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Abstract

Sensors are used in so many different aspects of our daily life. Extensive scientific research work has been carried out for years
to develop and fabricate sensors for different applications, and using different materials and preparation methods. In addition,
several different analytical techniques, including spectroscopic, electrical, optical, and chemical techniques are continuously
employed to assess the performance of the fabricated sensors. The ongoing work aims to develop sensors for newly emerging
applications, as well as improve the performance of the commonly used classes of sensing materials in terms of higher sensitivity
and selectivity, faster response times, and better recovery and limits of detection. This review highlights the recent advances in
sensor technology, covering different types of sensors applied in everyday life including biosensors, gas, humidity, temperature,
and smoke sensors, as well as molecular modeling approaches in studying sensing mechanisms of different structures.
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1. Introduction

Sensors are devices that detect and quantify an
input stimulus, either directly or by converting this
stimulus to a signal for processing by other special
systems. The output signals are essentially
functionally related to the input stimuli which are
generally referred to as measurands [1]. Sensors can

Different ways can be used to classify or categorize
sensors. They can be classified based on their mode of
operation into passive or active sensors, or based on
input/output signal-conversion mechanism, into, for
example, thermoelectric, electrochemical,
photoelectric, thermo-optic, and electromagnetic

quantify everything of physical, chemical, and/or
biological ~ concern, such as  temperature,
concentration, light intensity, and heart rate [2].

The development of sensors started as early as the
second century (Fig. 1) and has been going on ever
since. In recent years, there has been an increasing
demand for the development of different sensor
systems with a diversity of applications, which
consequently requires tailored designs to provide
novel approaches and solutions.

When designing a sensor, both technical and
economic aspects of the desired application should be
considered, aided by previous well-known sensor
elements and structures, as well as simulation models
to effectively shorten the fabrication time, and
optimize the sensor properties and performance [3].

sensors [4].

A wider method of classifying sensors is to classify
them based on their applications such as temperature
sensors, smoke sensors, gas sensors, humidity sensors,
and biosensors [4].
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Fig. 1: Timeline of sensor development technology.
This figure was reproduced with permission from

Dincer et al.[2]
(https://creativecommons.org/licenses/by/4.0/)

2. Types of sensors based on their application
2.1. Gas sensors

The release of different gases requires continuous
development in the design and fabrication of gas
sensors, to improve the detection and quantification of
these gases, and to control their levels [5]. Gas sensors
are designed for and capable of detecting the presence
of many dangerous gases, such as those of toxic or
explosive nature, in addition to volatile organic
compounds, and are also able to quantify them [6]. Gas
sensors are commonly designed using metal oxides [6]
and carbon nanomaterials [5], in addition to thin
polymer films and electrochemical solid-state galvanic
cells [7].

Using iron oxide (a-Fe;QOs) nanorods with
enhanced sensitivity and selectivity by zinc oxide
(Zn0O) nanoparticles were synthesized by Touba and
Kimiagar [8] using a hydrothermal method. Their
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results confirmed that ZnO-decorated o-Fe;O3
significantly enhanced the sensing properties towards
different alcohols and gases, in terms of faster sensor
response and higher intensity sensing response,
compared to pure o-Fe;O3 nanorods. This
enhancement was attributed to the formation of more
than one depletion zone on the surface of the
nanocomposite, leading to decreased resistivity.

Zubair and Akhtar [9] synthesized sensors based on
Zn0 nanostructures with novel morphologies to detect
ethanol, acetone, and ammonia (NH3) gases. The
sensing properties of the as-prepared (ZnO-AP) ZnO
nanostructures were compared with those of calcined
(ZnO-Cal) and commercial (ZnO-Com)
nanostructures. At room temperature (29 °C), ZnO-AP
and ZnO-Cal showed better performance towards 1 x
10 ammonia with gas responses of 63.79% and
66.87%, respectively. The corresponding response and
recovery times recorded were 13 and 3 seconds,
respectively. The better performance of ZnO-AP and
ZnO-Cal nanostructures can be attributed to their
unique morphology, as well as significant shape and
size uniformity. On the other hand, the sensor based
on ZnO-Com was not able to detect concentrations of
NH; gas less than 200 x 10°°, yet similar to ZnO-AP
and ZnO-Cal was more selective towards ammonia
than to ethanol and acetone and ethanol.

Kulkarni S.B. et al [10] also successfully
synthesized an NHs; gas sensor based on a
nanocomposite of polyaniline and tungsten oxide
(PANI-WO3) on polyethylene terephthalate (PET)
substrate. At room temperature, the best performance
obtained of the fabricated flexible sensor was that of
the composition of 50 wt% WQOs3, which demonstrated
very high selectivity towards 100 ppm of NH3z with the
highest recorded response of 121% and a significantly
stable response of 83%. Quantification and
verification of the gas sensing behavior of flexible
PANI-WOs3 sensors were also tested against ambient
air and NO; gas. They concluded that these prepared
cost-effective hybrid nanocomposites with their room
temperature operation have numerous applications in
the industrial market and domestic areas.

Diniz M.O. et al. [11] developed an NH3 gas sensor
with enhanced performance from a hybrid PANI
derivative, poly(o-methoxy aniline) (POMA)-
vanadium pentoxide (V20s) film, and using a newly
developed AC electrical measurement approach.
Complex impedance results indicated high sensitivity
of the layer-by-layer deposited POMA/V,0s hybrid
film to ammonia in both real and imaginary
components, with linearity in response in the 0-20
ppm range, indicating that the film is a good candidate
as a sensor for ammonia.

The molecular imprinting technique has been
utilized by Abdelghani R. et al. [12] to develop nano-
architectured SnO,-based sensors with high
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sensitivity for Acetone and NHs gases. SnO; films
were synthesized using spin coating, with NH4OH or
acetone being introduced under different conditions
during the hydrothermal synthesis. The performance
of the fabricated sensors was tested against different
substances, and results showed an increase in the
response to the gases with increasing the participation
of their respective solvents during the synthesis
process. Results also demonstrated the high
performance of the fabricated gas sensor devices
reaching a sensitivity of about 90% for Ammonia gas
and reaching the detection limit of 600 ppb when the
sensor is patterned on NHsOH and water, then rinsed
by water. Regarding acetone, the sensor devices also
demonstrated high sensitivity of about 77% and a
detection limit of 280 ppb when the sensor is patterned
on NH4OH and acetone, then rinsed by acetone.

Chachuli S.A.M. et al. [13] developed a metal
oxide/ multi-walled carbon nanotubes (MWCNT) gas
sensor for hydrogen, based on TiO2/MWCNT/B,03 by
comparing the sensitivity of this sensor with the
addition of linseed oil and ethyl cellulose organic
binders. Sensor composite was placed on an aluminum
oxide substrate via the screen-printing method. To
assess its performance, the proposed sensor was
exposed to different concentrations of hydrogen
ranging from 100 to 1000 ppm at 100 °C, 200 °C, and
300 °C operating temperatures. The addition of
MWCNT in TiO; was found to reduce the bandgap
and resistance, as well as reduce the optimal
temperature of operation of the TiO gas sensor, thus
improving its sensitivity. The TiO/MWCNT/B20s
gas sensor with different binders also demonstrated
good responses to the different concentrations of
hydrogen and at the different operating temperatures.
In terms of response to hydrogen gas, the ethyl
cellulose-based sensor was better than that based on
linseed oil. Whereas in terms of conductive and
recovery time, the linseed oil-based sensor yielded
better results. The results of this study also indicated
that the best performance of the proposed sensor is
achieved when operating at the temperature of 200 °C.
Correlating the obtained results together, the authors
concluded that the linseed oil-based sensor is a better
candidate, owing to its better performance as well as
the cost-effective fabrication process.

An approach was developed by Myadam N.L. et al.
[14] to fabricate xerogels as sensors for formaldehyde
gas, based on Al/SnO; via propylene oxide assisted
sol-gel process, using varying Al doping ratios (1-4
mol%). To further reinforce the gel network, the
fabricated xerogels were subjected to aging for one
day, followed by sintering and screen-printed thick
film formation. Results demonstrated that Al/SnO,
with Al doping level of 3 mol% showed excellent gas
sensing ability with gas response (Ra/Rg) of 15 at the
operating temperature of 300 °C towards around 100
ppm formaldehyde concentration, with quick response
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of around 7 seconds and recovery time of around 16
seconds. Results also indicated that the 3 mol% Al-
doped SnO; sample maintained approximately 89% of
its initial sensitivity, until after 2 months of shelf-life.

In an attempt to produce a room-temperature gas
sensor with improved resistance to humidity resistance
and long-term stability, Gao Z. et al. [15] introduced a
gas sensor based on TiO2 nanotubes decorated with Pd
nanoparticles (Pd/TiO2 NTs) with a hydrophobic
polydimethylsiloxane (PDMS) layer by a simple
thermal evaporation process. Response of pristine
Pd/TiO, NTs sensor decreased with the increase in
relative humidity (RH), reaching around 10% response
value at 75% RH in comparison to its response at RH
of 25%. Whereas under optimized conditions, the
PDMS-coated Pd/TiO, NTs demonstrated excellent
humidity resistance. It has also been indicated that the
performance of the sensor is strongly affected by the
thickness of the PDMS layer, such that insufficient
thickness of this layer was not able to make the gas
sensor resistive to humidity despite their super
hydrophobic nature. PDMS layer also provided
significant protection against photodegradation by
TiO,, in comparison to previously applied protective
organic layers, thus qualifying it for a long
functionality time. It was concluded that the simple
method of applying PDMS coating to the proposed
sensor provides an effective approach for designing
several gas sensors based on semiconductor metal
oxides capable of operating at room temperature with
enhanced humidity resistance and long-term stability.

Kohli N. et al. [16] reported the effect of
introducing carbon nanotubes (CNT) by hydrothermal
method into indium oxide (In203) nanobars on the
structure, morphology, and electronic properties of the
resulting nanocomposites, and their acetone sensing
properties. Characterization techniques indicated that
the nanocomposites were successfully synthesized
with their desired enhanced physical properties. The
In,O3/CNT nanocomposite sensors demonstrated a
superior performance which is attributed to the
increased surface area of sensing, as well as the
presence of defects and the formation of p-n
heterojunctions. Results also demonstrated that at an
optimum operable temperature of 300°C, the
fabricated sensors are capable of detecting the
minimum concentration of 10 ppm of acetone with a
sensor response magnitude of around 4. The obtained
results suggest that the proposed sensors show great
potential for medical and pharmaceutical applications
such as measuring glucose levels.

Santhosh N.M. et al. [17] developed a gas sensor
for ethanol based on entangled MWCNTs on
polyurethane (PUR) after Ar plasma treatment and He
plasma treatment. Sensors resulting from plasma
treatment demonstrate higher sensitivity to different
concentrations of ethanol as compared to untreated
ones. The untreated sensors demonstrated no change
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in their responses with increasing ethanol
concentration, while both Ar and He plasma-treated
sensors displayed approximately 5 times and 3 times
improvement, respectively, with increasing ethanol
concentration. In comparison to the untreated sensors,
results also demonstrated a stable sensitivity of the
treated ones for the following ~14 days after their
synthesis. Results also demonstrated that the treated
sensors showed a faster response as well as a faster
recovery. No significant morphological changes were
associated with plasma treatment, suggesting that the
improved performance of the treated sensors is most
likely due to the enhanced surface properties induced
by plasma treatment, and resulting in the development
of sensitive functional groups to ethanol vapor, which
was confirmed by the presence of additional peaks
after plasma treatment in the resulting infrared spectra.

Using the radiofrequency (RF) magnetron
sputtering method, Mustaffa S.N.A. et al. [18]
successfully fabricated ZnO thin films optimized for
sensing Hy gas at 27°C. The prepared films were
subjected to further optimization before testing their
sensing performance. Results indicated that the RMS
surface roughness of the annealed sample slightly
decreased with a slight improvement in its optical
properties, while the optimized films demonstrated a
decreased energy gap. Results of the sensing
experiment reported an increase in the calculated
molar extinction coefficient with the increase of RMS
surface roughness, suggesting that a relatively
increased roughness increases the affinity of the films
to optically absorb H; gas. It was concluded that the
optical sensing properties of the RF-sputtered ZnO
thin films to 2 mol% H- are highly dependent on the
surface morphology of the sample, with the optical
absorption of H; gas significantly increasing with
higher surface roughness.

Using a simple precipitation method, Vinh N.T. et
al. [19] synthesized a sensitive film of Fe304/FeOOH
nanocomposites deposited by the spray-coating
method on a quartz crystal microbalance (QCM) for
high-performance gas sensing applications. The
sensing performance of the nanocomposite-based
QCM sensor was evaluated at room temperature
against different concentrations of CO, NO», and SO..
The presence of numerous OH functional groups in the
nanocomposites introduced plenty of interaction sites
to the sensing layer of this mass-type gas sensor. The
gas sensing results indicated that the developed sensor
has good sensing performance toward toxic gases at
room temperature. The developed nanocomposite-
based QCM, therefore, offers a low-cost gas sensor
with very good performance.

Strauss 1. et al. [20] synthesized UiO-66 and UiO-
66-NH, nanocrystals via a solvothermal method to be
used in CO- gas sensing devices. Results confirmed
that the functionalization of UiO-66 with —NH; groups
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significantly improved its sensitivity towards CO..
FTIR results proved the affinity of the synthesized
crystals towards as low CO, concentrations as 20 ppm.
Results also indicated that the existence of water
molecules enhanced the performance of UiO-66-NH;
by increasing CO, adsorption compared to the absence
of water. UiO-66-NH was found to be significantly
more sensitive to CO; than UiO-66. Based on FTIR
and dielectric spectroscopy results, the authors
concluded that UiO-66-NH; is suitable for application
in sensing devices for both low and high CO;
concentrations, while UiO-66 is relatively not suitable
for capacitive CO; sensing.

An enhanced NO; gas sensor device was developed
by Umar A. et al. [21] based on supramolecular
assembled  PANI/silver  oxide/graphene  oxide
(PANI/Ag20/GO) composites. These composites were
considered resistor-based sensors, highly responsive
to NO; gas, and their sensing performance was
examined at different temperatures. The highest
sensitivity demonstrated by PANI/Ag,O/GO sensor
devices was 5.85 for 25 ppm of NO at the optimized
temperature of 100 °C, while pure PANI and
PANI/Ag20 composites showed less sensitivity.

An H>S gas sensor was fabricated based on SnO»—
Fe,O3 nanocomposite, deposited on a printed substrate
with interdigitated electrodes and tested in the air [22].
Impedance spectroscopy presented the
semiconducting nature  of  the prepared
nanocomposites with an activation energy of 0.13 +
0.01 eV. Sensing results indicated that the fabricated
sensors demonstrated excellent performance owing to
their ability to operate at room temperature and for as
low concentrations of HyS as 2.5 ppm. The
characteristics of the synthesized nanocomposites and
their excellent sensing performance highly suggest
their applicability as portable gas sensors.

Thangamani and Khadheer [23] using the solution-
casting. method prepared polyvinyl formal
(PVF)/titanium dioxide (TiO2) nanocomposite films
and evaluated them as chemiresistive sensors for the
detection of SO, gas in comparison to pristine TiO2
nanoparticles. Results indicated that the pristine TiO;
NPs showed a maximum sensitivity of 50.25% at 370
°C while PVF/TiO2 nanocomposite demonstrated a
significantly improved sensitivity of 83.75% for the
concentration of 600 ppm of SO, gas at a relatively
low operating temperature of 150 °C, with also
improved selectivity, faster response (66 seconds) and
recovery (107 seconds), and extended stability of 60
days.

A facile cost-effective hydrothermal technique was
also utilized by Thangamani and Khadheer Pasha [24]
to synthesize copper (1) oxide nanoparticles (CuO-
NPs) and tested as a chemiresistive sensor for
detecting chemical vapors of benzene, toluene,
ethylbenzene, and xylene (BTEX) with concentrations
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ranging from 40 ppm up to 1000 ppm at 160 °C as an
optimum operating temperature. The sensing results
indicated that the CuO-NPs sensor is capable of
detecting BTEX gas, as well as showing high
sensitivity and fast response/recovery for toluene gas
under different relative humidity conditions.

Sholehah A. et al. [25] successfully fabricated an
ethylene gas sensor using a ZnO-Ag layer on a flexible
polyethylene terephthalate-indium doped tin oxide
(PET-ITO) substrate. Correlating their structural and
morphological properties with their sensing
performance, results showed that the best-achieved
sensitivity to ethylene gas is with a smaller crystallite
size ZnO-Ag layer. Results also demonstrated that the
best performance was achieved by the sensor
composed of the ZnO-Ag layer containing 0.6 mM of
Ag, which showed a 5.65% response to 30 ppm
concentration of ethylene gas for a 15-minute
exposure time, and a 16.01% response to 100 ppm
concentration. The recovery time recorded was 10
minutes and 15 minutes, respectively.

Light-activated chemoresistive sensors to detect
NO; and acetone gases were also fabricated by
Drozdowska K. et al. [26] based on nanoporous NiO
films prepared by advanced gas deposition. Resulted
confirmed that sensitivity towards NO; significantly
increased under 275 nm UV irradiation. Improved
sensitivity was also recorded at an elevated
temperature of 150 °C. The obtained FTIR spectra
depicted the formation of nitro and nitrate groups on
the surface after exposure to NO; gas in synthetic air.
UV light activation enhanced the sensing ability of
NiO films owing to promoting interband transition in
NiO which, in turn, induces the formation of electron-
stimulated nitro and nitrate ions on the surface, thus
explaining the improved performance of the sensor
after UV activation. The sensing of acetone, on the
other hand, causes a permanent breakdown of the
reaction products which, consequently, accumulate on
and cover the surface of the sensor, decreasing its
sensitivity.

Kumar H. et al. [27] designed and developed a
novel amperometric sensor using CuO quantum dots-
decorated PANI plastic nanocomposites as a gas
sensor for formaldehyde. Different electrochemical
characterization techniques supported by theoretical
computational calculations were utilized to assess the
sensing performance, stability, and reusability of the
prepared nanocomposite sensor for 720 hours.
Faradaic and capacitive currents were measured at
definite concentration, time, and potential, and the
results demonstrated a linear current-concentration
response with a correlation coefficient of 0.997.
Characteristic electrochemical peaks were observed,
confirming the presence of formaldehyde and, hence,
the capability of the proposed nanocomposite sensor
to detect formaldehyde. The developed sensor showed
great potential as a fast and reliable sensor for
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quantitative and qualitative determination of
environmental pollutants, that does not require
immobilization of specific macromolecules for the
sensing process.

A selective chemiresistive sensor for NH; and CO
gases at room temperature based on PANI/GO
nanocomposite was synthesized by Mohammed H.Y.
et al. [28] using an in-situ chemical oxidation
polymerization method. The sensor device is
composed of pure PANI and PANI/GO
nanocomposite cast on a low-cost pattern of Cu-
interdigitated electrodes. Results indicated that the
sensing behavior of PANI/GO nanocomposite-based
sensors was preferable to NH; than to CO and that they
showed superior performance for NH; than those of
pure PANI. The PANI/GO-based sensor showed a
high response of 9.6%-70 ppm, a fast recovery time of
23 seconds, and a low detection limit of 30 ppm, with
a linear dynamic range of 30-230 ppm. It also showed
outstanding sensing parameters for NHsz such as
stability, reproducibility, and repeatability.

Umar A. et al. [29] prepared and studied a
supramolecularly assembled isonicotinamide—GO
nanocomposite (Iso-rGO) and Iso-rGO/Carbon felt
(CF) electrode (illustrated in Fig. 2) as NO; gas sensor
at room temperature. Evaluation of the sensing
performance of the fabricated sensor also
demonstrated a superior reductive behavior of NO; gas
at room temperature. The linear range of detection
ranged from 1 up to 30 ppm, with a remarkably low
limit of detection of 1 ppm concertation of NO, gas.
Sensing results were also consolidated and confirmed
by the results obtained from online gas
chromatography. The performance of the sensor was
also tested in the presence of other interfering gases,
where it showed an acceptable selectivity towards NO;
gas. The obtained results qualify the proposed
electrode as a suitable sensor for NO, gas in real
samples.

Isonicotinamide + GO

Isonicotinamide/rGO composite

Fig. 2: Synthesis of isonicotinamide—graphene
oxide nanocomposite. This figure was reproduced
with  permission  from  Umar et al.[29]
(https://creativecommons.org/licenses/by/4.0/)
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2.2. Temperature sensors

Temperature sensors are currently applied in
various fields including industry, agriculture, and
healthcare, in addition to their long-known common
applications in the control of different devices such as
air conditioning control and freezers [4].

Based on silver nanowires [AgNWs], Li S. et al.
[30] introduced a facile method to fabricate AgNWs-
based temperature sensors intended to detect
variations in body temperature. Results demonstrated
a quantifiable linear relationship between temperature
and the resistance of AgNWs films. Results also
indicated that by applying a protective layer of
polydimethylsiloxane (PDMS) films to AgNWs
random network to control the effect of humidity, the
sensitivity of the fabricated sensor to temperature
reached approximately 16 Q/°C over the range of 30—
80 °C. They concluded that the integrated PDMS-
AgNWs temperature sensor which combines the low
cost and excellent conductivity of AgNWs with the
protective behavior PDMS against humidity, in
addition to temperature sensitivity and good
reproducibility, provide a promising strategy for
further development of temperature sensors.

Relying on the temperature dependence of the
electrical conductivity of conductive polymers,
organic temperature sensors, Nitani M. et al. [31]
constructed a  poly(3,4-ethylenedioxythiophene)
(PEDOT)-based conductive polymer as a temperature
sensor. Using inkjet printing, the sensor was fabricated
in the form of patterned resistors of PEDOT-based
polymer. The patterned resistors demonstrated a
—0.75%/°C temperature coefficient of resistance at 23
°C. The results obtained in this method were
comparable to those obtained by metal resistors which
were used as references. Results suggested that the
fabricated sensors could operate at a long temperature
range from -10 °C up to 80 °C under normal
conditions.

Kumar V. et al. [32] presented epitaxial silicon
carbide (SiC) as a circular-shaped Ni/4H-nSiC
Schottky barrier diode (SBD) highly sensitive and
linear temperature sensors. The fabricated sensors had
an area of 3.140 mm? and their sensing performance
was characterized in the forward current (I5) range of
10 pA to 5 nA, and temperature range of 233 K-473
K. Results indicated that the highest absolute thermal
sensitivity value reached was 3.425 mV/K at the
minimum I; of 10 pA. The best performance achieved
by the fabricated sensors was at an I+ of 0.1 nA with
the lowest temperature error of 1.620 K and the highest
coefficient of determination of 99.96%. The maximum
operating temperature point of the fabricated sensors
for I <20 pA was found to be 448 K.

In an attempt to fabricate a highly precise and
accurate temperature model in the process of
biofermentation, an ultrahigh sensitive fiber-optic
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sensor was proposed by Liu and Yuan [33] to measure
temperature changes. The proposed sensor was
developed by arc discharge technique as single-mode
optical fiber (SMF) coupled with a urethane acrylate
(UA)-coated off-axis spiral long-period fiber grating
(OAS-LPFG). Because the refractive index (RI) of
both UA and SMF cladding are close, and owing to its
high  thermo-optic  coefficient, the resonant
wavelength of the OAS-LPFG dip is, therefore, highly
sensitive to temperature. Results indicated that the
sensor's temperature sensitivity can reach ~-108.69
nm/°C, over a temperature range of 25.0 °C to 25.5 C,
which is considered higher sensitivity than other all-
fiber-based temperature sensors.

Qiu S. et al. [34] proposed a toluene and gold wire-
filled helically twisted photonic crystal fibers (HT-
PCFs) as highly sensitive temperature sensors and
investigated the influence of the structural parameters
on the performance of the proposed HT-PCF sensor.
Results indicated that the optimized HT-PCF
demonstrated a relatively high average sensitivity of
14.35 nm/°C (from —20 °C to 20 °C), and 17.29 nm/°C
(20 °C to 70 °C). The proposed temperature sensor is
also found insensitive to the hydrostatic pressure. It
was concluded that this temperature sensor can be a
very suitable candidate for different environmental
and medical applications.

Liu S. et al. [35] proposed a temperature sensor
with enhanced sensitivity using harmonic Vernier
effect-based cascaded Sagnac loops. Results revealed
a temperature sensitivity of about 3.66 nm/°C in the
range of 30—70 °C, which is significantly higher than
the sensitivity of a single Sagnac loop (0.163 nm/°C)
by 22.5 times, and also higher than the sensitivity of
the sensor based on basic Vernier effect (2.12 nm/°C)
by 1.7 times. The authors concluded that the developed
sensor can be widely applicable in certain fields, such
as the mining industry and power grids.

Wang X. et al. [36] evaluated and analyzed the
temporal drift characteristic, as an important
performance parameter, of inkjet-printed silver
nanoparticles-poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (Ag NPs-PEDOT:PSS) flexible
temperature sensor, shown in Fig. 3. Evaluation was
performed through temperature range of 0-150 °C.
Results demonstrated an increase in the drift error by
091 kQ at 0 ‘C, and 0.85 kQ at 150 ‘C. The

performance of the proposed sensor device can be
studied in terms of three different variables related to
the substrate, water molecules, and/or silver
nanoparticles, which offers the opportunity to propose
different solutions to any drawbacks in the sensor's
performance.
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/Substrate layer

S0 SOM SOH SOH 50 SOM

PEDOT

Fig. 3: (@) Molecular structure of PEDOT:PSS; (b)
Fabricated flexible sensor. (c) Drift characterization of
the fabricated sensor. This figure was reproduced with
permission from Wang et al.[36]
(https://creativecommons.org/licenses/by/4.0/)

Schepperle M. et al. [37] developed a platinum
microheater/temperature sensor array for direct yet
non-invasive heating and temperature measurement at
several locations along microchannels. The working
platinum area of each element in the array was as
minute as 238 nm in thickness, 0.1 mm in width, and
0.5-2 mm in length. Results indicated that the
fabricated microstructures can operate up to the
maximum temperature of 450 °C with a linear
resistance coefficient to temperature of around 2.98 x
1073 °C™!, and a relatively very low measurement error
below 0.05%.

2.3. Humidity sensors

These sensors are used to detect and quantify water
vapor, representing what is known as relative humidity
(RH). They are widely applied for controlling heating,
ventilation, and air conditioning systems, which in
turn serve different applications which include
preserving  pharmaceuticals and  controlling
preservation conditions in museums, greenhouses,
meteorological stations, and hospitals [4].

Kim H.-S. et al. [38] fabricated a low-resistance
humidity sensor based on Core-shell-structured
Chitosan-MWCNT (CS-MWCNT) on a gold
electrode, where the resistance of the sensor device
changes upon the formation of hydrogen bonds
between water and NH, groups of CS. The CS-
MWCNT nanohybrid humidity sensory containing
25% MWCNTs showed the highest response and
linearity, independent from both voltage and
frequency Results also indicated a fast (40 seconds)
recovery time in the RH range of 30-100% and a long-
term stability for 60 days, confirming the excellent
performance of this humidity sensor.

Using bromothymol blue (BTB) as an indicator,
titanium dioxide  (BTB/TiOy), palygorskite
(BTB/palygorskite), and mullite (BTB/mullite) were
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chosen by Wang Z. et al. [39] as the host of
colorimetric humidity sensor. A readable response by
BTB/TiO, was observed to the RH of 11, 43, and 75%
at 1 minute at 25 °C. BTB/palygorskite demonstrated
a better response, especially at lower values of RH
(~11%). Results indicated that the performance of the
sensors was affected by the surface area and, hence,
the cover density of BTB and water adsorption, which
significantly enhanced their performances.

Capacitance-based  TiOx/Ag  nanocomposite
interdigital electrode was fabricated as a humidity
sensor [40]. Resulted confirmed that the
nanocomposite of TiO, nanoparticles containing a
small amount of Ag nanoparticles greatly improved
the sensitivity of the sensor. Results proved that the
best mass ratio sample was TiO2/Ag: 20:1 which
showed the best sensitivity, reaching 10646.8
pf/RH%, which represents significantly higher
performance than pure TiO, Results also
demonstrated an increase in the sensor film's
hydrophilicity, as well as the emergence of Warburg
impedance at 11% RH in the complex impedance
spectra plot, confirming the improvement that Ag
provided to the absorption ability of the
nanocomposite. It can be concluded that this proposed
humidity sensor with its high sensitivity is capable of
offering nondestructive detection of wet paper in the
fields of preservation of ancient manuscripts and
historical paintings.

An original humidity sensor based on a porous
laser-induced-graphene electrode was developed by
Zhu C. et al. [41] relying on its superior mechanical
and electrical properties. The proposed sensor
demonstrated outstanding performance over a wide
range of RH (11-97%). Results also indicated the
excellent performance of the sensor for breathing and
fingertip non-contact motoring of this humidity
sensor, qualifying it for applications in health sectors,
especially in health monitoring devices.

Preparation and successful application of flexible
polystyrene/polypyrrole (PS/PPy) mats as a resistive
humidity sensor have been reported [42]. These
composite membranes were obtained by incorporating
PPy chains by an in situ chemical polymerization into
electrospun PS films. Sensor performance results
demonstrated that PS/PPy humidity sensors had a
relatively high (128.6%) and fast (54.9 + 3.5 seconds)
sensing response, with a recovery time of 76.8 + 11.1
seconds, with satisfactory stability for several days of
varying humidity conditions in the range of 11% to
97%.

A high-performance fully printed flexible humidity
sensor was developed using all-carbon-based cellulose
nanofiber/graphene nanoplatelet (CNF/GNP)
composites as shown in Fig. 4 [43]. The fabricated
sensor demonstrated a high (240%) resistive response
over the RH range of 30% to 90%, with a fast response
time of 17 seconds, and a fast recovery time of 22
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seconds. Owing to the abundance, degradability, and
biocompatibility of both CNF and GNPs, the results
obtained in this study suggest the possibility of
fabricating cost-effective and eco-friendly sensors
with high performance.

2.4. Smoke sensors

Air pollutants represent a class of the most
hazardous pollutants to human beings and animals
owing to the toxic effect they pose on skin and eyes,
as well as other living tissues [44,45]. Over the past
decades, special attention has been given to
maintaining the adequate quality of urban air, since air
pollution has reached detrimental levels to human
health [46]. Unburnt gases such as CO, NOy, and SOx
are considered the major sources of air pollution [47].
The main sources of these gases include industries,
vehicles, aircraft, fumes, and petrochemical plants
[48].

In an attempt to avoid false fire alarms that might
be activated by non-fire aerosols, Wang S. et al. [49]
developed a novel Sauter mean diameter sensor that is
based on dual-wavelength technology, instead of
smoke concentration, for fire detection. An extra
correction channel has been added to the fabricated
sensor device to quantify aerosol samples with varying
particle sizes and different refractive indices while
maintaining a low error of measurement. Results
confirmed the ability of the sensor to promptly activate
the alarm to fire smoke while avoiding false alarms
caused by non-fire aerosols. The developed sensor
offers a simple mechanical structure together with
high accuracy, improved performance, high
sensitivity, and low cost.
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mechanism of the CNF/GNP composites humidity
sensors. (d) Relative changes in the resistance of the
CNF/GNP composites under different humidity
conditions. This figure was reproduced with
permission from Yoshida et al.[43]
(https://creativecommons.org/licenses/by/4.0/)

A smoke sensor, based on Brij 58 functionalized
Praseodymium oxide (PrsO11) nhanostructures, has
been fabricated and characterized [50]. Results
indicated that in addition to the good crystallinity and
optical properties, the PrsO11 nanomaterials also
interestingly demonstrated a significant chromogenic
shift, thus acting as efficient smoke sensors. Sensing
results confirmed that PrgO1n  nanomaterials
demonstrated a significant decrease in the optical
absorbance when exposed to smoke, indicating their
high affinity to oxidize the smoke gases. They have
also successfully decreased CO concentrations by
99%, while those of NOy and SO, gases were 100%
eradicated. The results of the proposed sensor system
recommend it as an easy, sensitive, and cost-effective
system.

A smoke sensor based on a flexible graphene
composite has been prepared using Ruddlesden
Popper perovskite (RPP) and TiO,
micro/nanoparticles as sensitizing materials [51].
Electrical characterization measurements showed that
RPP microparticle-based sensors had better sensing
performance in terms of response and recovery times
than those based on TiO2 nanoparticles. In general,
these sensors are favorably characterized by the very
low power of 2—7 mW they need to operate, and not
needing to be in very close proximity to the source of
smoke or fire source as reported in earlier studies.
They are also characterized by their fast response time
of 1-2 seconds. It can be concluded that these flexible
smoke sensors can pave the way to develop a new
generation of cost-effective, compact sensors.

Narwade S.H. et al. [52] reported on a highly
sensitive and selective room-temperature smoke and
humidity sensor based on chemically grown porous
hydrangea-type bismuth molybdate (Bi:Mo0QOs). To
evaluate its performance, the synthesized sensor has
been tested against different gases at room temperature
(25 °C). Results demonstrated that under the optimized
conditions, the Bi:MoOs sensor showed superior
performance for different concentrations of smoke
ranging from 5 vol.% up to 40 vol.%, having a
sensitive response of 59% towards 40 vol% smoke
with a fast response/recovery time of 60/14 seconds at
room temperature. In conclusion, the as-obtained
Bi2MoOs film sensor presents a considerate
repeatability, moderate chemical stability, and
substantial mechanical robustness, and despite its n-
type semiconducting nature, it still shows a quite good
response after exposure to smoke, meaning that it
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would have the potential to be used in a fire alarm
system.

2.5. Biosensors

Biosensors are devices that comprise a specific
receptor molecule to detect the measurand and a
physicochemical transducer to generate a measurable
signal [53]. Biosensors date back to 1962 when a blood
gas-screening biosensor was developed to be used
during surgeries [54]. Nowadays, the most frequently
used forms of biosensors are home pregnancy tests and
glucose detectors, with motivations to introduce new
classes of biosensors for a wide range of applications
including nucleic acids testing, food analysis, and drug
detection [55]. The recent progress in biosensor
technology essentially helped in the introduction of
novel advanced robust, accurate, and fast-response
systems, having the ability to detect changes in analyte
levels associated with the presence of a certain disease,
thus providing faster diagnosis and, consequently,
treatment of many diseases [56].

Huanan G. et al. [57] developed a biosensor
composed of a glucose oxidase liposome microreactor
(GLM) and glassy carbon electrode (GCE) modified
by CS. Cyclic voltammetry (CV) was utilized to study
the electrochemical properties of (CS/GLM)n-GCE
and pristine GCE and results confirmed that activated
glucose oxidase could easily oxidize glucose. Results
demonstrated a broad linear range of 0.01-10 mmol/L
of glucose. Results also indicated that the activity of
electrodes is relatively low (Km=2.35 mmol/L) as
obtained by the Michaelis-Menten Kkinetic model,
indicating a better affinity between the enzyme and the
substrate. In conclusion, this simple biosensor shows
great potential in rapid and inexpensive analysis of
glucose, with excellent reproducibility and stability.

A pH biosensor was prepared by Maftoonazad N.
and Ramaswamy H. [58] based on an electrospun
nanofiber mat of polyvinyl alcohol and a natural
pigment from red cabbage extract. Results indicated
that the fabricated nanofiber mats are sensitive to
changes in pH and can detect pH values in the 2-12
range. Interestingly, results also indicated the
reversibility of the colors of the mat corresponding to
the changes in the values of pH, highlighting their
ability to record transient changes. The sensor's
performance was tested on packaged Rutab date and
its sensing response was perfectly following the
changes in the pH of the packaged fruit, meaning that
it can record real-time pH-depended changes.

ZnO nanostructures fixed with the antibody of Zika
Virus non-structural protein 1 on a printed circuit
board were developed and tested as an electrochemical
immunosensor [59]. CV measurements were used to
assess the sensing performance of the proposed
immunosensor. Results confirmed the ability of the
developed immunosensor to rapidly detect Zika virus
in undiluted urine, with a long linear profile from 0.1
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ng/mL up to 100 ng/mL, and a very low limit of
detection of less than 1.00 pg/mL. This easy-to-use,
lightweight, mobile, and cost-effective immunosensor
has great potential for applications in biomedical
disciplines.

A molecularly  imprinted-based  plasmonic
biosensor was developed by Safran V. et al. [60] based
on Cu*'? ions imprinted poly(hydroxyethyl
methacrylate-N-metacryloyl-(L)-cysteine methyl ester
[PHEMAC-Cu*?] nanoparticles applied to surface
Plasmon resonance-based sensor with high selectivity
for the detection of Cu*? ions in aqueous solution,
Cu*2-spiked artificial urine and physiological serum
samples. The affinity of PHEMAC-Cu*? and
PHEMAC (control) SPR biosensors was evaluated
using the Langmuir adsorption model, and the results
demonstrated the homogeneous distribution of Cu*?-
sensitive regions on the SPR sensor's surface. In the
presence of Zn*? and Ni*? solutions as competitor
molecules, the PHEMAC-Cu*? SPR biosensor was
more selective towards Cu*? than PHEMAC.

Copper oxide nanoparticles coated with dopamine
(CuO@DOP NPs) were synthesized using a facile
single-step microwave radiation method [61], as
colorimetric and visual fluorescence biosensor for
amino acid L-cysteine, which plays a fundamental role
in living species. Results indicated the ability of the
fabricated sensor to detect L-cysteine with a low
detection limit of 0.35 nM. The colorimetric and
fluorescence response of the designed sensor was
experimentally tested with human blood serum and
urine samples, yielding a more than 97% recovery rate
of L-cysteine in serum and urine samples, confirming
the excellent sensitivity and selectivity of the
developed sensor towards L-cysteine under
physiological ~ conditions.  The  as-developed
CuO@DOP NPs sensor is deemed practically
applicable to provide rapid and selective sensing
ability towards L-Cys in different concentrations, with
biocompatibility towards the biological systems.

Kaur R. et al. [62] developed a novel bioelectrode
based on redox-active protein hemoglobin (Hb) on
reduced GO/CS-based biocompatible coatings
(ERGO-CS/Hb/FTO), as a quick electrochemical
biosensor for methylparathion (MP). Impedimetric
measurements demonstrated low charge transfer
resistance and solution resistance for the fabricated
biosensor, which in turn indicates improved
electrochemical performance and sensitivity. The
proposed biosensor provided a very low detection
limit (79.77 nM) and a high sensitivity of 45.77 Acm2
uM ! with superior reproducibility. It was also found
reliable in detecting MP in vegetable samples with a
high recovery range of 94%-101%.

A label-free GO-glucose oxidase (GOD)-
functionalized long-period fiber grating (LPFG) was
designed and presented as a glucose biosensor [63].
The sensing mechanism is based on the reaction
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between GOD and glucose which creates gluconic
acid and hydrogen peroxide, resulting in a clear shift
in the transmission spectrum of LPFG due to the
pronounced changes in the refractive index of the
surrounding medium. The optimum conditions
achieved by the sensor were a 4 mg/mL concentration
of GOD and a solution pH of 7. Results showed an
excellent linear response of the sensor in the low
concentration range (0-1.2 mg/mL) with a sensitivity
of ~0.77 nm/(mg/mL), with a fast response speed and
shorter response time of 2.16 seconds. In conclusion,
the biosensor demonstrated good selectivity and has
great potential in the pharmaceutical research and
medical diagnosis fields.

An original uric acid biosensor developed using
Long-Range Surface Plasmon Resonance (LRSPR)
was developed [64]. The proposed biosensor is based
on silicon dioxide (SiO.) as the dielectric layer for the
excitation of LRSP modes, owing to its low and
tunable refractive index. Sensing results reflect the
good response of the LRSPR biosensor to variable
concentrations of uric acid ranging from 0.05 mM to 1
mM, with very satisfactory sensitivity of around
21.6°/mM and a low detection limit of 0.02 mM. The
practical performance of biosensors was evaluated to
detect uric acid in real serum samples and
recommended the development of a very sensitive,
efficient, cost-effective, and highly selective LRSPR-
based biosensor with SiO» as a tunable dielectric layer.

Ali M.R. et al. [65] developed a highly sensitive
DNA-based electrochemical biosensor for Vibrio
cholerae. Results revealed high sensitivity of the
fabricated biosensor with a long linear range of
response to target DNA from 108 to 10727 mol/L with
an excellent detection limit of 7.41 x 1073° mol/L. A
selective detection behavior has also been observed.
Based on the experimental results, the fabricated
biosensor has the potential to be used for six
consecutive assays, showing a standard deviation of
5%. Finally, this biosensor offered excellent recovery
for the detection of detecting Vibrio cholerae in
poultry feces, thus qualifying it as a powerful tool for
the detection of pathogenic microbes in clinical
diagnostics.

An enzyme-free molecularly imprinted
impedimetric biosensor for L-hydroxyproline based
on 3-aminophenylboronic acid (3-APBA) monomer,
and o-phenylenediamine (OPD) has been reported
[66]. Results revealed the effect of the structure of the
polymer on the charge transfer resistance (Rc)
response, indicating that the mixture of monomers
resulted in the most pronounced change in Re: due to
high selectivity from esterification of 3-APBA and
hydrogen bond of OPD. The proposed biosensor
indicated that the value R increased remarkably upon
interaction with L-hydroxyproline, while no change
has been recorded in the vale in its absence. The
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sensor’s performance was studied in the range of 0.4—
25 pg m/L with a detection limit of 0.13 pg m/L. The
performance of the biosensor was also experimentally
tested in detecting L-hydroxyproline in human serum
samples and yielded satisfactory results.

Molecularly imprinted poly(methacrylic acid)
coated on quartz crystal microbalance (QCM) as a
highly sensitive and selective biosensor has also been
synthesized for the detection of L-tryptophan [67].
Crosslinked by ethylene glycol dimethacrylate, the
fabricated sensor demonstrated significant adsorption
of approximately 12 mg/g towards L-tryptophan. The
sensing experiment was conducted on different
concentrations of L-tryptophan, indicating a detection
limit of 0.73 ng/mL. The biosensor also demonstrated
high selectivity towards L-tryptophan in the presence
of D-tryptophan and ascorbic acid. A sensing
experiment has also been conducted on real food and
urine samples with very high recovery ranging from
97% to 104 %.

Yang B. et al. [68] constructed a
graphene/CRISPR-dCas9 electrochemical biosensor
for accurate identification of Delta (B.1.617.2), which
is one of the most contagious variants of SARS-CoV-
2 virus which causes COVID-19. The signal detected
by the biosensor is amplified by a
[Ru(phen)2dppz]BF4-based probe. Results indicated
that this clinical diagnostic method could deliver the
results totally within 47 minutes. Results indicated a
1.2 pM limit of detection with very acceptable
reproducibility. Results also indicated that the
biosensor showed satisfactory selectivity for Delta
among other variances of SARS-CoV-2 such as
Alpha, Beta, and Gamma. 26 real clinical samples
were used for further validation of this detection assay,
indicating 100% of both clinical sensitivity and
clinical specificity, leading to the conclusion that this
biosensor could provide a reliable diagnostic assay for
identifying SARS-CoV-2 variants.

Another SARS-CoV-2 biosensor has also been
developed by [69] using electronic labeling of protein
molecules and employing colloidal quantum dots
(CQDs)-modified electrodes. Results confirmed the
detection of the characteristic peak resulting from the
interaction between the SARS-CoV-2 antigen and
antibody, which is detected by the CQDs-modified
electrode. The performance of the proposed biosensor
has been also tested on real serum specimens from
COVID-19 patients, reflecting its ability to quantify
SARS-CoV-2 antibodies with a 93.8% correlation
coefficient when compared to the ELISA test. Results
also demonstrated the ability of the biosensor to
discriminate between COVID-19 and normal samples
with an accuracy of around 90%.
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3. Molecular modeling approaches

Molecular modeling and other computational
simulation methods have proved their capabilities in
studying the properties and interactions between
different chemical structures and provide reliable data
concerning all biological, chemical, and physical
features [70-75]. QSAR methodology is a
computational tool that can quantify the relationship
between a  certain  biological  structure's
physicochemical properties and its biological
activities [76-78]. Furthermore, there is another
valuable concept in molecular modeling calculations
that offers entirely accurate information on several
chemical entities' effective sites. This concept is
known as Molecular Electrostatic Potential (MESP). It
is also critical in estimating the chemical addition
nature through which a chemical structure is most
possible to go through, either the electrophilic or
nucleophilic chemical addition. Molecular modeling is
generally widely applied to study the structural,
thermal, and vibrational features of many molecules
[79-83]. Physical properties such as MESP, total
dipole moment, and HOMO/LUMO bandgap energy
reflect the studied structures' reactivity [84-87].
Accordingly, these parameters are calculated as a
descriptor for the reactivity of the studied structures.

For a given surface to be an active surface for
sensing experiment modeling data could suggest how
can one modify the surface based on the physical
descriptor while QSAR could be a good descriptor for
a given surface to act as a biosensor.

Applying these concepts one can find many authors
applying different levels of theory to apply the given
structure as sensors.

Modeling data suggested that modified
biopolymers with nano metal oxide such as TiO- could
act as efficient biosensors for amino acids [88]. It is
also stated that fullerene shows abilities to be a gas
sensor for harmful gases such as halides [89].
Molecular modeling supports the experimental
findings that, nano-modified Polyaniline is sensitive to
formaldehyde [90]. Molecular modeling could also
confirm the experimental data which stated that
graphene foam decorated with ZnO could be applied
as a humidity sensor [91]. Modeling at a higher level
of theory indicated that, some polymer blends such as
Polyvinyl alcohol/Polypropylene enhanced with nano
ZnO showed surface activity to be applied as gas
sensors [92]. Finally, Graphene modified with Nickel
Oxide shows the ability to act as a humidity sensor
[93].

4. Recent approaches

Recently, corrodes are devolved as an ion sensor. It
is stated that corroles have been vastly utilized in the
field of biology, medicine, environment,
photophysics, etc. Sensing the hazardous metal ions
being one of the most important applications of
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corroles has rendered fruitful results in biological and
environmental sciences [94-100].
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Fig. 5: (a) Hlustration of the dye—dye interaction’s
effect of Phosphorous (V) Corrole Fluorophores-

functionalized SiO; nanoparticles
(SiO2NPs@PFCorr), on nitrite ion sensitivity; (b) the
UV-vis spectrum; (c) SEM; and (d) the optical
fluorescent microscopy images of SiO.NPs@PFCorr
hybrid assemblies. This figure was reproduced with
permission from Caroleo et al.[98]
(https://creativecommons.org/licenses/by/4.0/)

5. Conclusions and Perspectives

Sensor development is among the most demanded
technologies to meet the requirements of everyday life
in different fields and disciplines. Recent advances in
sensor technology are directed toward synthesizing
/using smart materials and utilizing different
spectroscopic, electrical, optical, and chemical
techniques to assess the performance of the fabricated
sensors. This review presented the recent advances in
the development and performance of gas, humidity,
temperature, and smoke sensors, and biosensors
implemented in different fields of application.
Continued progress in sensor technology via the
introduction of new application-specific cost-effective
sensing materials, improvement of the fabrication
methods, and enhancing sensors’ performance is
required and is eventually beneficial.
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