.; Maruccio, G. Optimization of SAW
Sensors for Nanoplastics and Grapevine Virus Detection. Biosensors 2023, 13, 197. https://doi.org/10.3390/bios13020197.
Secme, A ; Tefek, U.; Sari, B.; Pisheh, H.S.; Uslu, H.D.; Caliskan, O.A.; Kucukoglu, B.; Erdogan, R.T.; Alhmoud, H.; Sahin, O.; et al.
High-Resolution Dielectric Characterization of Single Cells and Microparticles Using Integrated Microfluidic Microwave Sensors.
IEEE Sens. J. 2023, 23, 6517-6529. https://doi.org/10.1109/JSEN.2023.3250401.

5S4, A.C.d.; Barbosa, S.C.; Raymundo-Pereira, P.A.; Wilson, D.; Shimizu, FM.; Raposo, M.; Oliveira, O.N. Flexible Carbon
Electrodes for Electrochemical Detection of Bisphenol-A, Hydroquinone and Catechol in Water Samples. Chemosensors 2020,
8,103. https:/ /doi.org/10.3390/chemosensors8040103.

Le Moal, M.; Gascuel-Odoux, C.; Ménesguen, A.; Souchon, Y,; Etrillard, C.; Levain, A.; Moatar, F; Pannard, A.; Souchu, P;
Lefebvre, A.; et al. Eutrophication: A new wine in an old bottle? Sci. Total Environ. 2019, 651, 1-11. https://doi.org/10.1016/j.
scitotenv.2018.09.139.

Fay, C.D.; Nattestad, A. Advances in Optical Based Turbidity Sensing Using LED Photometry (PEDD). Sensors 2021, 22, 254.
https:/ /doi.org/10.3390/s22010254.

Rocher, J.; Jimenez, ].M.; Tomas, J.; Lloret, ]. Low-Cost Turbidity Sensor to Determine Eutrophication in Water Bodies. Sensors
2023, 23, 3913. https://doi.org/10.3390/s23083913.

Ucar, D.; Zhang, Y.; Angelidaki, I. An Overview of Electron Acceptors in Microbial Fuel Cells. Front. Microbiol. 2017, 8, e00643.
https:/ /doi.org/10.3389 / fmicb.2017.00643.

Olias, L.G.; Otero, A.R.; Cameron, PJ.; Lorenzo, M.D. Ceramic Soil Microbial Fuel Cells Sensors for Early Detection of
Eutrophication. In Proceedings of the The 1st International Electronic Conference on Biosensors, Online, 2-17 November 2020;
MDPI: Basel, Switzerland, 2020; p. 64. https://doi.org/10.3390/IECB2020-07039.

Ye, L.; Wu, E; Xu, R;; Di Zhang,; Lu, J.; Wang, C.; Dong, A.; Xu, S.; Xue, L.; Fan, Z.; et al. Face mask integrated with flexible and
wearable manganite oxide respiration sensor. Nano Energy 2023, 112, 108460. https:/ /doi.org/10.1016/j.nanoen.2023.108460.
Romanello, M.; Di Napoli, C.; Drummond, P; Green, C.; Kennard, H.; Lampard, P.; Scamman, D.; Arnell, N.; Ayeb-Karlsson, S.;
Ford, L.B.; et al. The 2022 report of the Lancet Countdown on health and climate change: Health at the mercy of fossil fuels.
Lancet 2022, 400, 1619-1654. https://doi.org/10.1016/50140—6736(22)01540—9.

Beinert, A.].; Imm, M.; Benick, J.; Becker, F,; Seitz, S.; Heinrich, M.; Paul, O.; Glunz, S.\W.; Aktaa, J.; Eitner, U.; et al. Silicon
solar cell-integrated stress and temperature sensors for photovoltaic modules. Prog. Photovolt. Res. Appl. 2020, 28, 717-724.
https://doi.org/10.1002/pip.3263.

Nagasaki, H.; Asaka, T.; Iwami, K.; Umeda, N.; Yamamoto, C.; Hara, Y.; Masuda, A. Non-Destructive Measurement of Acetic
Acid and Its Distribution in a Photovoltaic Module during Damp Heat Testing Using pH-Sensitive Fluorescent Dye Sensors.
Sensors 2022, 22, 2520. https://doi.org/10.3390/s22072520.

Listewnik, P; Bechelany, M.; Szczerska, M. Microsphere structure application for supercapacitor in situ temperature monitoring.
Smart Mater. Struct. 2021, 30, 10LTO01. https://doi.org/10.1088/1361-665X/ac221b.

Landrigan, PJ. Air pollution and health. Lancet Public Health 2017, 2, e4—e5. https://doi.org/10.1016/52468-2667(16)30023-8.
Rioual, S.; Lescop, B.; Pell¢, J.; de Alkmim Radicchi, G.; Chaumat, G.; Bruni, M.D.; Becker, J.; Thierry, D. Development
of low-cost RFID sensors dedicated to air pollution monitoring for preventive conservation. Herit. Sci. 2022, 10, 124.
https://doi.org/10.1186/s40494-022-00755-w.


https://doi.org/10.1021/acssensors.9b00288
https://doi.org/10.1016/S2468-2667(17)30125-1
https://doi.org/10.2147/IEH.S133518
https://doi.org/10.1021/acs.chemrev.2c00005
https://doi.org/10.1016/j.sintl.2022.100156
https://doi.org/10.1016/j.sintl.2022.100156
https://doi.org/10.1109/TBME.2019.2943808
https://doi.org/10.1088/1361-665X/aaf3f1
https://doi.org/10.3390/rs15082020
https://doi.org/10.1007/s10924-022-02555-6
https://doi.org/10.1007/s10924-022-02555-6
https://doi.org/10.3390/bios13020197
https://doi.org/10.1109/JSEN.2023.3250401
https://doi.org/10.3390/chemosensors8040103
https://doi.org/10.1016/j.scitotenv.2018.09.139
https://doi.org/10.1016/j.scitotenv.2018.09.139
https://doi.org/10.3390/s22010254
https://doi.org/10.3390/s23083913
https://doi.org/10.3389/fmicb.2017.00643
https://doi.org/10.3390/IECB2020-07039
https://doi.org/10.1016/j.nanoen.2023.108460
https://doi.org/10.1016/S0140-6736(22)01540-9
https://doi.org/10.1002/pip.3263
https://doi.org/10.3390/s22072520
https://doi.org/10.1088/1361-665X/ac221b
https://doi.org/10.1016/S2468-2667(16)30023-8
https://doi.org/10.1186/s40494-022-00755-w

Sensors 2023, 23, 5406 38 of 38

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Pillarisetti, A.; Allen, T.; Ruiz-Mercado, I.; Edwards, R.; Chowdhury, Z.; Garland, C.; Hill, L.; Johnson, M.; Litton, C.; Lam, N.;
et al. Small, Smart, Fast, and Cheap: Microchip-Based Sensors to Estimate Air Pollution Exposures in Rural Households. Sensors
2017, 17, 1879. https://doi.org/10.3390/s17081879.

Zikova, N.; Masiol, M.; Chalupa, D.; Rich, D.; Ferro, A.; Hopke, P. Estimating Hourly Concentrations of PM2.5 across a
Metropolitan Area Using Low-Cost Particle Monitors. Sensors 2017, 17, 1922. https:/ /doi.org/10.3390/s17081922.

Broday, D. Wireless Distributed Environmental Sensor Networks for Air Pollution Measurement—The Promise and the Current
Reality. Sensors 2017, 17,2263. https:/ /doi.org/10.3390/s17102263.

Caubel, J.; Cados, T.; Kirchstetter, T. A New Black Carbon Sensor for Dense Air Quality Monitoring Networks. Sensors 2018,
18, 738. https://doi.org/10.3390/518030738.

Wolff, N.H.; Zeppetello, L.R.V,; Parsons, L.A.; Aggraeni, I; Battisti, D.S.; Ebi, K.L.; Game, E.T.; Kroeger, T.; Masuda, Y.J.; Spector,
J.T. The effect of deforestation and climate change on all-cause mortality and unsafe work conditions due to heat exposure in
Berau, Indonesia: A modelling study. Lancet Planet. Health 2021, 5, e882—e892. https://doi.org/10.1016/52542-5196(21)00279-5.
Torresan, C.; Benito Garzén, M.; O’Grady, M.; Robson, T.M.; Picchi, G.; Panzacchi, P.; Tomelleri, E.; Smith, M.; Marshall, J.;
Wingate, L.; et al. A new generation of sensors and monitoring tools to support climate-smart forestry practices. Can. . For. Res.
2021, 51, 1751-1765. https://doi.org/10.1139/cjfr-2020-0295.

Mutiara, G.A.; Herman, N.S.; Mohd, O. Using Long-Range Wireless Sensor Network to Track the Illegal Cutting Log. Appl. Sci.
2020, 10, 6992. https://doi.org/10.3390/app10196992.

Prasetyo, D.C.; Mutiara, G.A.; Handayani, R. Chainsaw Sound and Vibration Detector System for Illegal Logging. In Proceedings
of the 2018 International Conference on Control, Electronics, Renewable Energy and Communications (ICCEREC), Bandung,
Indonesia, 5-7 December 2018; pp. 93-98. https://doi.org/10.1109/ICCEREC.2018.8712091.

Andreadis, A.; Giambene, G.; Zambon, R. Monitoring Illegal Tree Cutting through Ultra-Low-Power Smart IoT Devices. Sensors
2021, 21, 7593. https://doi.org/10.3390/5s21227593.

Tatiparthi, S.R.; De Costa, Y.G.; Whittaker, C.N.; Hu, S.; Yuan, Z.; Zhong, R.Y.; Zhuang, W.Q. Development of radio-frequency
identification (RFID) sensors suitable for smart-monitoring applications in sewer systems. Water Res. 2021, 198, 117107.
https://doi.org/10.1016/j.watres.2021.117107.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/s17081879
https://doi.org/10.3390/s17081922
https://doi.org/10.3390/s17102263
https://doi.org/10.3390/s18030738
https://doi.org/10.1016/S2542-5196(21)00279-5
https://doi.org/10.1139/cjfr-2020-0295
https://doi.org/10.3390/app10196992
https://doi.org/10.1109/ICCEREC.2018.8712091
https://doi.org/10.3390/s21227593
https://doi.org/10.1016/j.watres.2021.117107

	Introduction
	Innovations Enabled by Nanotechnology in Sensing Techniques
	Resistive Sensing
	Capacitive Sensing
	Piezoelectricity Sensing
	Thermoelectricity Sensing
	Acoustic Sensing
	Electrochemical Sensing
	Optical Sensing
	Photodetection Sensing
	Plasmonic Nanosensors
	Photonic Crystals

	Electromagnetic Wave Technology
	Field-Effect Transistor (FET) Sensing
	Biosignal Sensing
	Bioinspired Sensing

	 Overview of Recent Innovations Addressing Different Challenges
	Biomedical Challenges
	Infectious Diseases
	Noncommunicable Diseases (NCDs)
	Mental Health
	Antibiotic Resistance
	Aging Population

	Environmental Challenges
	Plastic Pollution
	Eutrophication
	Climate Change
	Air Pollution
	Deforestation
	Fatbergs


	Discussion
	Perspective
	Conclusions
	References

