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Abstract: Wireless chemical sensors have been developed as a result of advances in chemical sensing
and wireless communication technology. Because of their mobility and widespread availability,
smartphones have been extensively combined with sensors such as hand-held detectors, sensor
chips, and test strips for biochemical detection. Smartphones are frequently used as controllers, analyzers, and displayers for quick, authentic, and point-of-care monitoring, which may considerably
streamline the design and lower the cost of sensing systems. This study looks at the most recent
wireless and smartphone-supported chemical sensors. The review is divided into four different topics that emphasize the basic types of wireless smartphone-operated chemical sensors. According to
a study of 114 original research publications published during recent years, market opportunities
for wireless and smartphone-supported chemical sensor systems include environmental monitoring, healthcare and medicine, food quality, sport, and fitness. The issues and illustrations for each
of the primary chemical sensors relevant to many application areas are covered. In terms of performance, the advancement of technologies related to chemical sensors will result in smaller and more
lightweight, cost-effective, versatile, and durable devices. Given the limitations, we suggest that
wireless and smartphone-supported chemical sensor systems play a significant role in the sensor
Internet of Things.
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1. Introduction
1.1. Introduction to Wireless Chemical Sensor Technology
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According to the International Union of Pure and Applied Chemistry’s (IUPAC) definition, a chemical sensor is a device that transforms chemical information, ranging from
the concentration of a specific sample component to overall composition analysis, into an
analytically useful signal [1]. Chemical compound detection, measurement, and monitoring in various contexts have long been a key concern since this information is critical in
various sectors, from environmental control to clinical diagnostics. The advancement of
analytical test equipment technology, such as gas chromatography, mass spectrometry,
and atomic absorption spectroscopy, among others, has made it possible to identify and
quantify target analytes with great sensitivity and resolution. These characteristics make
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these instruments indispensable for determining target molecules accurately, especially
when they appear in complicated forms. On the other hand, analytical equipment has significant limitations that limit its widespread use; the instruments are often expensive,
need trained operators, and cannot be utilized in the field with close monitoring of the
target matrix. In this situation, the creation of simple technologies capable of meeting
these critical needs is becoming increasingly vital. Chemical sensor research & development aims to meet these pressing requirements. Electronics is perhaps the most suited
technology for sensor production at the present time, since signals can be easily captured,
processed, stored, transferred, and utilized by end-users in electronics. As a result, current
sensors are electronic devices that generate analogue or digital signals that carry messages
about the analytes being detected. The sensing material (or receptor) and the transducer
are the two essential parts of such devices.
The objective of a wireless sensor network (WSN) is to perform the task of detection,
processing, and transmitting object tracking data in regions where network coverages are
limited [2,3]. The device is made up of a large amount of stationary or portable sensor
nodes that form a wireless network employing self-organization [4] and the multi-hop
method [5]. WSNs are made up of geographically dispersed and independent sensors that
are used to detect and monitor physical and environmental factors. They are helpful for
collectively transmitting recorded data to a central place over the network. Some of the
networks are bi-directional, meaning they gather data from remote sensors as well as
manage sensor activity. Spatially scattered and specialized networks aid in the collection
of various characteristics using unique sensors incorporated in the WSN. WSN technology
was at first primarily motivated by military uses such as battlefield monitoring. Nowadays, such networks are employed in a variety of applications, including industry [6,7],
agriculture [8,9], industrial process surveillance [6], machine health management [10], logistics [11,12], hospitals [13,14], environmental monitoring [15,16] and also for target
tracking on the battlefield [17].
In general, sensor networks are made up of three components: sensor nodes, sink
nodes, and user nodes. Sensor nodes are the basic network; they are in charge of data
collection, analysis, storage, and transmission [18,19]. Sensors collect and convert physical
characteristics into detectable electric signals from their environment. These qualities include temperature [20], mass [21], speed [22], pressure [23], and heat bodies such as humans [24]. A microprocessor converts electrical impulses into outputs related to a set of
measurements. The output is sent to the receivers via the selected devices by the system.
Depending on the functional complexity and rising functional needs, a system can employ
a variety of sensors with varying capabilities.
Wireless chemical sensors are multifunctional devices that acquire (bio)chemical information from their immediate surroundings. They then analyze and transfer this chemical analytical data to a cloud device or gadgets using wireless technology, most commonly radio transmission [25]. Chemical sensors are classified into several categories
based on the idea of transduction [25]. The electronic transduction process tracks the physicochemical changes on the electrode surface. Sensor outputs rely heavily on transduction
principles. Examples of the list of chemical sensors include the chemresistor [26], ion-sensitive field effect transistor [27], chemical field effect transistor [28], enzyme field effect
transistor [29], and optical surface plasmon resonance [30]. A chemical sensor is made up
of two parts: a chemical detection phase and a transduction component. The essential performance factors are sensitivity, selectivity, robustness, power, size, and overhead. In general, wireless chemical sensors can be grouped as optical [31], electrochemical [32], electrical [33], and mass-sensitive sensors [34]. The transducer is a device that converts the
chemical energy delivered by the analyte into a valid analytical signal.
The electrochemical interplay of an analyte at an electrode surface is converted into
a voltage or current signal by electrochemical sensors. Electrochemical sensors can be classified into two different types: potentiometric sensors [35], which can measure the potential of ion-selective working electrodes against a reference electrode, and voltammetric

Chemosensors 2022, 10, 55

3 of 24

sensors [36], which are capable of predicting the current flow at a constant or variable
potential. Electrochemical sensors are also defined as amperometric; they estimate the
current at a constant voltage [37]. By Faraday’s law and the law of mass transfer, an amperometric sensor gives a current signal proportional to the analyte’s concentration. It has
a linear response to the concentration of the analyte. A wide range of shapes are available
for amperometric analyte detection. These devices are portable, with a compact size, low
power, excellent sensitivity, and low-cost ranges [38].
To obtain analyte data, optical chemical sensors use optical transduction approaches.
Optical absorption and luminescence are the most common mechanisms used in optical
chemical sensors; however, sensors based on some of the other spectroscopies, along with
optical characteristics such as refractive index and reflectivity are also established [39].
When the energy of an electrically excited state species is emitted in the form of light, it is
called luminescence. The emission is termed fluorescence or phosphorescence based on
the excited state, singlet, or triplet. Luminescent probes can be used to monitor the pH,
CO2, ammonia, O2, and a variety of cations and anions. Because luminescence is fundamentally more sensitive than absorption as a sensing technology, luminescence-based detection outperforms absorption sensors in many contexts. It is important to attach analytesensitive fluorescence to a conventional optical fibre in order to convert it into an inherently fluorescence-based optical chemical sensor. The fluorescent marker molecules are
added to the fibre platform to accomplish this. In biological applications, direct fluorescence detection is commonly employed. Autofluorescence spectroscopy is a non-invasive
method for detecting pre-malignant changes in the epithelium, which is where most human malignancies begin. Reduced nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FAD) are the two intrinsic fluorophores that cause fluorescence.
These species’ fluorescence can be utilized to track cell function [40].
Optical sensors based on absorption might be colorimetric or spectroscopic in type.
Spectroscopic absorption-based sensors detect the analyte by investigating its intrinsic
molecular absorption. Spectroscopic identification has proven to be an effective approach
to determining chemical species in various applications. Gases such as CO2, CH4, CO, NH3,
and NO2 have all been detected using IR spectroscopy. In its most basic version, the
method entails enclosing a sample of gas in an optical absorption cell and evaluating the
absorption at specified IR wavelengths that correspond to the molecule’s vibrational
modes [40]. Optical chemical sensors may be divided into direct sensors [41] and reagentmediated sensors [42]. The optical responsiveness of an interim agent, generally an analyte-sensitive dye molecule, is utilized to evaluate analyte concentration in reagent-mediated sensor devices. This approach is particularly beneficial when the analyte lacks a desirable inherent optical property, which is the situation for many analytes.
Electrical chemical sensors are often simpler, with the analytical signal arising from
a difference in a material’s electrical characteristics, such as the conductivity of a metal
oxide semiconductor or organic semiconductor, produced by chemical interaction with
the analyte [43,44]. Electrical sensors, particularly conductometric sensors, are the most
commonly utilized for gas-sensing applications [43].
1.2. Smartphone Operated Wireless Chemical Sensors
Today’s smartphones have multitasking operating systems, excellent performance
microprocessors, a diverse range of sensors, and wireless communication technologies
that are all highly popular and widely utilized across the globe. The earliest mobile gadget
prototype combining telecommunications and computers goes back to the 1970s. However, it was only in the early 1990s that the first commercial smartphones appeared on the
market, owing to the development of GSM-based technology (2G) and the transition of
mobile telephone communication from analogue to digital. Furthermore, the emergence
of rechargeable lithium-ion batteries in the 1990s aided in reducing the weight and cost of
mobile phones. The first commercialized smartphone was the Nokia 1011, which debuted
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in 1992 and included a microphone as an integrated sensor. Then, with Apple’s groundbreaking iPhone introduction in 2007, smartphones swiftly gained widespread acceptance.
In 2021, the world’s smartphone users numbered around 6.378 billion, representing
80.63 percent of the global population. In all, 7.101 billion individuals own a smart or feature phone, accounting for 89.76 percent of the world’s population. Generally, a
smartphone comprises a variety of sensors, such as an accelerometer and a thermometer,
to detect data from multiple sources, with the optical camera sensor being the most extensively utilized sensor by customers [45]. The smartphone usually also possesses a fast
multicore processor, large memory, adequate battery, audio, USB port, and touch screen
to provide powerful computation capability, large data storage, portable power supply,
and convenient user interface to interact with the external world. Wireless data transfer
methods also enable the transmission of acquired smartphone data to professionals or the
cloud, allowing data management for local medical facilities in remote emergencies [46].
As a result, the exact integration of chemical sensing parts and a wireless link into a cohesive hybrid device is heavily influenced by the required application. The selection of wireless technology is heavily influenced by the connection needs of the analytical application,
as well as the characteristics and limits of the chemical sensor’s signal transduction process. Bluetooth [47], ZigBee [48], radio-frequency identification (RFID) [49], and near-field
communication (NFC) [50] are the most often-utilized wireless technologies in chemical
sensing nowadays. Smartphones now offer a wide range of advanced computing capabilities and networking options, indicating the migration of traditional desktop-based
healthcare equipment to wireless smartphone-based solutions.
Researchers merely need to develop specific auxiliary installations on smartphones
for analytical biosensing, which can include light sources, signal detectors, or simple instrumental linkages that provide power and process data, as the features of smartphones
become more sophisticated [51]. In the past few years, smartphones have offered individuals mobile, cost-effective, and simple-to-operate technologies to interface with microfluidics and Lab on a Chip to construct analytical biosensors for point-of-care (POC) applications and mobile health [52,53]. The efficacy of smartphone-based analytical biosensors
has already been shown in various applications, including medical examinations, pollution monitoring, and food hazard assessment. Figure 1 shows a schematic diagram of different smartphone-supported wireless sensor devices in the field of waste management,
public safety, house automation, health care, water pollution, gas and water leakage detection, air pollution, and home diagnostics. Smartphone-assisted WCN is now a thriving
academic and industry research field.
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Figure 1. Applications of smartphone-based wireless sensors.

2. Methodology and Structure
This review was prepared using Google Scholar and the Web of Sscience, the online
platform for research databases. The keyword “smartphone” was used in combination
with “wireless chemical sensor”, “electrochemical sensor”, “Wireless electrical sensors”,
“Wireless optical sensors”, and “other wireless chemical sensor”.
This review article provides an overview and introduction to the topic of WCS supported by the smartphone. It was prepared and arranged to provide information about
the latest applications and developing trends in academic research in the WCS domains.
The article is divided into four parts. This review’s methodology and structure are given
in Section 2. Next, Section 3.1 provides an overview of the popular wireless electrochemical sensors utilized in research. This section is dedicated to outlining the fundamental
findings of smartphone-assisted electrochemical sensor applications identified in the academic literature, such as water quality monitoring, universal wireless electrochemical detectors, NFC potentiostats, wireless point-of-need detection systems for microcystin-LR
(MC-LR), portable smartphone-based electrochemical systems, smartphone-based reusable glucose meters, inkjet-printed electrochemical enzyme-based biosensors, and batteryfree and flexible electrochemical sensors. Smartphone-integrated wireless electrical sensors and their applications are discussed in Section 3.2. Here, we discuss the implementation of wireless electrical sensors in wireless electric cars, wound treatment, wireless face
masks, player’s workout security to detect meat spoilage, flexible pH sensors, a nonprinted integrated-circuit textile (NIT), and its monitoring with the aid of a smartphone.
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Section 3.3 deals with popular wireless optical sensors merged with real-time tracking of
measurements with a smartphone for various applications such as fluorescence analysers,
wireless smart bandages, wireless fluorimeters, stretchable microfluidic devices, and
wireless glucose monitoring using a smartphone. Subsequently, Section 3.4 describes
other wireless chemical sensors using electrochemiluminescence towards fingerprint
identification and biochemical sensing. The last part of the review (Section 4) deals with
the summary and future perspectives on WCN. Tables 1 and 2 were used to tabulate various wireless chemical sensors supported by smartphones and various commercially
available off-the-shelf chemical sensors integrated smartphones, respectively.
3. Wireless Chemical Sensors
3.1. Wireless Electrochemical Sensors
The most popular type of chemical sensor is the electrochemical sensor, which also
uses wireless technology efficiently. This section describes various applications of wireless electrochemical sensors supported by smartphones, as shown in Figure 2. Electrochemical sensors based on smartphones are widely utilized in environmental applications
for water quality monitoring. J Liao et al. created a system that consists of four key components: (i) a whole-copper electrochemical sensor, (ii) a hand-held detector, (iii) a
smartphone with a bespoke application program, and (iv) a Cloud map website, as shown
in Figure 3a [54]. The Pb2+ ion and chemical oxygen demands of this system were measured in situ. Such technologies could aid in the control of the detector, the visualization of
testing findings in real-time, and the display of environmental contamination concentrations with geographic locations for public sharing and viewing. Since this smartphonebased system is cost-effective, compact, field-portable, and completely wireless, it has a
lot of potential in resource-constrained settings. Recently, A. Ainla et al. have reported a
new open-source “universal wireless electrochemical detector (UWED)” capable of performing multiple electroanalytical functions that includes chronoamperometry, potentiometry, square wave voltammetry, and cyclic voltammetry [55]. The detector uses the
“Bluetooth Low Energy” protocol to communicate with a smartphone. This sensor displays the results of experimental parameters in real-time for the user and acts as a proxy
for storing, processing, and transmitting data and testing methods (Figure 3b). As a result,
the UWED is simple, compact, made of low-cost components, and fully wireless, opening
up new possibilities for developing moderate diagnostics, sensors, and wearable devices.
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Figure 2. Applications of smartphone-based wireless electrochemical sensors.

In addition, specific systems successfully integrated into wireless chemical sensors
exist. K. Krorakai et al. recently proposed the design of an NFC potentiostat for a
smartphone connection and evaluated its analytical performance. The NFC potentiostat
performs well in analytical tests such as cyclic voltammetry and chronoamperometry [56].
The NFC potentiostat (Figure 3c), which is compatible with smartphones, is low-cost,
compact, and easy to use. As a result, the device can be built for on-site measurements in
various disciplines. T. Guan et al. created a real-time, low-cost, portable and wireless
point-of-need detection system for microcystin-LR (MC-LR) quantitation in response to
the growing demand for portable and easy-to-use devices [57]. Its components include
screen-printed carbon electrodes (SPCE), a smartphone-controlled electrochemical analyser, and an Android smartphone, as illustrated in Figure 3d. The smartphone-based device detects active toxicant screening to ensure drinking water safety, especially in resource-constrained areas. A smartphone with a user-friendly tool was used to operate the
analyser, receive and analyse data, and display sensing results in real-time. With a detection limit of 0.00011 g/L, this method can reliably quantify MC-LR in the range of 0.001–
100 g/L, and the results were compatible with LC–MS/MS. Using this smartphone-based
approach, a preliminary MC-LR pollution map was also created by measuring water samples.
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Figure 3. (a) Photograph of a smartphone-based water quality monitoring system, consisting of a
WCES chip, a hand-held detector, a smartphone, and a WaterSafe central website [54]; (b) demonstration of how the UWED functions [55]; (c) hardware components consisting of a planar antenna,
near-field communication (NFC) microchip, and connector for electrode interface [56]; (d) photograph of the SCEA showing the interface with MC-LR immunosensor and mobile power source
[57].

As previously reported, a portable smartphone-based electrochemical system was
shown to be more suitable for tracking and analysing nitrite pollution in water [58]. A
smartphone, hand-held detector, and modified SPCE were components of the system. To
evaluate the smartphone’s functionality, it was used in four applications: (1) to control the
detector, (2) to show the detection data, (3) to connect the system to the cloud, and (4) to
detect nitrite with a low detection limit of 0.2 M in a linear range of 1–500 M. As a result,
it has a lot of potential for monitoring water quality, especially in low-resource countries.
The work published by Berg et al. described the development of a wireless mobile unit
containing an electrochemical detection module and a 3-channel high-voltage power supply designed for microchip CE; the device can be integrated and controlled by digital
hardware. The lab-on-a-robot device has been used to navigate a global position, acquire
an air sample, perform the analysis, and send the data to a remote location [59].
A new smartphone-based reusable glucose meter can measure glucose concentrations [60]. Custom-designed Android-based software is utilized in this system to present
measurements in a simple and straightforward manner. Furthermore, a smartphone sensor can overcome issues including enzyme degradation, leaching, and hysteresis effects.
AJ Bandodkar et al. demonstrated the effectiveness of the pellet-based sensing system in
the development of a reusable, point-of-care sensor that fits around a smartphone and
may be used in a variety of healthcare, environmental, and military applications [60].
Here, the operator loads the software, then uses the stylus to discharge an enzyme pellet
onto the case’s flat sensor strip before adding the sample. The data are subsequently acquired by the electronic module and wirelessly transmitted to the software program,
which is then shown on the monitor. Subsequently, the deployed pellet is ejected, leaving
the sensor with a clean, bare surface. In another work, the Hepatitis B Virus was detected
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using an NFC-enabled smartphone-based portable amperometric immunosensor (HBV).
The device also enables amperometric detection of Hepatitis B surface antigens (HBsAg)
by measuring the current from the (Fe (CN)6)3-/4- redox couple before and after the addition
of HBsAg [61].
Furthermore, by adding a multi-walled carbon nanotube to increase enzyme loading,
Y Bai et al. created an inkjet-printed electrochemical enzyme-based biosensor device for
point-of-care analyte detection, aimed at saliva testing [62]. Multi-walled carbon nanotubes were utilized as the enzyme carriers to improve enzyme loading. Enzyme immobility was achieved by crosslinking ink components (BSA and glutaraldehyde) between the
printing layers in a layer-by-layer printing method. To avoid using a standard electrochemical cell, reagents for the enzyme-catalysed process were preloaded onto the working
electrode. In addition, for real-time data processing on many occasions, a versatile Android smartphone application was developed. The micro-biosensor system has a wide linear range and a quick response time (less than 10 s). The sensor’s high selectivity and
stability show that it can be used for saliva tests. Overall, the suggested sensor system in
this study reveals a reliable and repeatable biosensor fabrication technique that can be
used as a benchmark for comparable point-of-care biosensor systems. A smartphonebased, battery-free and flexible electrochemical sensor for detection of real-time calcium
and chloride ions was created by G. Xu et al.; it can be coupled with an NFC module, onsite signal processing circuitry, and an all-printed stretchy electrode array [63]. This platform offers a battery-free, wireless, and flexible solution for smartphone-based electrochemical sensing systems that may be used to perform quick biofluid analysis.
Ji et al. created a hand-held, smartphone-assisted electrochemical module for sensitive glucose measurement in CV mode [64]. The system contains a smartphone to control
the electrochemical module and a mobile electrochemical detector to conduct the CV. For
the electrochemical module to execute the CV, a digital-to-analogue converter (DAC) was
utilized to generate a triangle wave signal (VB) and a constant voltage (VA). Furthermore,
a trans-impedance amplifier was used to adjust the voltage between the working and reference electrodes, and to measure the current outputs. Dang et al. devised a wireless pHmonitoring system with flexible electronics and extensible RFID coils for data transmission and processing which was combined with a smartphone[65]. Patients with cystic fibrosis, as well as athletes, should have their pH levels checked regularly. The sensor was
volumetrically examined to detect pH changes in the 5–9 range, and it was discovered
that it could detect pH changes in both non-stretched and stretched states.
Liu et al. have designed an impedimetric sensor for VOC monitoring based on a custom-designed apparatus for fixed-frequency impedance analysis [66]. The electron-transporting carrier is graphene, while the catalytic oxidation is done with ZnO. A smartphone
application controls the entire system through Bluetooth. Ali et al. designed a potentiometric glucose sensor using ZnO nanowires coated with immobilized glucose oxidase [67].
An on-board microcontroller interprets the data, analyses the glucose concentration, and
delivers the information as a text message to a mobile phone using the Global System for
Mobile Communications (GSM) module.
3.2. Wireless Electrical Sensors
Various applications of wireless electrical sensors supported with a smartphone are
illustrated in Figure 4. WCS, with the main advantages of using NFC, permits the fabrication of flexible electronics, and the battery-free device can be exploited in wireless biomedical systems. The sensor can be integrated with the components that perform diagnosis, visualization, and therapy in this system. Recently it was reported that the dressing
could effectively inhibit bacterial growth, and these pitfalls can be overcome by accelerating the wound healing based on real-time monitoring of wound treatment by implanting
WCS with NFC [68]. Furthermore, the created sensor can detect wound status using temperature, pH, and uric acid. Meanwhile, the dressing’s drug delivery electrode is utilized
to provide electrically controlled antibiotics for on-demand infection treatment. Wireless
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technology is vital to consider while building an electric car; it is less expensive and environmentally benign, and it dictates the features and performance that the system can
achieve. R. Modak et al. have suggested a system that provides a simulation and prototype
for a wireless battery management system for electric vehicles; the system monitors various battery characteristics and displays real-time data on Android smartphones and computers [69]. Here, battery parameters are examined (such as voltage, current, and temperature) to prevent future overcharging and deep drain of the battery. Several sensors can
be used to conduct this observation. The ATmega16 controller receives the detected battery characteristics, such as voltage, current, and temperature data, which are then transferred to the cloud for analysis. The battery monitoring information can be viewed on PCs
and Android smartphones. This can help us to improve the battery’s efficiency and
lifespan.

Figure 4. Applications of smartphone-based wireless electrical sensors.

GY Li et al. have developed a hierarchical polyvinylidene fluoride hexafluoropropylene (PVDF-HFP)/ZnO composite nanofiber piezoelectric sensor, which offers a practical
solution for high-precision detection and safety monitoring in the medical, rehabilitation
medicine, and workout security fields [70]. Furthermore, this sensor has a Bluetooth lowenergy transmitter that tracks the user’s workout. It communicates the output signals
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wirelessly to a smartphone app and a Bluetooth low-energy sensor that can reliably detect
imperceptible changes in the user’s motions. In another work, a smart face mask is now
utilized for maintaining personal health and limiting disease spread, but various problems must be overcome before it can be employed in a practical environment. J Zhong‘s
group created a wireless smart facemask by combining an ultrathin self-powered pressure
sensor and a small readout circuit with a standard facemask, giving the breath-monitoring
device the benefit of readout circuit miniaturization, and making it portable and wearable.
Subsequently, these devices turned out to be very cost-effective and helpful in healthcare
by reducing patient discomfort [71].
NFC tagging technology has lately been applied to provide smartphones with nonline-of-sight sensing functions to strengthen environmental efforts, healthcare, and quality of life. To help customers, storage, and supply networks to avoid food spoilage, a precise, convenient, and low-cost technique to check the condition of the food is considered
necessary. The identification of total volatile basic nitrogen, which includes biogenic
amines and ammonia, is used in analytical procedures for evaluating meat deterioration.
The fabrication of a sensor with appropriately high sensitivity to operate as a switch for
an NFC tag for the purposes of detecting rotting food remains a hurdle. Zhong Ma et al.
designed a nanostructured, conductive, polymer-based gas sensor with R/R0 = 225% sensitivity to 5 ppm ammonia NH3 and 46% and 17% to 5 ppm putrescine and cadaverine,
respectively [72]. When the concentration of biogenic amines exceeds a predefined threshold, the gas sensor serves as a sensitive switch in the circuit of the NFC tag, allowing a
smartphone to detect meat spoilage.
Food spoilage and medicine decomposition are caused by oxygen, which is handled
commercially through modified atmosphere packaging. For commercial passive NFC
tags, R Zhu et al. have presented the O2-p-CARD, a wireless oxygen sensor made from
solution-processed FeII-poly(4-vinyl pyridine)-single-walled carbon nanotube composites
[73]. In reaction to oxygen at relevant quantities, a substantial irreversible attenuation in
the reflection signal of an O2-p-CARD was found, allowing non-line-of-sight monitoring
of changes in atmospheric packing. These devices enable the measurement of cumulative
oxygen exposure within packaging using a standard smartphone. An O2 p-CARD has
been shown to detect air entry into a nitrogen-filled vegetable package at ambient circumstances. This technique enables in-situ non-line-of-sight quality monitoring of oxygensensitive packaged products using a low-cost, heavy-metal-free, and smartphone-readable method.
The use of nanocomposites in single-wall carbon nanotubes and Nafion to construct
high-performance, flexible pH sensors on flexible substrates in ambient air is reported by
Jeon et al. [74]. The number of printed layers in multi-patterns regulated the electrical
properties; therefore, pH sensors measuring changes in resistance of printed nanocomposite films were able to detect changes in a wide range of pHs from 1 to 12. After 200 cycles
of bending tests with a curvature radius of 5 mm, the operational stability of the flexible
pH sensors remained essentially constant, which is critical for integrating flexible pH sensors into wearable nanoelectronics. The chemical reaction is used to examine the sensing
mechanism of chemiresistive pH sensors made of nanocomposites, as shown in Figure 5a.
The hydrogen or hydroxide ions in the pH solution interact with the carbonyl and C-H
bonds in the nanocomposite layer, causing positively charged carriers to be induced or
withdrawn, respectively [74]. The team developed a real-time pH sensor installed into a
drone application associated with a user’s smartphone to assess the validity of the proposed pH sensors at a local scale. The system allows users to view the processed data
using wireless communication and data-transmitting modules premised on a designed
Android algorithm. Y. Yang et al. reported, as an alternative to printed circuit boards
(PCB), a non-printed integrated-circuit textile (NIT) for biomedical and theranostic applications using a weaving process [75]. A fibre-type sweat sensor was also woven with
strain- and light-sensor fibres (Figure 5b) to monitor bodily health and the environment
simultaneously. The NIT is beneficial for routine healthcare, diabetic monitoring, and
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emergencies such as hypoglycemia, metabolic alkalosis, and even COVID-19 patient care
[75].

Figure 5. (a) Sensing mechanism of the chemiresistive pH sensors based on nanocomposites [74].
(b) Photograph of a fabricated NIT with a typical NIT-type IC [75].

3.3. Wireless Optical Sensors
Optical sensors with wireless platforms are appealing because of their simple diversity, absorption, lack of reference electrodes, high operational sensitivity, and fluorescence-based indication, which is required in some essential applications. Figure 6 shows
an illustration of various smartphone-supported wireless optical sensors. P Kassal et al.
successfully detected pH changes using an external readout unit employing RFID via a
wireless smart bandage for optical determination, allowing them to respond to the growing condition of chronic wounds (Figure 7a) [76]. The bandage is made by immobilizing
cellulose particles within a biocompatible hydrogel that has been covalently modified
with a pH indicator dye. This device could serve as a quick and non-invasive indicator of
wound conditions, prompting an appropriate response from a healthcare clinician.
Wireless chemical sensors are increasingly being used as analytical instruments in
areas such as healthcare monitoring, wearable sensing (sweat analysis), and the Sensor
Internet of Things. Fluorescence-based sensors trailed behind other transduction mechanisms in such wireless contexts. Kassal et al. introduced a new low-cost, highly portable
wireless fluorimeter for measuring optical chemical fluorescence intensity [77]. By RFID
or NFC, the fluorimeter is configured and interacts wirelessly with mobile devices or personal computers (Figure 7b).
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Figure 6. Applications of smartphone-based wireless electrical sensors.

Figure 7. (a) Response of the smart bandage readout electronics to increasing pH values of standard
buffer solutions (pH 4–12) [76]. (b) Photograph of the RFID/NFC wireless fluorimeter [77]. (c) Fluorescence analyser developed based on smartphone camera; interface designed for the fluorescence
analyser based on smartphone camera [78]. (d) In vivo continuous glucose monitoring in live mice
using PD4Gx transducer and smartphone [79].
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The researchers created a soft, stretchable, microfluidic device that can detect four
analytes in sweat simultaneously: lactate, pH, glucose, and chloride as well as sweat volume and rate [80]. This microfluidic device is made up of three parts: an adhesive layer
with sweat capture apertures, a complement of channels and reservoirs with reagents for
paper-based colorimetric analysis, and electronics with a magnetic loop antenna for wireless NFC. Sweat is collected in a series of microchannels and reservoirs that employ capillary action and natural pressure to transport sweat to different parts of the body for analysis. When the smartphone is in close proximity to the NFC-enabled device, the camera is
automatically activated and a digital image is captured. Human testing on the body revealed great biocompatibility and minimal discomfort or skin irritation.
The use of a smartphone as a fluorescence analyser device was presented as a unique
manner to quantify ochratoxin A (OTA) concentrations by D. Bueno et al. [78]. A personal
computer analyses the fluorescence image data from the smartphone camera, and the images are then rendered in their Red, Green, and Blue (RGB) components (Figure 7c). Because OTA is naturally fluorescent, it emits blue fluorescence through the solution with
OTA, which is recorded using a smartphone camera, but no fluorescence was noticed in
the blank solution [78]. In MATLAB R2011a, a graphical user interface was created to process the collected images with a linear range of 2–20 g/L and a detection limit of 2 g/L. As
a result, a fluorescence analyser device powered by a smartphone is also possible [78].
Optical approaches for measuring glucose can be extensively investigated, including
absorptiometry, fluorescence, and surface plasmon resonance. However, due to the restricted efficiency of optical sensors and the large apparatus required, these strategies
have not had the practical success of electrochemical approaches for point-of-care testing.
K. Sun et al. demonstrate how an ultrasensitive optical transducer may be utilized for
wireless glucose monitoring using a smartphone [79]. The optical transducer is made up
of oxygen-sensitive polymer dots (Pdots) and glucose oxidase, which detects glucose
when oxygen is used in the glucose oxidation process (Figure 7d). The transducer’s sensitivity was increased thanks to the careful design of Pdots with an ultralong phosphorescence lifespan. As a consequence, visual pictures of subcutaneous glucose levels collected
with a smartphone camera might be used to differentiate between euglycemia and hyperglycemia [79].
One of the most challenging difficulties in nanobiotechnology is the fast and effective
on-site wireless assessment of toxic materials or biomarkers. Gautam et al. describe a
unique, smartphone-based, portable, and wireless optical system for quick, quantitative,
and on-site measurement of target analytes. In this study, gold nanoparticles and an enzyme, horseradish peroxidase, were used as analytes that produced colorimetric signals
in response to two model target chemicals, hydrogen peroxide, and melamine. The device’s integrated electronic circuit converts the colorimetric signal provided by the existence of the target molecules to an electrical signal. The transformed electrical signal is then
wirelessly analysed using a multimeter in the smartphone, which analyses the data and
shows the results, comprising the analyte concentration and relevance. This portable device offers tremendous promise as a programmable and miniaturized platform for quick
and on-site detection of numerous analytes in point-of-care testing [81]. Table 1 shows
various wireless chemical sensors supported by smartphones.
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Table 1. Wireless Chemical Sensors.
Analyte

Recognition Element

Types of Chemical Sensor

Smartphone Interface System

Pb2+

Cu working electrodes

Wireless electrochemical
sensors

Bluetooth

NO2−

GO.

Wireless electrochemical
sensors

Bluetooth

Ca2+ and Cl−

Carbon ink

hexacyanoferrate(III)
glucose

GOx

White blood cell

PVDF filter membrane

Wireless electrochemical
sensors
Wireless electrochemical
sensors
Wireless electrochemical
sensors

Single-wall carbon nanoWireless electrical sensors
tubes

NFC
RFID
Bluetooth

Application
Water quality monitoring and spatial mapping
Water quality monitoring and spatial mapping
Rapid analysis of various biofluids.
Direct whole blood
testing
Sports

Ref.

[54]

[58]
[63]
[82]
[83]

NH3

Conductive polymer

Wireless electrical sensors

NFC

NH3

Nanowires

Wireless electrical sensors

Bluetooth

CO, CO2, SOx, NOx, O2

MOx

Wireless electrical sensors

ZigBee

Ethanol

PEDOT: PSS
ZnO-graphene modified
electrodes
CNT
MWCNT-loaded
Polypyrrole
Optode membranes
Bis-boronic acid fluorescent indicator
Bromocresol green
Bromophenol blue

Wireless electrical sensors

RFID

Real-time pH sensor
system
Detecting food spoilage
Flexible ammonia
(NH3) sensors
Environmental, pollution
General

Wireless electrical sensors

Bluetooth

Sports (acetone), other

[66]

Wireless electrical sensors

Bluetooth

General

[87]

Wireless electrical sensors

ISM/SRD

General

[88]

Wireless optical sensors

RFID

[89]

Wireless optical sensors

NFC

Wireless optical sensors
Wireless optical sensors

RFID
ISM/SRD

Chemical analysis
Implantable, glucose
monitoring
General
Environmental, gas

Pt octaethylporphyrin

Wireless optical sensors
Wireless optical sensors

RFID

Food quality

pH

VOCs
Methanol
Sevoflurane
Potassium ion
Glucose
pH
Acetic acid vapor
O2
NH3, H2O2, cyclohexanone

Bluetooth

[74]
[72]
[84]
[85]
[86]

[90]
[49]

[91]
[92]

Melamine and hydrogen
peroxide

Gold nanoparticles and
an enzyme, horseradish
peroxidase

Wireless optical sensors

Bluetooth

Rapid and on-site detection of various analytes

[81]

pH indicator dye 4-[4-(2hydroxyethanesulfonyl)phenylazo]-2,6-dimethoxyphenol

-

Wireless optical sensors

RFID

Wound care

[76]

H2S

-

Wireless optical sensors

Wireless

O

-

Wireless optical sensors

Wireless

Quantitative monitor
of H2S in wastewater
Detect OTA in beer
samples

[93]
[78]

3.4. Wireless Other Sensors
Electrochemiluminescence (ECL) is an extremely sensitive detection technique [94],
in which electrochemical reactions produce electrogenerated compounds on the electrode
surfaces when a specific voltage is applied. These compounds then produce an excited
state via electronic delivery by reacting with specific components pre-buried just above
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the electrodes and then descend from the excited state to the initial state, where the luminescence occurs [94]. ECL is now being studied in a variety of ways, from basic research
to its use as a foundation for light-emitting sensors and an analytical detection technique.
ECL offers the benefit of ultra-sensitivity and reduced background signal, since it does
not need an auxiliary excitation light source. Furthermore, the ease of voltage application,
quick measurement, localized light emission, and cost-effective set-up helps to minimize
instrumentation. In this case, the smartphone could be a cheaper substitute for traditional
ECL instruments such as the photomultiplier tube. Smartphones often feature robust data
transmission features as well as computational capabilities for imaging data storage and
processing. ECL has been used in analytical chemistry and biosensing for many years.
Nowadays, as one of the most extensively used mobile devices, the smartphone has presented an appealing solution as a simple but effective sensing platform to meet the needs
of on-site monitoring.
ECL on a smartphone was proposed for fingerprint identification and biochemical
sensing was reported by S. Li et al. [95]. The smartphone-based system combined both
electrochemical excitation and optical analysis “all in one phone” by incorporating builtin functionalities. The viability of this phone-based ECL system for biological sensing was
improved by additional features such as luminescence analysis of nicotine and trinitrotoluene (TNT). Finally, the phone was able to detect foreign compounds on fingerprints, such
as nicotine and TNT, in real-time. According to the findings, the system performed well
in ECL, particularly in the realms of biochemical sensing and image analysis. Since fingerprints are commonly used to unlock phones, combining fingerprint imaging and sensing
on a smartphone might help to advance individual medicine, public health management,
and mobile treatment evaluation. X. Ma et al. developed a wireless single-electrode ECL
system for the first time by combining single-electrode ECL with wireless energy transmission [96]. A wireless energy-transfer component, a single-electrode ECL device, and a
diode make up the whole system. In this approach, the electric current is provided by
wireless energy transfer and then rectified by the diode. A PMT detector with a limit of
detection of 0.26 M is used in this system to produce a linear response of hydrogen peroxide from 1 to 150 M. Furthermore, the smartphone was used as a detector for real-time
detection.
Molecular microscopy approaches are another popular application of wireless chemical sensors supported by smartphones that rely on colorimetric, fluorescent, or luminescent detection methods, which are usually paired with staining of the sample or part of its
components. Microscopy images are subsequently evaluated by a qualified specialist or,
more recently, by image analysis and machine learning [97,98]. Miniaturized biosensors
have recently become popular as point-of-care devices due to their dependable, sensitive,
and quick detection of biomolecules as well as their portability. Smartphones’ recent progress in camera and processor technology is being eagerly assimilated with biosensing
applications, and this can be a massive benefit for healthcare diagnosis because of their
widespread availability. Elsherif et al. created a contact lens-based glucose sensor for continuous tear sample assessment at physiological pH [99]. A glucose-specific phenylboronic acid-modified hydrogel was placed into a commercial contact lens, and the hydrogel swelled when it came into contact with the glucose molecule. The regularity of the
dielectric microstructures varies as the hydrogel swells, resulting in a shift in the diffraction pattern of transmitted light. A smartphone’s photodetector captured the reflected
light, which can identify glucose in the range of 0–50 mM in 3 s with a sensitivity of 10 nm
mM−1. However, before it can be used in clinical settings, the sensor must correct signal
interference caused by mechanical strains. It is interesting to note that smartphones are
linked to a satellite-based wireless communication system that can be used to build a wireless sensor network. Smartphones generally have GPS built-in that could be used to track
analyte distribution over a vast geographic area. Ozcan et al., for instance, have created
an optomechanical interface for a smartphone that weighs about 40 g [100]. This gadget
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featured wireless data connectivity and was used to spatially map mercury (II) ion distribution in the Los Angeles coastal area. This system achieved a detection limit (LOD) of
3.5 ppb for Hg2+.
In order to identify the presence of various biological materials, a variety of nanomachines could be placed inside the human body. A wireless body-area network is a
network established by this heterogeneous group of wireless body nanosensor nodes
(WBAN). Each WBAN is made up of a collection of wireless nanosensor nodes and a
unique nanointerface. The nanointerface can largely collect from all nanosensor nodes and
perform first-level aggregation before sending it to the data centre for further acquisition
and application. The major objectives of WNSN healthcare applications are to assess,
monitor, and avoid unhealthy situations such as the presence of viruses on grains, cells,
or DNA variants. Nanosensors can be placed in the patient’s environment to track their
daily activities and notify emergency personnel if they exhibit any unusual changes in
their mindset. WNSN health applications can also identify the presence of specific molecules, toxins, or viruses and alert a control agent.
In contrast to the above findings in the development of sensor and smartphone systems, Table 2 shows a few commercial off-the-shelf sensors assisted by smartphones. The
implementation of a smartphone app to digitize the colours of a colorimetric sensor array
is reported by J Hong et al. [101]. A traditional colorimetric sensor array is made up of
several paper-based sensors that report detection findings in terms of colour change. The
analysis of colour changes is usually carried out with the naked eye, which can lead to
inaccuracies due to human subjectivity and environmental factors. In this work,
smartphones have been used to find solutions because they can perform spectrometric
operations. S. Srivastava et al. have reported on the development of on-the-spot heavy
metal concentration detection in drinking water samples that is ultra-portable, quick, costeffective, and simple to operate [102]. The proposed method integrates commercially
available heavy metal detection kits with newly built spectrometer-based outputs for concentration estimation, quality rating, and automatic data collecting. The created spectrometer can be used in conjunction with an Android app on a smartphone or independently.
M. Rossi et al. have produced an air-quality-measuring and natural gas-leakage approach
that relies on a wireless sensor network [103]. The platform is constructed on catalytic offthe-shelf gas sensors and uses a new sampling and processing technique that allows for a
one-order-of-magnitude reduction in energy consumption. The created wireless sensor
network was additionally expanded with the use of a smartphone to allow data exchange
over the internet and to improve the whole system’s mobility.
Table 2. Smartphone assist commercial off-the-shelf wireless sensor.

S.No

Role of Smartphone

Commercial
Sensors

1

Measure temperature, pressure, carbon monoxide

Sensordrone

2
3
4

5

Mobile spirometers
environmental
Hazardous chemical detection
mobile device
Digitizes the colours of the colorimetric sencolorimetric sensor array
sor
Breath analysis

Spectrometer-based readout

spectral sensor
(AS7262)

Application
Environmental monitoring
Human behaviour
analysis
Environmental monitoring
Point-of-care (POC)
diagnosis
Onsite heavy metal
concentration measurement in drinking
water samples

Reference
[104]
[105]
[106]
[101]

[102]
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6
7
8
9
10

Electrochemical Real-time water qualsensors
ity monitoring system
Built large scale sensor net- MiCS-OZ-47 sen- Environmental moniwork
sor
toring
Identification and detection of
Explosives sensDefence
chemical, biological, and exing kits
plosive (CBE) materials
Data sharing over the internet
Environmental moniGas sensors
and to enhance portability
toring
Point-of-need detecControl the analyser, receive
ARM STM32 mition of microcystin and analyse data, and display
crocontroller
LR
detection results in real-time

Data storage and transmission

[107]
[108]
[109]
[103]
[57]

4. Summary and Outlook for Future
As a result of the advent of new technologies, mobile phone instrumentation and
monitoring applications have advanced significantly over the last decade. This evolution
has occurred for two primary reasons: novel sensors embedded on smartphones can detect an increasing number of physical quantities, and additional wireless connection options as well as sophisticated visual platforms are available to send research findings. A
wide range of mobile phone sensors have been developed and are used daily.
This review paper summarized wireless chemical sensors on smartphones for biological and chemical detection. Smartphone-based sensor systems have been broadly categorized as follows: (1) electrochemical biosensors on smartphones that use portable electrical detectors to evaluate amperometric, potentiometric, and impedimetric parameters
for chemical detection in water-quality monitoring, a “universal wireless electrochemical
detector (UWED)” capable of performing potentiometry, chronoamperometry, cyclic voltammetry, and square wave voltammetry; a design of an NFC potentiostat for smartphone
connection and evaluation of its analytical performance; smartphone-based device detection used for active toxicant screening to ensure the safety of drinking water, tracking and
analysing nitrite pollution in water, determination of global positions, acquisition of an
air sample, performance of analysis, and sending of data to a remote location, a pelletbased sensing system used in the development of a reusable, point-of-care sensor that fits
around a smartphone and may be used in a variety of healthcare, environmental, and
defence applications; an inkjet-printed electrochemical enzyme-based biosensor device
for point-of-care analyte detection, designed for saliva tests, and a smartphone-based battery-free and flexible electrochemical sensor to detect real-time calcium and chloride ions
were created.
(2) Smartphone-supported electrical chemical sensor for wound healing for real-time
monitoring of wound treatment, which is especially important in wireless-based biomedical systems where the sensor integrates monitoring, diagnosis, and therapy; a simulation
and prototype for a wireless battery management system for electric vehicles that monitors various battery characteristics and displays real-time data on Android smartphones
and computers; a practical solution for high-precision detecting and safety-monitoring in
medical, rehabilitation medicine, and workout applications; a wireless smart face mask
for maintaining personal health and limiting disease spread; the detection of the Hepatitis
B Virus using an NFC-enabled smartphone-based portable amperometric immunosensor;
monitoring of human wrist pulses with a wireless module and smartphone, demonstrating rapid response, high sensitivity, and medical applications; a simple and efficient
method for displaying the visualization of real-time ECG signals transmitted wirelessly
using a developed ECG sensor on a smartphone; diagnosis of tachypnea with good sensitivity and specificity; and a non-printed integrated-circuit textile for biomedical and
theranostic applications.
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(3) Wireless optical sensors supported with a smartphone were discussed for applications such as a quick and non-invasive indicator of wounds; a fluorescence analyser
device was also discussed. These applications were exceptional due to their features of
wireless, battery-free sensor systems, lack of need for contact, advanced computing ability, and simple user interface. In summary, these smartphone-integrated wireless optical
sensors can provide advanced mobile systems for performing, analysing, controlling, and
displaying sensor processes for numerous applications.
Many active wireless systems have radios that receive, generate, and transmit radiofrequency waves. Active radios need a power supply, which is typically a battery. Active
systems often have the capacity to exchange data at high rates and across great distances
while using energy. WCS, for example, based on Bluetooth or ZigBee technology, will
have an active transceiver capable of communicating with a master controller, reading
device, or other sensors in the network across long distances [48,110]. As a result, active
WCSs must include a battery or some other form of energy supply to operate both the
sensor electronics and the data transfer. On the other hand, passive transponders interact
with an interrogator by reflection or modification of the radio-frequency electromagnetic
field created by the reader and, as a result, do not always require the presence of radio
[111]. Notably, the passive transponders do not require a battery, and this form of passive
operation is available with all Radio Frequency Identification (RFID) [112,113]. On the
other hand, near field communication (NFC)-based sensors [114] are also used because of
their compact sizes and minimal energy usage. However, all passive sensing devices have
a relatively small read range compared to active radio systems, from a few centimetres by
NFC to several meters by RFID. Furthermore, if there is no battery, the sensor cannot write
data to memory on its own.
The application-dependent fabrication of chemical sensors is based on their sensing
mechanism, materials, immobilization process, and wireless technology selection. These
are correlated with many factors, such as detection limit, sensitivity, power consumption,
battery life, data rate, and so on. Several of the wireless sensors studied employed proprietary wireless modules, but the research emphasis has turned to standard wireless communication protocols such as Bluetooth, ZigBee, RFID, and NFC. Smartphone-compatible
radio standards, such as Bluetooth and NFC, are becoming increasingly popular as the
platforms of choice for chemical sensor researchers due to the pervasiveness of
smartphones. In the coming years, possible advancements in mobile phone devices may
include improved operating systems for data acquisition, user-friendly processing for all
consumers, implementation in remote areas, advanced technologies for enhanced powerprocessing, and reduced power consumption. In addition, the development of new technologies towards smart display with even more energy efficiency and flexibility may allow these sensors to merge with smartphones to enable faster battery charging and rapid
wi-fi connectivity.
In order to facilitate their connectivity with wearable items such as bracelets,
watches, earrings, necklaces or various types of textiles, the circuit footprint is typically
on the order of several mm2. Additive manufacturing techniques such as ergonomic casings and enclosures, conductive screen-printing of electrodes, sensors, and antennae, embroidering conductive wires into fabrics, or flexible/stretchable electronics have all been
used to promote integration. The hardware part includes ultra-low-power electronics, optimized circuit routing, etc.; transmission protocol or software viz. optimized device states
and updated MAC protocols, energy-efficient routing protocols, and friendly and hybrid
network methods used to reduce energy consumption. Other factors, including antenna
size constraints, poor antenna-coupling conditions, and the impact of the human body on
the antenna radiation all limit performance and affect the amount of energy accessible.
Alternative ideas, such as the use of artificial electromagnetic bandgap implanted antennas to improve the efficiency of the antenna in contact with the individual, have been
explored. Some areas for improvement have been highlighted. The combination of RFID
modules with WSN nodes will result in a higher density of components, all of which will
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utilize the same spectrum. As a result, the amount of interference in the transmission medium will rise, posing a research problem. Furthermore, the data transmission or the introduction of a multi-hop network capability to increase the range of an RFID-WSN network, among other things, are demonstrated as potential solutions to this problem. Furthermore, RFID-WSN simulators have been discovered, which can aid in the development
of these systems.
WSNs are utilized for sensing the environment and placing objects or persons,
whereas RFID networks are targeted at determining the presence of tagged things. On the
one hand, RFID provides a number of capabilities, such as recognizing and monitoring
objects and the detection of energy from radio frequency signals, which can help a WSN
overcome some of its shortcomings. The combination of RFID with WSN, on the other
hand, allows RFID technology to extend its read range and become part of a strongly interconnected network using a more widely used protocol, such as IP. A supervisor microcontroller, an RFID reader, and an RF transceiver make up a comprehensive WSN node.
This microcontroller is in charge of the reader and the remaining node’s elements. A microcontroller, a sensor, and an RF front-end to connect with other nodes or tags make up
an integrated RFID tag with WSN features. These tags broadcast their ID and data from
the sensor they are linked to.
The Internet of Things is becoming a reality, but there are still a number of obstacles
to overcome before it can be widely accepted. RFID and WSN are two of the most important technologies for the Internet of Things. Some unsolved issues that may pique the
interest of academics remain; resolving them may allow these two technologies to go from
research concepts and prototypes to robust and strong solutions that benefit everyone.
For various detection techniques, a variety of chemical sensors may now be incorporated
into a smartphone. The notion of a smartphone-based sensor system, on the other hand,
is fairly recent, and the devices are commonly shown in laboratories using standard testing. In reality, chemical sensors on smartphones must be built for point-of-care detection
beyond the laboratory environment with little user interaction as portable detecting platforms. Further work should be done in sensor manufacturing, data transmission, and
smartphone processing algorithms to boost performance while maintaining portability
and cost-effectiveness. Smartphone-assisted wireless chemical sensors, we think, will play
a significant role in individualized point-of-care monitoring for applications in solving
environmental pollution, illness diagnosis, and water quality management.
Author Contributions: Investigation and writing—original draft, S.C.K.; Visualization, K.S.; Conceptualization, investigation and writing—original draft, R.A.; Writing—review and editing, S.P.;
Investigation and validation, T.N.J.I.E.; Investigation and visualization, M.A.; Investigation and visualization, A.K.S.; Project administration and supervision, Y.R.L. All authors have read and agreed
to the published version of the manuscript.
Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government MSIT (2021R1A2B5B02002436).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: Authors thank the National Research Foundation of Korea (NRF) for providing
financial support.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Hulanicki, A.; Glab, S.; Ingman, F. Chemical sensors: Definitions and classification. Pure Appl. Chem. 1991, 63, 1247–1250.
Garg, V.; Jhamb, M. A review of wireless sensor network on localization techniques. Int. J. Eng. Trends Technol. 2013, 4, 1049–
1053.

Chemosensors 2022, 10, 55

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

14.

15.

16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

21 of 24

Muduli, L.; Mishra, D.P.; Jana, P.K. Application of wireless sensor network for environmental monitoring in underground coal
mines: A systematic review. J. Netw. Comput. Appl. 2018, 106, 48–67.
Mills, K.L. A brief survey of self-organization in wireless sensor networks. Wirel. Commun. Mob. Comput. 2007, 7, 823–834.
Elhoseny, M.; Farouk, A.; Zhou, N.; Wang, M.-M.; Abdalla, S.; Batle, J. Dynamic multi-hop clustering in a wireless sensor network: Performance improvement. Wirel. Pers. Commun. 2017, 95, 3733–3753.
Aponte-Luis, J.; Gómez-Galán, J.A.; Gómez-Bravo, F.; Sánchez-Raya, M.; Alcina-Espigado, J.; Teixido-Rovira, P.M. An efficient
wireless sensor network for industrial monitoring and control. Sensors 2018, 18, 182.
Aalsalem, M.Y.; Khan, W.Z.; Gharibi, W.; Khan, M.K.; Arshad, Q. Wireless Sensor Networks in oil and gas industry: Recent
advances, taxonomy, requirements, and open challenges. J. Netw. Comput. Appl. 2018, 113, 87–97.
Kumar, S.A.; Ilango, P. The impact of wireless sensor network in the field of precision agriculture: A review. Wirel. Pers. Commun.
2018, 98, 685–698.
Sharma, H.; Haque, A.; Jaffery, Z.A. Maximization of wireless sensor network lifetime using solar energy harvesting for smart
agriculture monitoring. Ad Hoc Netw. 2019, 94, 101966.
Vlasov, A.I.; Grigoriev, P.V.; Krivoshein, A.I.; Shakhnov, V.A.; Filin, S.S.; Migalin, V.S. Smart management of technologies: Predictive maintenance of industrial equipment using wireless sensor networks. Entrep. Sustain. Issues 2018, 6, 489–502.
Luo, C.; Fu, Q. Smart logistics monitoring system for hazardous chemicals based on wireless sensor technology. Chem. Eng.
Trans. 2017, 62, 787–792.
Ding, Y.; Jin, M.; Li, S.; Feng, D. Smart logistics based on the internet of things technology: An overview. Int. J. Logist. Res. Appl.
2021, 24, 323–345.
Shahamabadi, M.S.; Ali, B.B.M.; Varahram, P.; Jara, A.J. A network mobility solution based on 6LoWPAN hospital wireless
sensor network (NEMO-HWSN). In Proceedings of the 2013 Seventh International Conference on Innovative Mobile and Internet Services in Ubiquitous Computing, Taichung, Taiwan, 3–5 July 2013; pp. 433–438.
Cabra, J.; Castro, D.; Colorado, J.; Mendez, D.; Trujillo, L. An IoT approach for wireless sensor networks applied to e-health
environmental monitoring. In Proceedings of the 2017 IEEE International Conference on Internet of Things (iThings) and IEEE
Green Computing and Communications (GreenCom) and IEEE Cyber, Physical and Social Computing (CPSCom) and IEEE
Smart Data (SmartData),Exeter, UK, 21–23 June 2017; pp. 578–583.
Hakala, I.; Tikkakoski, M.; Kivelä, I. Wireless sensor network in environmental monitoring-case foxhouse. In Proceedings of the
2008 Second International Conference on Sensor Technologies and Applications (sensorcomm 2008), Washington, DC, USA, 25–
31 August 2008; pp. 202–208.
Arroyo, P.; Herrero, J.L.; Suárez, J.I.; Lozano, J. Wireless sensor network combined with cloud computing for air quality monitoring. Sensors 2019, 19, 691.
Khedr, A.M.; Osamy, W. Effective target tracking mechanism in a self-organizing wireless sensor network. J. Parallel Distrib.
Comput. 2011, 71, 1318–1326.
Matin, M.A.; Islam, M. Overview of wireless sensor network. In Wireless sensor networks-technology and protocols; IntechOpen 2012;
pp. 1–3.
Singh, M.K.; Amin, S.I.; Imam, S.A.; Sachan, V.K.; Choudhary, A. A Survey of Wireless Sensor Network and its types. In Proceedings of the 2018 International Conference on Advances in Computing, Communication Control and Networking
(ICACCCN), Greater Noida, India, 12–13 October 2018; pp. 326–330.
Ge, G.; Lu, Y.; Qu, X.; Zhao, W.; Ren, Y.; Wang, W.; Wang, Q.; Huang, W.; Dong, X. Muscle-inspired self-healing hydrogels for
strain and temperature sensor. ACS Nano 2019, 14, 218–228.
Wang, Y.; Zhao, C.; Wang, C.; Cerica, D.; Baijot, M.; Xiao, Q.; Stoukatch, S.; Kraft, M. A mass sensor based on 3-DOF mode
localized coupled resonator under atmospheric pressure. Sens. Actuators A Phys. 2018, 279, 254–262.
Mirzaei, M.; Ripka, P.; Grim, V. An Axial Airgap Eddy Current Speed Sensor. IEEE Trans. Ind. Electron. 2021.
doi:10.1109/TIE.2021.3113001.
Ruth, S.R.A.; Feig, V.R.; Tran, H.; Bao, Z. Microengineering pressure sensor active layers for improved performance. Adv. Funct.
Mater. 2020, 30, 2003491.
Qing, S.; Rezania, A.; Rosendahl, L.A.; Enkeshafi, A.A.; Gou, X. Characteristics and parametric analysis of a novel flexible inkbased thermoelectric generator for human body sensor. Energy Convers. Manag. 2018, 156, 655–665.
Kassal, P.; Steinberg, M.D.; Steinberg, I.M. Wireless chemical sensors and biosensors: A review. Sens. Actuators B Chem. 2018,
266, 228–245.
Wang, X.; Ji, S.; Wang, H.; Yan, D. Room temperature nitrogen dioxide chemresistor using ultrathin vanadyl-phthalocyanine
film as active layer. Sens. Actuators B Chem. 2011, 160, 115–120.
Loi, A.; Manunza, I.; Bonfiglio, A. Flexible, organic, ion-sensitive field-effect transistor. Appl. Phys. Lett. 2005, 86, 103512.
Jäckel, F.; Watson, M.D.; Müllen, K.; Rabe, J. Prototypical single-molecule chemical-field-effect transistor with nanometer-sized
gates. Phys. Rev. Lett. 2004, 92, 188303.
Senillou, A.; Jaffrezic-Renault, N.; Martelet, C.; Cosnier, S. A miniaturized urea sensor based on the integration of both ammonium based urea enzyme field effect transistor and a reference field effect transistor in a single chip. Talanta 1999, 50, 219–226.
Guo, X. Surface plasmon resonance based biosensor technique: A review. J. Biophotonics 2012, 5, 483–501.
Kassal, P.; Horak, E.; Sigurnjak, M.; Steinberg, M.D.; Steinberg, I.M. Wireless and mobile optical chemical sensors and biosensors.
Rev. Anal. Chem. 2018, 37, 20170024. https://doi.org/10.1515/revac-2017-0024.

Chemosensors 2022, 10, 55

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.
63.
64.

22 of 24

Bandodkar, A.J.; Wang, J. Non-invasive wearable electrochemical sensors: A review. Trends Biotechnol. 2014, 32, 363–371.
Sanjuan-Alberte, P.; Jain, A.; Shaw, A.J.; Abayzeed, S.A.; Domínguez, R.F.; Alea-Reyes, M.E.; Clark, M.; Alexander, M.R.; Hague,
R.J.; Pérez-García, L. Wireless nanobioelectronics for electrical intracellular sensing. ACS Appl. Nano Mater. 2019, 2, 6397–6408.
Joo, S.; Brown, R.B. Chemical sensors with integrated electronics. Chem. Rev. 2008, 108, 638–651.
Bakker, E.; Pretsch, E. Potentiometric sensors for trace-level analysis. TrAC Trends Anal. Chem. 2005, 24, 199–207.
Beitollahi, H.; Khalilzadeh, M.A.; Tajik, S.; Safaei, M.; Zhang, K.; Jang, H.W.; Shokouhimehr, M. Recent advances in applications
of voltammetric sensors modified with ferrocene and its derivatives. ACS Omega 2020, 5, 2049–2059.
Promsuwan, K.; Kanatharana, P.; Thavarungkul, P.; Limbut, W. Nitrite amperometric sensor for gunshot residue screening.
Electrochim. Acta 2020, 331, 135309.
Baron, R.; Saffell, J. Amperometric gas sensors as a low cost emerging technology platform for air quality monitoring applications: A review. ACS Sens. 2017, 2, 1553–1566.
Gruber, P.; Marques, M.P.; Szita, N.; Mayr, T. Integration and application of optical chemical sensors in microbioreactors. Lab A
Chip 2017, 17, 2693–2712.
McDonagh, C.; Burke, C.S.; MacCraith, B.D. Optical chemical sensors. Chem. Rev. 2008, 108, 400–422.
Gauglitz, G. Direct optical sensors: Principles and selected applications. Anal. Bioanal. Chem. 2005, 381, 141–155.
Mayr, T.; Borisov, S.M.; Abel, T.; Enko, B.; Waich, K.; Mistlberger, G.N.; Klimant, I. Light harvesting as a simple and versatile
way to enhance brightness of luminescent sensors. Anal. Chem. 2009, 81, 6541–6545.
Berger, T. Metal Oxide Nanoparticle-Based Conductometric Gas Sensors. Met. Oxide Nanoparticles: Form. Funct. Prop. Interfaces
2021, 2, 809–834.
Xu, F.; Zhou, C.; Ho, H.-P. A rule for operation temperature selection of a conductometric VOC gas sensor based on ZnO nanotetrapods. J. Alloy. Compd. 2021, 858, 158294.
Krichen, M. Anomalies Detection Through Smartphone Sensors: A Review. IEEE Sens. J. 2021, 21, 7207–7217.
Lu, Y.; Shi, Z.; Liu, Q. Smartphone-based biosensors for portable food evaluation. Curr. Opin. Food Sci. 2019, 28, 74–81.
Liao, Y.-H.; Chou, J.-C. Potentiometric multisensor based on ruthenium dioxide thin film with a bluetooth wireless and webbased remote measurement system. IEEE Sens. J. 2009, 9, 1887–1894.
Zhang, F.; Jiang, W.; Lin, Q.; Wu, H. ZigBee-based wireless sensor network for environment monitoring ZigBee. Sens. Transducers 2019, 237, 144–149.
Steinberg, I.M.; Steinberg, M.D. Radio-frequency tag with optoelectronic interface for distributed wireless chemical and biological sensor applications. Sens. Actuators B Chem. 2009, 138, 120–125.
Olenik, S.; Lee, H.S.; Güder, F. The future of near-field communication-based wireless sensing. Nat. Rev. Mater. 2021, 6, 286–288.
Sun, A.C.; Hall, D.A. Point-of-care smartphone-based electrochemical biosensing. Electroanalysis 2019, 31, 2–16.
Erickson, D.; O’Dell, D.; Jiang, L.; Oncescu, V.; Gumus, A.; Lee, S.; Mancuso, M.; Mehta, S. Smartphone technology can be transformative to the deployment of lab-on-chip diagnostics. Lab A Chip 2014, 14, 3159–3164.
Xu, D.; Huang, X.; Guo, J.; Ma, X. Automatic smartphone-based microfluidic biosensor system at the point of care. Biosens.
Bioelectron. 2018, 110, 78–88.
Liao, J.; Chang, F.; Han, X.; Ge, C.; Lin, S. Wireless water quality monitoring and spatial mapping with disposable whole-copper
electrochemical sensors and a smartphone. Sens. Actuators B Chem. 2020, 306, 127557.
Ainla, A.; Mousavi, M.P.; Tsaloglou, M.-N.; Redston, J.; Bell, J.G.; Fernández-Abedul, M.T.; Whitesides, G.M. Open-source potentiostat for wireless electrochemical detection with smartphones. Anal. Chem. 2018, 90, 6240–6246.
Krorakai, K.; Klangphukhiew, S.; Kulchat, S.; Patramanon, R. Smartphone-Based NFC Potentiostat for Wireless Electrochemical
Sensing. Appl. Sci. 2021, 11, 392.
Guan, T.; Huang, W.; Xu, N.; Xu, Z.; Jiang, L.; Li, M.; Wei, X.; Liu, Y.; Shen, X.; Li, X. Point-of-need detection of microcystin-LR
using a smartphone-controlled electrochemical analyzer. Sens. Actuators B Chem. 2019, 294, 132–140.
Xu, K.; Chen, Q.; Zhao, Y.; Ge, C.; Lin, S.; Liao, J. Cost-effective, wireless, and portable smartphone-based electrochemical system
for on-site monitoring and spatial mapping of the nitrite contamination in water. Sens. Actuators B Chem. 2020, 319, 128221.
Berg, C.; Valdez, D.C.; Bergeron, P.; Mora, M.F.; Garcia, C.D.; Ayon, A. Lab-on-a-robot: Integrated microchip CE, power supply,
electrochemical detector, wireless unit, and mobile platform. Electrophoresis 2008, 29, 4914–4921.
Bandodkar, A.J.; Imani, S.; Nunez-Flores, R.; Kumar, R.; Wang, C.; Mohan, A.V.; Wang, J.; Mercier, P.P. Re-usable electrochemical glucose sensors integrated into a smartphone platform. Biosens. Bioelectron. 2018, 101, 181–187.
Teengam, P.; Siangproh, W.; Tontisirin, S.; Jiraseree-amornkun, A.; Chuaypen, N.; Tangkijvanich, P.; Henry, C.S.; Ngamrojanavanich, N.; Chailapakul, O. NFC-enabling smartphone-based portable amperometric immunosensor for hepatitis B virus detection. Sens. Actuators B Chem. 2021, 326, 128825.
Bai, Y.; Guo, Q.; Xiao, J.; Zheng, M.; Zhang, D.; Yang, J. An inkjet-printed smartphone-supported electrochemical biosensor
system for reagentless point-of-care analyte detection. Sens. Actuators B Chem. 2021, 346, 130447.
Xu, G.; Cheng, C.; Yuan, W.; Liu, Z.; Zhu, L.; Li, X.; Lu, Y.; Chen, Z.; Liu, J.; Cui, Z. Smartphone-based battery-free and flexible
electrochemical patch for calcium and chloride ions detections in biofluids. Sens. Actuators B Chem. 2019, 297, 126743.
Ji, D.; Liu, Z.; Liu, L.; Low, S.S.; Lu, Y.; Yu, X.; Zhu, L.; Li, C.; Liu, Q. Smartphone-based integrated voltammetry system for
simultaneous detection of ascorbic acid, dopamine, and uric acid with graphene and gold nanoparticles modified screen-printed
electrodes. Biosens. Bioelectron. 2018, 119, 55–62.

Chemosensors 2022, 10, 55

65.
66.
67.
68.
69.
70.

71.

72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.

89.
90.
91.
92.

23 of 24

Dang, W.; Manjakkal, L.; Navaraj, W.T.; Lorenzelli, L.; Vinciguerra, V.; Dahiya, R. Stretchable wireless system for sweat pH
monitoring. Biosens. Bioelectron. 2018, 107, 192–202.
Liu, L.; Zhang, D.; Zhang, Q.; Chen, X.; Xu, G.; Lu, Y.; Liu, Q. Smartphone-based sensing system using ZnO and graphene
modified electrodes for VOCs detection. Biosens. Bioelectron. 2017, 93, 94–101.
Ali, S.M.U.; Aijazi, T.; Axelsson, K.; Nur, O.; Willander, M. Wireless remote monitoring of glucose using a functionalized ZnO
nanowire arrays based sensor. Sensors 2011, 11, 8485–8496.
Xu, G.; Lu, Y.; Cheng, C.; Li, X.; Xu, J.; Liu, Z.; Liu, J.; Liu, G.; Shi, Z.; Chen, Z. Battery-Free and Wireless Smart Wound Dressing
for Wound Infection Monitoring and Electrically Controlled On-Demand Drug Delivery. Adv. Funct. Mater. 2021, 31, 2100852.
Modak, R.; Doke, V.; Kawrkar, S.; Sardar, N.B. Wireless Battery Monitoring System for Electric Vehicle. In Cybernetics, Cognition
and Machine Learning Applications; Springer: Berlin/Heidelberg, Germany, 2021; pp. 239–247.
Li, G.-Y.; Li, J.; Li, Z.-J.; Zhang, Y.-P.; Zhang, X.; Wang, Z.-J.; Han, W.-P.; Sun, B.; Long, Y.-Z.; Zhang, H.-D. Hierarchical PVDFHFP/ZnO composite nanofiber–based highly sensitive piezoelectric sensor for wireless workout monitoring. Adv. Compos. Hybrid Mater. 2021, 1–10.
Zhong, J.; Li, Z.; Takakuwa, M.; Inoue, D.; Hashizume, D.; Jiang, Z.; Shi, Y.; Ou, L.; Nayeem, M.O.G.; Umezu, S. Smart Face
Mask based on an Ultrathin Pressure Sensor for Wireless Monitoring of Breath Conditions. Adv. Mater. 2021, 2107758.
https://doi.org/10.1002/adma.202107758.
Ma, Z.; Chen, P.; Cheng, W.; Yan, K.; Pan, L.; Shi, Y.; Yu, G. Highly sensitive, printable nanostructured conductive polymer
wireless sensor for food spoilage detection. Nano Lett. 2018, 18, 4570–4575.
Zhu, R.; Desroches, M.; Yoon, B.; Swager, T.M. Wireless oxygen sensors enabled by Fe (II)-polymer wrapped carbon nanotubes.
ACS Sens. 2017, 2, 1044–1050.
Jeon, J.-Y.; Kang, B.-C.; Ha, T.-J. Flexible pH sensors based on printed nanocomposites of single-wall carbon nanotubes and
Nafion. Appl. Surf. Sci. 2020, 514, 145956.
Yang, Y.; Wei, X.; Zhang, N.; Zheng, J.; Chen, X.; Wen, Q.; Luo, X.; Lee, C.-Y.; Liu, X.; Zhang, X. A non-printed integrated-circuit
textile for wireless theranostics. Nat. Commun. 2021, 12, 4876.
Kassal, P.; Zubak, M.; Scheipl, G.; Mohr, G.J.; Steinberg, M.D.; Steinberg, I.M. Smart bandage with wireless connectivity for
optical monitoring of pH. Sens. Actuators B Chem. 2017, 246, 455–460.
Kassal, P.; Steinberg, M.D.; Horak, E.; Steinberg, I.M. Wireless fluorimeter for mobile and low cost chemical sensing: A paper
based chloride assay. Sens. Actuators B Chem. 2018, 275, 230–236.
Koh, A.; Kang, D.; Xue, Y.; Lee, S.; Pielak, R.M.; Kim, J.; Hwang, T.; Min, S.; Banks, A.; Bastien, P. A soft, wearable microfluidic
device for the capture, storage, and colorimetric sensing of sweat. Sci. Transl. Med. 2016, 8, 366ra165.
Bueno, D.; Munoz, R.; Marty, J.L. Fluorescence analyzer based on smartphone camera and wireless for detection of Ochratoxin
A. Sens. Actuators B Chem. 2016, 232, 462–468.
Sun, K.; Yang, Y.; Zhou, H.; Yin, S.; Qin, W.; Yu, J.; Chiu, D.T.; Yuan, Z.; Zhang, X.; Wu, C. Ultrabright polymer-dot transducer
enabled wireless glucose monitoring via a smartphone. ACS Nano 2018, 12, 5176–5184.
Gautam, S.; Batule, B.S.; Kim, H.Y.; Park, K.S.; Park, H.G. Smartphone-based portable wireless optical system for the detection
of target analytes. Biotechnol. J. 2017, 12, 1600581.
Steinberg, M.D.; Kassal, P.; Kereković, I.; Steinberg, I.M. A wireless potentiostat for mobile chemical sensing and biosensing.
Talanta 2015, 143, 178–183.
Wang, X.; Lin, G.; Cui, G.; Zhou, X.; Liu, G.L. White blood cell counting on smartphone paper electrochemical sensor. Biosens.
Bioelectron. 2017, 90, 549–557.
Tang, N.; Zhou, C.; Xu, L.; Jiang, Y.; Qu, H.; Duan, X. A fully integrated wireless flexible ammonia sensor fabricated by soft
nano-lithography. ACS Sens. 2019, 4, 726–732.
Kumar, A.; Hancke, G.P. Energy efficient environment monitoring system based on the IEEE 802.15. 4 standard for low cost
requirements. IEEE Sens. J. 2014, 14, 2557–2566.
Steinberg, M.D.; Žura, I.; Steinberg, I.M. Wireless smart tag with on-board conductometric chemical sensor. Sens. Actuators B
Chem. 2014, 196, 208–214.
Jang, C.W.; Byun, Y.T.; Lee, T.; Woo, D.H.; Lee, S.; Jhon, Y.M. A Wireless Monitoring Sub-nA Resolution Test Platform for
Nanostructure Sensors. Sensors 2013, 13, 7827–7837.
Chavali, M.; Lin, T.-H.; Wu, R.-J.; Luk, H.-N.; Hung, S.-L. Active 433 MHz-W UHF RF-powered chip integrated with a nanocomposite m-MWCNT/polypyrrole sensor for wireless monitoring of volatile anesthetic agent sevoflurane. Sens. Actuators A
Phys. 2008, 141, 109–119.
Steinberg, M.D.; Kassal, P.; Tkalčec, B.; Steinberg, I.M. Miniaturised wireless smart tag for optical chemical analysis applications.
Talanta 2014, 118, 375–381.
Mortellaro, M.; DeHennis, A. Performance characterization of an abiotic and fluorescent-based continuous glucose monitoring
system in patients with type 1 diabetes. Biosens. Bioelectron. 2014, 61, 227–231.
Shepherd, R.; Beirne, S.; Lau, K.T.; Corcoran, B.; Diamond, D. Monitoring chemical plumes in an environmental sensing chamber with a wireless chemical sensor network. Sens. Actuators B Chem. 2007, 121, 142–149.
Martínez-Olmos, A.; Fernández-Salmerón, J.; Lopez-Ruiz, N.; Rivadeneyra Torres, A.; Capitan-Vallvey, L.; Palma, A. Screen
printed flexible radiofrequency identification tag for oxygen monitoring. Anal. Chem. 2013, 85, 11098–11105.

Chemosensors 2022, 10, 55

93.

94.
95.
96.
97.
98.
99.
100.
101.
102.
103.

104.

105.

106.

107.
108.
109.

110.
111.
112.
113.
114.

24 of 24

Feng, Y.; Hu, S.; Wang, Y.; Song, X.; Cao, C.; Wang, K.; Jing, C.; Zhang, G.; Liu, W. A multifunctional fluorescent probe for
visualizing H2S in wastewater with portable smartphone via fluorescent paper strip and sensing GSH in vivo. J. Hazard. Mater.
2021, 406, 124523.
Richter, M.M. Electrochemiluminescence (ecl). Chem. Rev. 2004, 104, 3003–3036.
Li, S.; Lu, Y.; Liu, L.; Low, S.S.; Su, B.; Wu, J.; Zhu, L.; Li, C.; Liu, Q. Fingerprints mapping and biochemical sensing on
smartphone by electrochemiluminescence. Sens. Actuators B Chem. 2019, 285, 34–41.
Ma, X.; Qi, L.; Gao, W.; Yuan, F.; Xia, Y.; Lou, B.; Xu, G. A portable wireless single-electrode system for electrochemiluminescent
analysis. Electrochim. Acta 2019, 308, 20–24.
Zhu, H.; Mavandadi, S.; Coskun, A.F.; Yaglidere, O.; Ozcan, A. Optofluidic fluorescent imaging cytometry on a cell phone. Anal.
Chem. 2011, 83, 6641–6647.
Doeven, E.H.; Barbante, G.J.; Kerr, E.; Hogan, C.F.; Endler, J.A.; Francis, P.S. Red–green–blue electrogenerated chemiluminescence utilizing a digital camera as detector. Anal. Chem. 2014, 86, 2727–2732.
Elsherif, M.; Hassan, M.U.; Yetisen, A.K.; Butt, H. Wearable contact lens biosensors for continuous glucose monitoring using
smartphones. ACS Nano 2018, 12, 5452–5462.
Wei, Q.; Nagi, R.; Sadeghi, K.; Feng, S.; Yan, E.; Ki, S.J.; Caire, R.; Tseng, D.; Ozcan, A. Detection and spatial mapping of mercury
contamination in water samples using a smart-phone. ACS Nano 2014, 8, 1121–1129.
Hong, J.I.; Chang, B.-Y. Development of the smartphone-based colorimetry for multi-analyte sensing arrays. Lab A Chip 2014,
14, 1725–1732.
Srivastava, S.; Sharma, V. Ultra-portable, smartphone-based spectrometer for heavy metal concentration measurement in drinking water samples. Appl. Water Sci. 2021, 11, 177.
Rossi, M.; Brunelli, D. Ultra low power wireless gas sensor network for environmental monitoring applications. In Proceedings
of the 2012 IEEE Workshop on Environmental Energy and Structural Monitoring Systems (EESMS), Perugia, Italy, 2012; pp. 75–
81.
Jafari, H.; Li, X.; Qian, L.; Chen, Y. Community based sensing: A test bed for environment air quality monitoring using
smartphone paired sensors. In Proceedings of the 2015 36th IEEE Sarnoff symposium, Newark, NJ, USA, 20–22 September 2015;
pp. 12–17.
Fung, A.G.; Tan, L.D.; Duong, T.N.; Schivo, M.; Littlefield, L.; Delplanque, J.P.; Davis, C.E.; Kenyon, N.J. Design and benchmark
testing for open architecture reconfigurable mobile spirometer and exhaled breath monitor with GPS and data telemetry. Diagnostics 2019, 9, 100.
Heng, I.; Zhang, A.; Heimbinder, M.; Yap, R. A unique environmental mobile device for detecting hazardous chemicals. In
Proceedings of the 2012 IEEE Global Humanitarian Technology Conference, Washington, DC, USA, 21–24 October 2012; pp. 59–
65.
Demetillo, A.T.; Japitana, M.V.; Taboada, E.B. A system for monitoring water quality in a large aquatic area using wireless sensor
network technology. Sustain. Environ. Res. 2019, 29, 12.
Hasenfratz, D.; Saukh, O.; Sturzenegger, S.; Thiele, L. Participatory air pollution monitoring using smartphones. Mob. Sens. 2012,
1, 1–5.
Miluzzo, E.; Cornelius, C.T.; Ramaswamy, A.; Choudhury, T.; Liu, Z.; Campbell, A.T. Darwin phones: The evolution of sensing
and inference on mobile phones. In Proceedings of the 8th international conference on Mobile systems, applications, and services, San Francisco, CA, USA, 15–18 June 2010; pp. 5–20.
Allahham, A.A.; Rahman, M.A. A smart monitoring system for campus using Zigbee wireless sensor networks. Int. J. Softw. Eng.
Comput. Syst. 2018, 4, 1–14.
Kalimuthu, P.; Gonzalez-Martinez, J.F.; Ruzgas, T.; Sotres, J. Highly stable passive wireless sensor for protease activity based
on fatty acid-coupled gelatin composite films. Anal. Chem. 2020, 92, 13110–13117.
Hillier, A.J.; Makarovaite, V.; Gourlay, C.W.; Holder, S.J.; Batchelor, J.C. A passive UHF RFID dielectric sensor for aqueous
electrolytes. IEEE Sens. J. 2019, 19, 5389–5395.
Singh, R.; Singh, E.; Nalwa, H.S. Inkjet printed nanomaterial based flexible radio frequency identification (RFID) tag sensors for
the internet of nano things. RSC Adv. 2017, 7, 48597–48630.
Steinberg, I.M.; Steinberg, M.D. Bridging the Connectivity Gap between Optical (Bio) Chemical Sensors and the Digital World:
An NFC Wearable Wireless Sensor Platform. In Proceedings of the Optical Sensors, Washington, DC, USA, 22–26 June 2020; p.
STh4G-2.

