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Abstract

With the rapid development of next-generation manufacturing, communication,
and display technologies, smartphone has been widely integrated with multifunc-
tional modules, such as sensor chips and handheld detectors for biochemical
detections. Owing to the merits of high computing speed, high-resolution image
analysis, and user-friendly human-computer interface, smartphone-based point-
of-care testing (POCT) devices for personalized healthcare provide an affordable
and accessible way for on-site diagnosis without using sophisticated and expen-
sive instruments. The conventional biochemical analytical instruments are always
bulky, not portable, and especially expensive; therefore, further applications are
rather limited. The smartphone-based sensors and electronics have been develop-
ing rapidly, playing an increasingly important part upon the challenges
confronting medical service, food industry, and public safety. This chapter
presents smartphone interface and wearable biosensors for on-site analysis and
takes our team’s work as examples to elaborate. The sensing mechanism, design
principle of smartphone-based portable and wearable sensing system, and imple-
mentation of biosensing strategies were discussed. For better insights into the
important and valuable smartphone-based portable and wearable sensing devices,
several examples were carefully discussed of device designing, application
scenarios, analytical targets, and future applications. In the smartphone-based
portable  system, optical sensing, electrochemical sensing, and
photoelectrochemical sensing were introduced with specific exciting and sam-
pling circuit implementation and on-site diagnosis applications. In the
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smartphone-based wearable system, we summarized the representative
applications of the perspiration analysis system, implantable system, ingestible
system, and wound monitoring system. Due to the wide-range permeability rate
of smartphone in our lives, it can be expected that smartphone interface and
wearable biosensors will gradually complement and dominate the existing health
management approaches.
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13.1 Introduction

With the growth need of point-of-care testing (POCT) for on-site diagnosis of
analytes and pathogens in a variety of clinical conditions, there has been a transfor-
mation from the centralized biomedical analysis to easier, cheaper, and more reliable
health monitoring at home or anywhere (Liu et al. 2019; Xu et al. 2018; Vashist et al.
2015; Tran et al. 2019; Jung et al. 2015). The conventional analytical instruments are
bulky and more expensive and require professional operator, although they are
sensitive and more authoritative. The strictly controlled laboratory conditions and
time-consuming also limits large-scale household use. Thanks to the advances in
electronics, functional material, nanotechnology, and micromachining technology,
constructing biosensor on a variety of substrate provides an alternative solution to
this problem (Turner 2013; Kuila et al. 2011; Kanchi et al. 2018). From a typical
perspective, sensitive element modification, optimization, and signal sampling and
analyzing are necessary steps to build biosensor for POCT devices (Kim et al. 2019;
Miller et al. 2020; Perumal and Hashim 2014; Kirsch et al. 2013). In such case, how
to effectively process signal, transmit data, process data, and display result is a new
issue to be addressed. Designing and fabricating such biochemical sensing system to
reach the function mentioned above is the key to fulfill the momentous needs.
Smartphones were initially brought to market by IBM and BellSouth in 1993, and
the total number of users reaches a staggering 3.9 billion by 2021 (Huang et al.
2018). By now, smartphones are widely equipped with multicore processor, big
memory, large storage, large battery, high-resolution camera, universal serial ports,
and stable operating system. The wireless data transmission by 4G or 5G cellular net
service for telecommunications, as well as Bluetooth, Wi-Fi, and near-field commu-
nication (NFC) for local communication, forms a fast connected network (Purohit
et al. 2020). The cameras built into the smartphones have an easy access to
contribute to the sensing system to achieve optical detection (Severi et al. 2020;
Ardalan et al. 2020). In the meantime, more and more peripheral modules are
integrated into the smartphones to realize product iteration, where the sensing system
could be developed as stand-alone device with less space consumption and cost
(Chen et al. 2021; Sun and Hall 2019). As there have been many interesting, unique,
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Fig. 13.1 Illustration of on-site diagnosis with smartphone-based portable and wearable system

and applicable smartphone-based POCT devices, it is necessary to summarize recent
advances in designing and developing of such devices.

Therefore, this chapter described the smartphone-based biosensors from two
aspects, (1) portable system and (2) wearable system (Fig. 13.1), and the content is
a selection of classic and recent research advances. In the field of portable system,
spectroscopy  detection  (optical, surface  plasmon resonance, and
electrochemiluminescence), electrochemistry detection (amperometry,
potentiometry, and impedimetric), and photoelectrochemical detection on
smartphone were summarized and discussed with device design principles and
sensing mechanism. As for the wearable biosensors, epidermal, implantable, ingest-
ible, and integrated wearable devices for drug delivery were introduced with detailed
technical circuit designing and fabricating, and their application in combination with
smartphone-based devices has been briefly discussed.
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13.2 Smartphone-Based Portable Detection System for On-Site
Diagnosis

As the high computing speed and camera technology advance rapidly, smartphones
have been providing a portable detection method that can be applied in a variety of
scenarios. In this section, smartphone-based optical, electrochemical, and
photoelectrochemical systems were summarized in the following part.

13.2.1 Smartphone-Based Optical Sensing System

Smartphones are widely used in biosensing system for optical detection with the
built-in capabilities of high resolution and image acquisition (McCracken and Yoon
2016; Geng et al. 2017). The first smartphone-based optical sensor was reported by
Martinez et al., in which the analysis of glucose and proteins was conducted by a
paper-based microfluidic chips with smartphone (Martinez et al. 2008). Compared
with the high cost of large laboratory instruments, which cost time and need special
operators, smartphone-based platforms for optical sensors have lower costs and
more simplified operation requirements (Wang et al. 2016; Zhang and Liu 2016).
In this section, smartphone-based spectroscopy system, surface plasmon resonance
(SPR) system, and electrochemiluminescence system were summarized with device
designs and imaging analysis.

13.2.1.1 Spectroscopy Sensing

The urgent need of good health management is accelerating the development of
health monitoring devices combined with smartphone sensing technologies. At the
same time, a variety of smartphone-based platforms including smartphone units and
integrated circuits for optical analysis of biological samples, such as saliva, urine,
and serum were developed (Li et al. 2018a). Compared with the traditional labora-
tory analytical instruments, the acquired microscopic images can be analyzed based
on the smartphone camera and processor with the features of the target components,
such as the color, bulk, and brightness (Zhu et al. 2011; Smith et al. 2011). To
acquire the image and spectra of micron-scale regions, a microspectroscopy/imaging
system consisting of a portable spectrometer as an optical sensor and a compact
homemade microscope was proposed by Guang et al. (Chen et al. 2020). In their
work, the quantification of protein concentration was demonstrated with the
smartphone-based proposed microspectroscopy/imaging system to analyze the spec-
trometer signals which highlighted the possibility for adopting the smartphone
device for building a microspectroscopy/imaging system for point-of-care testing.
With the development of the detection technology, colorimetric and fluorescence
biosensors are gradually applied based on microscopic imaging. A colorimetric
paper-based analytical device with high sensitivity was reported by Huy et al. for
the detection of tetracycline by applying the green fluorescent carbon nitride
(g-C5Ny) nanoparticles using a smartphone for imaging (Huy et al. 2020). However,
the sensitivity of smartphone-based colorimetric sensing system still needs to be
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improved. To address this, nanomaterial-enabled colorimetric detection integrated in
the smartphone-based point-of-care platform was developed by Xia et al. with high
sensitivity and selectivity for the detection of the avian influenza virus (Xia et al.
2019). The modification of nanomaterials and the smartphone-based imaging system
with giant data acquiring and processing ability improved the limit of detection,
which reached down to 8 x 10* EIDsy/mL.

Fluorescence microscopic imaging improves spatial resolution, specificity, and
sensitivity for biosensing, which greatly promotes the bioanalysis of proteins,
nucleic acids, and cells (Wei et al. 2013). Compared with conventional fluorescence
equipment, the smartphone-based fluorescence sensing is limited by the camera and
processor of smartphone itself as the cost is also lowered down. To surmount these
shortcomings and realize molecule-level detection for on-site diagnosis, a Forster
resonance energy transfer (FRET)-based nanoprobe combined with a smartphone
RGB camera was proposed by Severi et al. for detection of nucleic acids (Severi
et al. 2020). The nanoprobe response of nucleic acids can be detected in time as low
as 10 pM in true color and in red-to-green ratio images using the RGB camera. The
FRET-based biosensor can be easily applied using a smartphone coupled to an
appropriate optical setup, expanding the method to high sensitivity and low cost
for point-of-care analysis. Despite the hardware differences between smartphones,
the software and high-speed computing of the smartphone itself can compensate for
the shortcomings of this method to some extent (Chen et al. 2021).

13.2.1.2 Surface Plasmon Resonance (SPR) Sensing

SPR is a physical phenomenon which resonates under the excitation of incident light
at the interface of materials with different conductivity (Karlsson 2004). When this
phenomenon happens on the surface of nanoscale metal structures, such as gold and
silver, it is also called local surface plasmon resonance (LSPR) (Zhang et al. 2015a;
Bian et al. 2019). Due to its merits of interface effect, label-free, real-time, and
eco-friendly, LSPR has attracted extensive attention. At the same time, with the rise
of mobile health (mHealth) concepts, smartphones have gradually developed into an
effective platform for LSPR-based biochemical sensing detection (Li et al. 2018b).
Seemesh et al. reported a template-free plasmonic material of Ag-Soret colloids
(Ag-SCs) on the surface plasmon-coupled emission (SPCE) platform to realize more
than 100-fold enhanced fluorescence which enabled real-time monitoring of gluta-
thione (GSH) (Bhaskar et al. 2020a). The proposed biosensing system was more
sensitive and selective, while had lower cost for on-site detection of biomarkers.
With the further researches in SCs from various nanomaterials and nanocomposites,
the smartphone-based analytical and photonic devices for the next generation will
help the system reach to a higher level. Meanwhile, a lateral flow plasmonic
biosensor consisting of gold-viral biomineralized nanoclusters (AuVCs) for on-site
GSH determination was developed by Pang et al. (2020). The sensing system
reached a limit of detection (LoD) of 9.80 pM with the linear in the range of
25-500 pM. At the same time, Seemesh et al. also demonstrated a label-free
smartphone-based SPCE biosensor for the detecting spermidine with Au-decorated
SiO, nanoparticles (Bhaskar et al. 2020b). The smartphone platform can capture the
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multifold hotspots that were rendered by the nanohybrids assisted in augmented
electromagnetic (EM)-field intensity, which made it promising for portable and
economical biosensing system in such area.

13.2.1.3 Electrochemiluminescence (ECL) Sensing

ECL is widely used in bioanalysis for point-of-care diagnosis, which combines the
merits of chemiluminescence (CL) analysis without background light noise and easy
control of reactions by applying a voltage to the electrode (Cao et al. 2020; Li et al.
2019a; Qi and Zhang 2020). As an analytical technique, due to its versatility, it can
have a simpler optical setup than photoluminescence (PL), better time, and space
control than CL. Zhu et al. proposed a handheld device capable of ECL analysis,
which used smartphone as optical signal reader for the discrimination of
3-nitrotyrosine (3-NT) (Zhu et al. 2021). The device consisted of printed circuit
board for ECL stimulation and a flexible antenna was designed coupled with an NFC
for data transmission. In the design of smartphone-based ECL system, the high-
definition cameras and programmed software in smartphones can capture luminous
images (Rahn et al. 2020). Therefore, the integration of smartphone and ECL is a
preferable method for optical analysis as it meets the need of on-site biosensing for
point-of-care diagnosis with simplified system and powerful capabilities (Nie et al.
2019).

A smartphone-based ECL device was designed for the biochemical sensing of
nicotine and trinitrotoluene (TNT) with the on-site fingerprint mapping (Fig. 13.2a)
(Li et al. 2019b). The electrochemical excitation for ECL and optical analysis were
integrated in a handheld smartphone-based system with a specially designed device.
The bioanalysis of typical enhanced luminescence for nicotine and quenched lumi-
nescence for TNT was demonstrated for proof of concept of the smartphone-based
ECL sensing system. In addition, this system could also conduct multimode imaging
analysis on smartphone for fingerprint biochemical mapping, such as color, gray,
and RGB extraction (Fig. 13.2b). At last, in situ analysis of exogenous substances on
human hands, such as nicotine and TNT, was realized through the smartphone-based
ECL device where the fingerprint’s morphology and grain were clearly exhibited on
the optical images (Fig. 13.2c). The fingerprints are widely used for unlocking
terminal equipment such as smartphones and laptops. Thus, the combination of
fingerprint analysis and smartphone-based sensing platform will contribute to the
development of personal health monitoring as well as public safety. In addition, the
proposed sensing platform can also provide additional information of diet habit, drug
intake, and personal medicine. The excellent performances of smartphone-based
ECL system can be further applied in various fields of biochemical detection and
imaging analysis.

13.2.2 Smartphone-Based Electrochemical System

Nowadays, the electrochemical biosensors which take advantage of the specificity of
biological element, such as enzyme, antibody, and cell, are widely researched and
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Fig. 13.2 Smartphone-based ECL system for fingerprint mapping and biochemical analysis. (a)
Schematic of the smartphone-based ECL system with the universal serial bus-based electrochemical
excitation, the camera-based imaging analysis, and the user interface. (b) The concept of reaction
cell and electrodes (platinum and ITO). (c) In situ analysis of nicotine on fingerprints. Reproduced
from Li et al. (2019b). Copyright 2019 Elsevier

partially commercialized (Maduraiveeran et al. 2018; Cesewski and Johnson 2020).
However, traditional lab-based analysis methods always require complicated instru-
mentation like electrochemical workstation and stringent operating environment.
With multiple functional modules, smartphone has been significantly improving the
portability of electrochemical detection (Zhang and Liu 2016). To reach a full
combination of smartphone and electrochemical methods, an external miniaturized
potentiostat applying electrochemical excitation on the surface of the electrode is
needed. In addition, the integrated circuits for data sampling, amplifying, and
communicating always require individual designs. Besides, the electrochemical
electrode is another essential part for the bioanalysis. With the advances in additive
and subtraction manufacturing, various kinds of electrode can be fabricated on soft
and hard substrate such as paper, polyethylene terephthalate (PET), and polyimide
(PI) through the screen-printing technology, laser-based manufactory, etc. Recently,
multifold electrochemical sensing methods have been integrated with smartphones,
including amperometry (Ji et al. 2017, 2020), potentiometry (Xu et al. 2019; Yao
etal. 2019), and impedimetry (Zhang et al. 2016; Rosati et al. 2019). These detection
systems extend the potential of electrochemical biosensor for applying in real-time
biochemical analysis and on-site diagnosis.
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13.2.2.1 Amperometry Sensing

Integrated with smartphone technique, the amperometry-based biosensing is com-
monly applied in numerous detection fields (Zhang and Liu 2016; Garcia et al.
2018). As the excitation potential applied, the current is related to the oxidation or
reduction of the electrical mediating species during the amperometry, which is
proportional to substrate concentration. For smartphone-based amperometry system,
these extraordinary methods, such as chronoamperometry (CA), cyclic voltammetry
(CV), square wave voltammetry (SWV), and differential pulse voltammetry (DPV),
could effectively improve the sensitivity of the biosensor system. Due to the good
simplicity and excellent adaptability, it became the first reported of smartphone-
based biosensor application (Zhang and Liu 2016; Lillehoj et al. 2013). Among
various detecting techniques, CV and CA with more practicability for the quantita-
tion of analytes attract much attention. Recently, a smartphone-based CV system
was developed by Ji et al. with simplified electrode modification to perform electro-
chemical detections (Ji et al. 2017). The detecting system consisted of electrochemi-
cal modified electrodes, the designed detector, and the smartphone with software.
Compared with the standard analytical equipment, the proposed CV-based system
had lower cost and smaller size and could perform electrochemical test in real time.
To further apply the bioanalysis ability of smartphones, an electrochemical device
based on the paper fabrication was proposed by Caratelli et al. for the detection of
butyrylcholinesterase (BChE) activity in whole blood (Caratelli et al. 2020). The
development of an analytical method for easy self-testing of BChE inhibitor activity
in whole blood on a paper-based lab-on-a-chip with lower cost and user-friendly
operation made a good contribution to personalized administration of drugs along
with Alzheimer’s disease.

In addition to cyclic sweeps, pulsed potential excitation such as SWV, DPV, and
differential pulse amperometry (DPA) is also a widely used electrochemical method,
which could be employed for biochemical sensing, such as nucleic acids, peptides,
and heavy metal ions (Ji et al. 2018, 2020; Shi et al. 2020). For example, a rapid
detection system combined with a smartphone-based electrochemical detector was
constructed for monitoring of levodopa, which can be applied for Parkinson’s
disease prevention and treatment, while the conventional treatment is to supplement
levodopa so as it could overcome blood-brain barrier and synthetic dopamine
(Jiet al. 2019). The system contained these main parts: a disposable screen-printing
electrode, a handheld detecting circuit, and a smartphone with programmed software
(Fig. 13.3a). The detecting circuit was powered by lithium ion battery, and the
electrochemical excitation can be applied to measure the subsequent current change
on the surface of electrode. Finally, the potential and current information were
transferred to smartphone via Bluetooth module. This proposed system exhibited
good performance in the detection of levodopa from 0 pM to 200 uM and with a
limit of detection as low as 0.5 pM in human serum, in which the modified sensor
could also distinguish levodopa from representative interference (Fig. 13.3b). To
implement the smartphone in the nucleic acid detection, Low et al. demonstrated a
detector using smartphone for electrochemical sensing of circulating microRNA-21
(miR-21) biomarker in saliva as a proof of concept (Shin Low et al. 2020). The
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electrochemical detecting system consisted of commercial screen-printing electrode,
which was modified with reduced graphene oxide/gold nanoparticles (rGO/Au), a
detector, and a smartphone with programmed Android software (Fig. 13.3c). The
salivary miR-21 was detected as a proof of concept with concentration level of 1 pM
to 100 pM with correlation coefficient of 0.99 (Fig. 13.3d). Furthermore, with the
huge demand for virus testing and family practice, this smartphone-based sensing
system is capable to provide timely, low-cost, rapid on-site diagnosis, which
satisfied the testing needs and reduced the squeeze of medical resources.

13.2.2.2 Potentiometry Sensing

The potentiometry is easier to implement in smartphone-based electrochemical
sensing system but as important as amperometry, which is widely used to determine
the potential change or biochemical activity (Zhang and Liu 2016; Yao et al. 2019).
The mechanism of potentiometry is to detect the cumulative charge resulting in
potential change in the dielectric layer, which is commonly applied in the detection
of electrolyte ion and other biomarkers (Zhang and Liu 2016; Zhang et al. 2015b, c).
Therefore, ion-selective membranes are usually modified on the electrode surface for
the trace detection using potentiometry (Dimeski et al. 2010). For example, a
wearable and battery-free epidermal electrochemical system was reported by Xu
et al. with NFC technology and screen-printing electrode. The wearable detection
system got rid of the rigid batteries, and it can adhere to the skin surface and detects
electrolyte ions in sweat (Xu et al. 2019). The potentiometry can be applied for
molecular imprinting or enzyme-based biosensing in the same way. Yao et al.
proposed an enzymatic aptasensor using freestanding graphene paper for wirelessly
detecting kanamycin (Yao et al. 2019). A nuclease was used to assist to amplify, and
it realized an ultrasensitive biosensing platform with the smartphone recording real-
time data. This work paved the way for implementing of paper-based material and
enzyme-based biosensing, which provides a broader application for smartphone-
based potentiometry sensing.

13.2.2.3 Impedimetric Sensing

To measure the impedance of an electrode system, the electrochemical impedance
spectroscopy (EIS) is set with the scanning from low frequency to high frequency,
which was usually from 0.1 Hz to 1 MHz. The EIS could exhibit the change of
electrochemical properties, such as electrode capacitance changes and the resistance
caused by electron transfer (Chang and Park 2010). Through a sinusoidal voltage
applied, the ratio of alternating voltage and current change at different frequency was
measured, where the corresponding electrochemical signal detection can be realized.
Due to the high resolution of frequency, smartphone-based impedimetric sensing
systems are widely used in the detection of small molecules, proteins, nucleic acid,
and gases. The first reported application of smartphone-based impedimetric system
was developed by Broeders et al. in 2013 (Broeders et al. 2013). Later, Zhang et al.
reported a smartphone-based wirelessly controlled biosensing system developed
with electrochemical impedance spectroscopy for detecting proteins along with the
data transferring via Bluetooth (Zhang et al. 2016). In addition to the solid/liquid
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phase biosensing, the volatile organic compounds (VOCs) are usually measured by
impedance. For example, a smartphone-based impedance system was developed for
monitoring VOC:s in expiratory gas by Liu et al., which provided a platform for early
diagnosis for pulmonary biomarkers (Liu et al. 2017). Recently, an electronic nose
with small size and low cost was developed by Arroyo et al. with a mobile
programmed terminal for classification services (Arroyo et al. 2020). Based on
frequency resolution, impedance analysis methods can make a unique contribution
to material detection especially in selectivity.

13.2.3 Smartphone-Based Photoelectrochemical (PEC) System

Based on the photoexcitation of photoelectric compound under exogenous excita-
tion, PEC analysis is an emerging analytical method with potential application for
on-site diagnosis recently (Zhao et al. 2017; Zhou and Tang 2020). The exogenous
excitation facilitates the separation of surface charges in photoelectric compound
and to stimulate the electrochemical reaction. As the excitation source and electro-
chemical current/potential response are separated, the PEC-based analysis system
has lower background interference and improved sensitivity (Zhang et al. 2017,
2019). Conventional PEC analysis depends on the large excitation source and
standard measuring equipment, such as high-power xenon lamp and electrochemical
workstation, which hinders PEC analysis for portable and on-site rapid testing.
Recently, the rapid development of integrated electronics, the processing, and
fabrication of miniaturized devices also provides opportunities for the application
of PEC analysis method (Zhang and Liu 2016). At the same time, combining
terminal equipment such as smartphones with the designed analytical devices can
achieve lower cost and faster testing.

Combined with the advantages of smartphone and PEC analysis, a portable and
universal biosensing platform was constructed for rapid on-site diagnosis
(Fig. 13.4a) (Zhang et al. 2021). The portable system consisted of the electrodes,
detecting circuit board, and a smartphone. The miniaturized detecting circuit board
and battery provided photoexcitation; then, the photocurrent was measured by the
sampling module. Smartphone was used as commander and data display via
Bluetooth control. The graphitic g-C3N,4 was used as photoelectric compound, and
the gold nanoparticles (AuNPs) were applied to immobilize matrix
metalloproteinase-2 (MMP-2) for specific cleavage peptide. The small light-emitting
diode (LED) excited g-C3N,4 to generate photocurrent, and the hydrolyzed and
cleaved process of MMP-2 for peptide was evaluated by photocurrent (Fig. 13.4b).
The photocurrent varies linearly with the concentration of MMP-2 ranging from
1 pg/mL to 100 ng/mL (Fig. 13.4c). This system reached a limit of detection buffer
and 0.55 pg/mL in artificial serum. These results verified the effectiveness of the
portable smartphone-based PEC device, which provided a potential solution for
miniaturized and portable on-site diagnosis.
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Fig. 13.4 Smartphone-based PEC system. (a) Illustration of the smartphone-based PEC detection
system, which is composed of a reaction tank, the electrodes, detecting circuit board, and a
smartphone. (b) The electron-hole transfer mechanism in the proposed PEC system. (¢) Photocur-
rent response of MMP-2 gradients. Reproduced from Zhang et al. (2021). Copyright 2021, Elsevier

13.3 Smartphone-Based Wearable System for On-Site Diagnosis

Over the past few decades, with the rapid development of microelectronics technol-
ogy and materials science, wearable electronics have achieved tremendous develop-
ment (Gao et al. 2016; Nyein et al. 2016). Here, smartphone-based biosensors for
epidermal application, implantable application, ingestible application, and integrated
wearable drug delivery system were summarized in the following section.

13.3.1 Epidermal Biosensor System

The epidermis covers most of the human body, which is the largest organ capable of
protection, absorption, sensation, metabolism, and immunity. The biological fluids
in epidermis, such as sweat and interstitial fluid, contain plenty of health informa-
tion, which can be analyzed in real time by epidermal biosensors (Menon 2002). In
the above example, smartphone-based electrochemical sensors and biosensors are
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mainly employed to measure small molecules and ions in sweat, such as lactic acid,
glucose, sodium ion, potassium ion, hydrogen ion, calcium ion, chloride ion, etc.
These sensors can measure trace molecules or ions accurately, and they exhibited
outstanding sensing performance. However, much biochemical analysis has not
been able to establish a clear correlation with body condition or specific diseases.
For instance, the correlation of sweat glucose and serum glucose has not yet been
studied clearly, which is still under research stage (Bandodkar et al. 2016). The
concentration of sodium and potassium ions is related to the state of exercise
metabolism. However, there is no clear research to explain its mechanism (Corrie
et al. 2015). Chloride ions in sweat have been used to indicate cystic fibrosis (CF),
but this disease is relatively rare (Bariya et al. 2018). However, with the giant health
information in sweat, developing a wearable device to monitor biomarkers is
important for preclinical diagnosis of specific diseases (Nimse et al. 2016). To find
a solution, Gao et al. reported a fully integrated wearable and flexible sweat analysis
device in 2016 (Gao et al. 2016). The devices executing embedded programs can run
various electrochemical detection methods with flexible and bendable circuit. The
development of microelectronics technology enables miniaturized circuit systems to
be designed in the size of a single wristband. Later, Xu et al. reported a battery-free
and flexible detection patch with wireless communication based on NFC technology
for the more stretchable and comfortable sweat analysis (Xia et al. 2019; Xu et al.
2019).

Detection of sweat substances like ions, glucose, and lactic acid only reflects
electrolyte loss and exercise health. However, the hormones and sterols might
contain more health information in body regulation. In regard to this consideration,
a flexible skin-attached detection device that could monitor the concentration of
cortisol in sweat was developed (Fig. 13.5a) (Cheng et al. 2021a). Secreted by the
adrenal cortex, cortisol was an adrenal cortex hormone, whose concentration in
serum and sweat indicates the mental state of the human (Katsu and Baker 2021).
Cortisol concentration in sweat was associated with clinical psychiatric disorders
such as anxiety, depression, and post-traumatic stress disorder (PTSD). Detecting
cortisol in sweat could aid in the diagnosis and treatment of these diseases. Based on
the flexible substrate, the proposed detection device contained a signal processing
module and NFC module, which can be bent and folded to fit the surface of the
human skin closely without causing discomfort (Fig. 13.5b). The detection device
adopted DPV as the detection technology, which could be applied to measure the
target substance quickly in real time. The detection device was compared in
experiments with a commercial large-scale electrochemical workstation, in which
the testing results showed similar performance. The device took advantage of
electrochemical immunoassay technology with the detection range that could
reach 0 nM to 500 nM for cortisol (Fig. 13.5c). Further, the device also tested
sweat samples of the volunteers in vivo. During 7 days, the volunteers’ sweat was
collected in the morning and evening for cortisol analysis. These data reflected the
circadian rhythm of cortisol content in subjects over 7 days (Fig. 13.5d). The
detection system proposed by Cheng et al. established an integrated, small, flexible
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Fig. 13.5 Smartphone-based epidermal biosensor system. (a) Using a smartphone to read data
from a sweat cortisol analysis device. (b) Photograph of the flexible and wearable analysis system.
(c) Cortisol detection with DPV from 0 nM to 500 nM. (d) Sweat cortisol detecting results during
7 days. Reproduced from Cheng et al. (2021a). Copyright 2021, Elsevier

detection platform for the sweat cortisol monitoring, which had potential value for
the health management of human mental state.

13.3.2 Implantable Biosensor System

The urgent need for continuous monitoring of body condition with the purpose for
solving the problem to the routine requirement of hospitalization and supervision of
the patients drives integrated biosensing system field growing fast. Hence, much
research aims to explore and develop skin-integrated and implantable medical
devices (Bobrowski and Schuhmann 2018; Ashammakhi et al. 2021; Oh et al.
2021). In these devices, the common monitoring signals are heart electrocardiogram
(ECG), blood pressure, pulse rate, blood glucose level, and respiration efficacy.
Except for physiological or biochemical sensing, external excitation for tissues is
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also a research hotspot for implanted devices. With the rapid development in
biocompatible material, miniaturized design, wireless communication, and power
supply technology, the electrochemical detection device is converted from rigid and
wired designs to wireless, battery-free, and flexible system, which makes in vivo, in
situ, and real-time physiological data monitoring available (Boutry et al. 2018).
Smart devices such as smartphones with NFC function are suitable for implant-
able applications, because they could be designed to be smaller and thinner without
the requirement of battery, along with data transmitting outside of body wirelessly.
Based on this, an implantable, wireless, and battery-free electrochemical system was
proposed (Fig. 13.6a) (Xu et al. 2021a). It could perform detection of the glucose
concentration in the peritoneum while a patient had peritoneal cancer. The electro-
chemical detection system was mainly composed of a flexible circuit patch and an
integrated platinum nanotree microelectrode. The circuit patch consisted of a
potentiostat for electrochemical excitation and NFC module. The developed system
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was capable of fast detection of glucose concentration, wireless data transmission,
and power supply (Fig. 13.6b). The modification of highly sensitive platinum
nanostructure and Nafion on implantable electrode enhanced the performance for
in vitro and in vivo test in rat peritoneal cavity. In addition, results from the
biochemical analyzer with the implantable and wireless patient ascites monitoring
system were compared. The reliability of monitoring system was demonstrated in
Fig. 13.6¢. The implantable electrochemical system for detecting peritoneal glucose
owned the characteristics of less invasiveness and fast feedback and provided a
hassle-free method for the monitoring of peritoneal cancer.

13.3.3 Ingestible Biosensor System

The rapid development of microelectronics and materials science has promoted the
emergence of small-sized, low-power consumption and ingestible biomedical elec-
tronic devices (Abramson et al. 2021). The ingestible electronic devices have the
feature of small size which is enough to be swallowed into the gastrointestinal
(GD) tract without anesthesia. They are not available in previous semi-invasive
devices. Hence, the development of ingestible devices has attracted much attention
in recent few years. However, designing competent ingestible biomedical electronic
devices faces many challenges. For instance, the volume of the device needs to be
small enough, and shape of the device must conform to the characteristics of the GI
tract. These allow it to smoothly pass through the narrow parts of the GI tract without
causing additional damage such as perforation, intestinal obstruction, ulcers, etc.

Based on wireless communication and electrochemical sensing method, a
capsule-based ingestible sensing system was developed with IrOx modified for
monitoring the pH of the GI tract in real time (Fig. 13.7a) (Cheng et al. 2021b).
The capsule system uses IrOx-deposited screen-printed electrodes (SPE) featuring
high sensitivity as the pH sensor. The capsule detection circuit is designed with
rigid-flexible composited printed circuit board (RFPCB) technology and can be
loaded with the pH sensor (Fig. 13.7b). Capsule structure was fabricated by
3D-printed technology. The capsule detection circuit can be bent and folded into a
small volume and assembled into the capsule structure. Polydimethylsiloxane
(PDMS) was covered on the outer surface of the capsule structure to improve its
biocompatibility and ensure its reliability. The data and control command of the
capsule detection circuit is wirelessly transmitted by the Bluetooth module to the
external receiving device, where the external receiving device could be smartphone,
personal computer (PC), or programmed auxiliary circuit. At last, the capsule system
was applied to monitoring the pH value of artificial digestive juice as an in vitro
simulation. For in vivo evaluation, the pH value of the GI tract of canine was
detected. The results of the detection process were compared with commercial pH
sensors, which exhibited excellent performance (Fig. 13.7c). The proposed method
could be used to evaluate the performance of the capsule system for monitoring or
drug releasing and even laid the groundwork for further clinical trials.
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13.3.4 Integrated Wearable Drug Delivery System

The acute illnesses on skin are usually treated by hypodermic injection or oral
administration of drugs, while the chronic diseases require an integrated wearable
drug delivery system for long-term treatment and protection (Mirvakili and Langer
2021). The destruction of the intact skin or subcutaneous tissue by sharps, burns, and
blows usually causes chronic wounds, which increases the pain and long-term stress
for patients. Wounds could be infected by pathogens if without proper care where the
infection may cause slow healing and further pain to the patient (Liang et al. 2021;
Farahani and Shafiee 2021). Chronic wound and a series of complications such as
tissue damage, organ failure, and septicemia could be caused by severe wound
infections. Hence, biochemical monitoring and medical treatment of wounds are
vital for wound recovery. In recent years, with the development of intelligent
materials and structures that can respond to various external stimuli, wound treat-
ment can be realized through various kinds of wearable smart wound dressings
(Tang et al. 2021; Tu et al. 2021). Thus, constructing a biocompatible and wearable
wound diagnosis and treatment device to monitor wound status by integrated
biosensor and provide treatment by smart wound dressing is quite important.

To address this, a fully integrated, battery-free, and wireless smart wound dress-
ing was proposed, which had the functions of wound infection monitoring and
on-demand drug delivery (Fig. 13.8a) (Xu et al. 2021b). The proposed wound
dressing established a closed-loop monitoring and drug delivery platform, in
which the system showed its electrical controllability and stability. Through
miniaturized circuits and integrated smartphone application, the smart wound
dressings with integrated NFC modules can realize wireless energy harvesting,
data transmission, on-site signal processing, and on-demand drug delivery control
(Fig. 13.8b). To assess wound condition, the sensors of the dressing synchronously
detected three indicators including wound temperature, pH value, and uric acid. In
the meantime, through electronically controlled antibiotic delivery, the drug delivery
electrodes in the dressing could provide on-demand treatment for wound infections.
In situ animal studies showed that the integrated wearable drug delivery system can
effectively promote wound healing, which fully validated to be effective in the
wound treatment (Fig. 13.8c, d). Utilizing the advantages of NFC technology and
flexible electronics, the battery-free and integrated design of sensing and treatment
provides a promising solution for the development of a closed-loop biomedical
system integrating monitoring, diagnosis, and therapy in single device.

13.4 Conclusion and Future Perspective

In summary, this chapter focuses on the smartphone interface and wearable
biosensors for on-site diagnosis. According to the way of application, the develop-
ment of biosensor technology on smartphone can be divided into two parts: portable
and wearable system. As for smartphones portable biosensors are concerned, the
optical, electrochemical, and PEC-based sensing system were summarized. Among
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Fig. 13.8 Smartphone-based integrated wearable drug delivery system. (a) Schematic diagram of
the smart dressing, which could monitor temperature, pH, and uric acid simultaneously when
attached to the wound and provide feedback treatment through the electronically controlled release
of drug molecules according to the monitoring results. (b) Side view of the wearable drug delivery
patch. (¢) Experiments in rats to assess the effect of dressings on wound healing. (d) Image of
relative wound area over time during wound healing. Reproduced from Xu et al. (2021b). Copyright
2021, Wiley

them, smartphone-based optical biosensors have been making good use of the
integrated camera imaging and optical intensity measurements. These designs are
characterized by simplicity, high miniaturization, and multifunction. However, the
complex operation and quantitation of optical biosensors were not as accurate as
electrochemical methods. The electrochemical biosensors rely on the interface or
external device to excite redox reactions and to sample signal with wireless commu-
nication via Bluetooth, radio frequency (RF) antenna, etc. Among them, the appli-
cation of smartphone-based PEC system for the on-site diagnosis could be expanded
to more fields especially in nucleic acid detection. As for the wearable biosensors,
trends of flexible electronics in building next-generation biosensors for in situ
detection have emerged. The wearable biosensors take advantage of smartphone to
achieve wireless communication and power supply for integrated and miniaturized
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sensing system. The implantable and ingestible biosensors have attracted more
researchers for the capability to capture more direct biochemical information. With
the integrated wearable system, the transdermal drug delivery to human body would
greatly reduce the pain of hypodermic injection, increase the comfort and adherence
of patients, and finally enhance the efficiency of drug administration.

With the revolutionary invention of smartphone, the evolution of electronics
technology has led to decreasing the size but increasing the diverse functions.
These devices can also integrate various sensors and biosensors, making them
portable and wearable with high-resolution image processing and fast computing
ability. As mentioned with above examples, the smartphone-based devices in porta-
ble sensing system could be designed to the size of the palm of hands, and the
wearable system could be miniaturized to a microneedle size or electronic tattoo.
Researches on wearable sensing devices have been widely developed on
smartphones for biomedical applications. But in most application, smartphone
serves only as a control and display analysis device. As the materials and electronics
developed, customizing sensor, special function hardware, and integrated
smartphones will finally meet the growing need for personalization of health man-
agement. In addition, due to the complexity of ergonomic design and the obstacles to
energy supply, these devices still face enormous commercialization challenges. In
the meantime, plenty of clinical trials should be carried out, and collected samples
can be used to prove the availability, biocompatibility, and the anti-interference
properties of these biosensors previous to the next generation of wearable sensors
entering in commercial application. By then, the whole smartphone-based sensing
system can be closely connected with people’s healthcare for sustaining physiologi-
cal monitoring.
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