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In recent years, real-time health management has received increasing attention, benefiting from the rapid
development of flexible and wearable devices. Conventionally, flexible and wearable devices are used for
collecting health data such as electrophysiological signals, blood pressure, heart rate, etc. The monitoring
of chemical factors has shown growing significance, providing the basis for the screening, diagnosis, and
treatment of many diseases. Nowadays, in order to understand the health status of the human body more
comprehensively and accurately, researchers in the community have started putting effort into developing
wearable devices for monitoring chemical factors. Progressively, more flexible chemical sensors with
wearable real-time health-monitoring functionality have been developed thanks to advances relating to
wireless communications and flexible electronics. In this review, we describe the variety of chemical
molecules and information that can currently be monitored, including pH levels, glucose, lactate, uric
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acid, ion levels, cytokines, nutrients, and other biomarkers. This review analyzes the pros and cons of the
most advanced wearable chemical sensors in terms of wearability. At the end of this review, we discuss
the current challenges and development trends relating to flexible and wearable chemical sensors from
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1. Introduction

Real-time health management is essential for disease preven-
tion. However, it is unrealistic for most people to frequently
check their physical condition at a hospital."”* Therefore, rea-
lizing the real-time monitoring of physical conditions without
being restricted by time and place is currently becoming an
urgent goal. The emergence of flexible and wearable devices
has made real-time health monitoring possible. These devices,
which are manufactured based on small, soft, and low-cost
materials, have become ideal instruments for realizing real-
time healthcare monitoring.>® In the past decade, novel flex-
ible electronic devices utilizing unique structural designs and
manufacturing methods have shown great potential for many
practical applications.” " For healthcare monitoring, flexible
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the aspects of materials, electrode designs, and soft—hard interface connections.

and wearable devices have been used to detect electrophysio-
logical signals, such as carrying out electromyography (EMG),
electrocardiography, (ECG),">"® etc. A previous recent review
has summarized emerging flexible and wearable materials and
advanced flexible and wearable devices for monitoring physi-
cal, electrophysiological, chemical, and biological signals.*”
Despite the rapid development of flexible and wearable
technology, there are currently hardly any commercial flexible
and wearable devices for monitoring chemical molecules.”*
Biomarkers are molecules that can objectively be measured
and used as indicators of normal conditions or disease in the
human body.”>>® The levels of these biomarkers (mostly
chemical molecules) reflect the health status of the body and
provides a basis for the screening, diagnosis, and treatment of
diseases.”*™® In the past, due to a lack of equipment and
monitoring methods for biomarkers, many studies did not
suggest the importance of using biomarkers for real-time and
continuous healthcare monitoring. Therefore, the application
potential of biomarkers was greatly weakened.>*" In recent
years, with the improvement of wireless communications and
flexible and wearable device technology, the monitoring of bio-
markers has become possible.”** An increasing number of
flexible and wearable sensors for biomarkers are being devel-
oped. Using flexible and wearable devices for the continuous
real-time monitoring of biomarkers can allow for the more in-
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depth monitoring and diagnosis of personal physical con-
ditions. The Gao and Wang research groups have been
working on the development of flexible and wearable devices
for biomarkers for many years.>>*° Flexible and wearable
devices for the real-time monitoring of biomarkers such as
glucose, lactate, ions, and uric acid in some body fluids (sweat
and interstitial fluid (ISF)) have been developed, and several
review articles have also been published discussing the latest
progress relating to these biomarkers.”*'** Most relevant
reviews mainly describe the electrode materials and perform-
ances of sensors, but wearability has rarely been discussed.

Wearable electronics are devices that can be worn or joined
to human skin to continuously and closely monitor the activi-
ties of an individual without interrupting or limiting the user’s
motions.>?*®*> The features that affect wearability include the
device stretchability, softness, adhesion to skin, breathability,
and biocompatibility.**"*® Human skin can sustain large strain
(up to at least 15%).*® In order to achieve the stable monitor-
ing of the skin deformation process, ensure consistent contact
with the skin, and prevent skin damage, a wearable device
needs to have a certain degree of stretchability (more than
15%) and softness and it should exhibit an elastic modulus
similar to that of skin (~100 kPa) to ensure conformal contact
with the skin.*® In addition, stable contact between electrodes
and the skin mainly depends on strong interfacial adhesion
between electrodes and skin. Excellent interface adhesion
can effectively improve the signal-to-noise ratio (SNR) and
signal acquisition accuracy.’® During long-term monitoring,
water vapor and sweat will inevitably appear on the skin.
This requires wearable devices to have a certain degree of
breathability to avoid skin irritation and electrode failure
caused by water vapor and sweat residue.’” Finally, minimizing
health and safety issues arising from wearable devices being
in contact with the skin is also crucial. As described, the
development of biocompatible wearable devices is of great
significance.”’"*>

The integration of flexible and wearable chemical sensors is
a complex process. Starting from flexible materials, electrodes
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for signal monitoring and collection are first designed on flex-
ible materials. These electrodes are key equipment converting
chemical signals into measurable analysis signals. The pre-
pared flexible electrodes are combined with a printed circuit
board (PCB) to form a complete flexible and wearable device.
Pairing with mobile devices through wireless communication
technology  (Bluetooth or near-field communication
(NFC)***") can enable real-time data collection, transmission,
and analysis. Devices can share results with and receive health
guidance from doctors in hospitals remotely in real-time.
Flexible and wearable devices set up a bridge between hospi-
tals and homes for advancing telemedicine. Electrochemical
analysis can allow in situ detection, high sensitivities, fast
responses, and simple detection processes.’® In this review,
the discussed chemical sensors are mostly electrochemical
sensors. Considering that all the electrochemical sensors use
the same sensing mechanism, converting chemical signals
into electrical signals, we are inclined to divide this work into
sections based on the chemicals or chemical processes being
sensed. The emphasis of our review is on the wearability of the
chemical sensors (including those for pH levels, glucose,
lactate, uric acid, ion levels, cytokines, nutrients, and other
biomarkers) (Fig. 1). This review focuses on the wearability of
the sensors, including stretchability, softness, adhesion to
skin, breathability, and biocompatibility. We also analyze the
advantages and disadvantages in terms of practical wearability.
At the end of this review, we discuss current challenge and
developing trends relating to flexible and wearable chemical
sensors from the aspects of materials, electrode designs, and
soft-hard interfacial connections.

2. pH sensors

pH sensors are some of the most commonly used sensors,
since pH is an important parameter during water quality

detection, health monitoring, food processing, and other

processes.”” >°

Generally, the pH ranges of sweat and blood
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Fig. 1 An overview of flexible and wearable sensors for monitoring chemical molecules.

are 4.5-6.5 and 7.35-7.45, respectively.®>®' Most pH sensors
are fabricated based on electrochemical principles. The active
materials in these sensors show different electrochemical
signals.®”"®* Advances in pH sensing technology have focused
on improving sensitivity, stability, and biocompatibility
through the use of suitable materials and achieving rapid
responses over a wide pH range.®®

Most reported pH sensors operate based on potentiometric
methods.®® These sensors consist of a pH-sensitive working
electrode and a reference electrode with a stable potential. The
sensor operates due to the working electrode material showing

Xijian Liu received his M.S.
degree from Beijing University of
Chemical Technology in 2004
and his Ph.D. degree from
Donghua University in 2015.
Dr  Liu  joined  Shanghai
University of Engineering Science
as a faculty member in 2004 and
was promoted to an associate

‘ R professor in 2018. He focuses on

\ V7 y research related to developing

N 5 /'/ | multifunctional — nanomaterials
Xijian Liu for biomedical application.

This journal is © The Royal Society of Chemistry 2022

different potentials in different pH environments. Glass-based
pH electrodes are prime examples, however their application is
limited due to the large volume and rigidity.°® In recent years,
most reported pH sensors have been presented in thin film
form.®” In work by the Santos team, a sensor was assembled
from electrodeposited WO; nanoparticles on a flexible elec-
trode. The fabricated sensor shows sensitivity of —56.7 *
1.3 mV per pH over a wide pH range of 9 to 5 (Fig. 2a).® As a
typical metal oxide pH sensor, the sensor could be integrated
on a flexible substrate, expanding its application to a certain
extent, but it lacked good stability and adhesion to the skin. In

Zhiyuan Liu is currently a pro-
fessor at Shenzhen Institute of
Advanced Technology, Chinese
Academy of Sciences, China. He
received his B.S. from Harbin
Institute of Technology and was
awarded his Ph.D. in Materials
Science and Engineering (MSE)
in 2017  from  Nanyang
Technological University (NTU),
Singapore. During that time, he
worked with Prof. Xiaodong
Chen in Singapore and Prof.
Zhenan  Bao in  Stanford
University. His research interests are related to soft and stretch-
able bio-interface sensors.

Zhiyuan Liu

Nanoscale, 2022, 14,1653-1669 | 1655


https://doi.org/10.1039/d1nr06244a

Published on 21 December 2021. Downloaded on 6/20/2026 11:34:59 AM.

Minireview

View Article Online

Nanoscale

a 0.75 b Sensor ports Polyaniline Ag/AgCl
= Sensitivity: -56.7 + 1.3 mV/pH Ny -
070 R?=0.995
<
g 0.65
2060
5
T 0.55
c
Wound
0.45
9 8 v 6 o [ W AgCl  m Carbon  ® PANI Electrolyte w
pH
(o -
+  Acid Solution ™% i+
Basic Solution . H*
@~ o
s / Pani Membrane | ( —OH-
//// — Acid radical ion

PI Substrate

#<. —PANI chain

3

> —Protonation
/ —=—Deprotonation

- Glucose |

,’. ‘.P“«\

i
H Hydrogel
) B iy
! | ’ i .
R 3 | — o
VN N | cox me | Vowd
0 - — - / ; Phenol red 3
Stretch  Normal Compress bogsn conainad

Sensing

e -—
5

area

Fig. 2 Some pH sensors. (a) A WOs-based flexible pH sensor without softness or stretchablity.®® This figure has been reproduced from ref. 68 with
permission from the American Chemical Society; copyright: 2014. (b) A low-cost pH sensor array for wound monitoring.®® This figure has been
reproduced from ref. 69 with permission from Elsevier B.V.; copyright: 2016. (c) A flexible pH sensor based on conductive polyaniline membrane.”*
The sensor is hard and non-stretchable, limiting its long-term wearability. This figure has been reproduced from ref. 71 with permission from the
Royal Society of Chemistry; copyright: 2020. (d) A stretchable and soft electrochemical sweat sensor attached to skin for glucose and pH detec-
tion.”? The sensor has good adhesion to the skin and can be directly attached to the skin. In addition, the sensor is able to stretch and compress
with the skin due to its softness and stretchability. This figure has been reproduced from ref. 72 with permission from the American Chemical
Society; copyright: 2018. (e) A multifunctional pro-healing amphoteric ionic hydrogel for the simultaneous monitoring of pH and glucose for dia-
betic wound therapy.”® The ionic hydrogel can conformally attach to the skin due to its good adhesion properties and low elastic modulus. This
figure has been reproduced from ref. 76 with permission from WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2019.

addition to metal-oxide-based pH sensors, flexible pH moni-
toring equipment based on polyaniline (PANI) has also been
developed in recent years. Rahimi et al. developed a low-cost
pH sensor based on PANI for wound monitoring (Fig. 2b).%®°
PANI was used as a working electrode on a patterned commer-
cial polymer layer.”® The large elastic modulus of the pH
sensor array substrate limits the practical application of the
sensor. To improve the softness of the substrate, the Li’s team
integrated a miniature pH sensor on polyimide (PI) consisting
of a composite electrode modified with polyaniline.”* The
sensor showed good reproducibility and sensitivity but its low
stretchability further limited the wearability (Fig. 2¢). Oh et al.
investigated a stretchable sensor that could detect pH and
glucose in sweat based on a polydimethylsiloxane (PDMS) sub-
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strate.”> The sensor can work normally under a strain of up to
30%, which enables the sensor to maintain good performance
on the surface of the skin. This sensor demonstrated long-
term stability for 10 days (Fig. 2d). Zhai et al. prepared a
sensing system for the specific detection of pH via modifying
an electrode with polyaniline, sodium ionophore X, and a vali-
nomycin-based selective membrane, and this could maintain
performance under tensile stress.”® It can be seen that stretch-
able sensors have received more attention in the wearable
field. However, substrate materials with low elastic modulus
values and good adhesion to the skin need to be developed.

In addition to common electrochemical-based pH sensors,
there are optics-based pH sensors.”*”> Zhu et al. developed a
multifunctional amphoteric ionic hydrogel to monitor wound

This journal is © The Royal Society of Chemistry 2022
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status in diabetic patients (Fig. 2e).”® In this study, pH was
recorded through an image collection and RGB analysis
process, as the hydrogel doped with indicator dye shows
different colors at different pH values. This study shows a
novel path for pH monitoring. However, sensors based on
optical signals have a high dependency on the data analysis
abilities and their application is only viable in visible environ-
ments. The long-term stabilities of these sensors and their
applicability in different environments are areas to be
advanced in the future.

3. Glucose, lactate, and uric acid
sensors

Glucose, lactate, and uric acid are common physiological and
chemical molecules in the human body which are directly
related to some diseases.”” *® Glucose is the main source of
energy for cell activities. At the same time, the presence of too
much glucose in the blood is the main cause of diabetes and
its many complications. Therefore, maintaining a suitable
glucose concentration in the blood is essential for preventing
diabetes.®" Lactate is also an important health indicator for
organisms, and it is related to the effects of exercise on the
body and several diseases, such as heart failure, metabolic dis-
orders, and renal failure.®” Uric acid is generally related to
wound healing. The content of uric acid in wound exudate can
reflect the status of wound infection. During bacterial infec-
tion, uric acid is decomposed under the action of microbial
uricase, leading to a significant decrease in its concen-
tration.”® In addition, high uric acid concentrations in body
fluids may also cause gout.®® Therefore, the real-time monitor-
ing of glucose, lactate, and uric acid is essential for healthcare.
The concentrations of these molecules are important for asses-
sing health.®*"®¢ Typically, glucose levels in blood and sweat
are 3.3-6.5 mM (ref. 87) and 0.05-0.1 mM,®® lactate levels are
0.5-1.5 mM and 5-25 mM,* and uric acid levels are 0.389 =+
0.064 mM and 0.025 + 0.007 mM,’® respectively. In recent
years, chemical sensors for monitoring the above-listed mole-
cules have been developed. In particular, continuous health
monitoring based on wearable sensors has been considered to
be a promising method for supporting personal healthcare.***
Most of these sensors are designed to monitor changes in elec-
trical signals caused by redox reactions, and the concen-
trations of the corresponding molecules can be obtained
based on electrical signals.’*?

The content of glucose in the blood is closely related to
human health.*>** Current clinical methods for measuring
blood glucose mostly involve blood sampling from the finger.
As an invasive method, this undoubtedly causes pain to
patients. Therefore, non-invasive glucose monitoring has been
widely studied.”®” The Zahed team developed a glucose
sensor for sweat monitoring.”® Graphene electrodes integrated
on a PI substrate were modified with glucose oxidase, fabricat-
ing a glucose sensor with high sensitivity and stability.
However, this substrate does not have enough softness and

This journal is © The Royal Society of Chemistry 2022
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stretchability to be worn on the body. Hong et al. developed a
disposable glucose strip sensor for the sweat and a wearable
smart bracelet.”® The disposable sensor strips can be applied
to the skin surface, but the smart bracelet is not flexible and
the wearing comfort over a long period of time poses chal-
lenges (Fig. 3a). The Kim team presented a study using a
single wearable skin platform for the non-invasive sampling
and analysis of glucose concentrations in sweat and ISF simul-
taneously (Fig. 3b).°® The substrate material of the sensor is
soft and has good adhesion to the skin. The FPCB adopted in
this study increases wearability, while the use of a single
device to achieve the monitoring of different biofluids provides
a reference method for future non-invasive glucose monitor-
ing. Some studies have suggested more accurate monitoring
through minimally invasive methods.'** "% The Zhang team
developed a glucose sensor with a micro-needle structure.'®*
Glucose oxidase and a gold nanocoating were used to modify
the polymer micro-needles. In addition, methods for monitor-
ing glucose based on optical signals have also been
developed.'”'%® Li et al. studied a glucose sensor based on
chemiluminescence.'®” As glucose monitoring is popular in
healthcare, designing real-time-monitoring sensors with accu-
rate and reliable results will always be an area of study.

Sweat is an important method of lactate excretion. In past
studies, the relationship between lactate concentration and
human health has been widely considered.'®® Imani et al.
developed a screen-printed three-electrode lactate biosensor
for real-time monitoring. The system was integrated on a flex-
ible substrate for monitoring lactate in sweat.”® However, the
non-stretchable substrate of the monitoring system limits its
wearability. Anastasova et al. designed a sweat sensor with a
microfluidic structure. It can simultaneously measure the con-
centrations of hydrogen, sodium, and lactate in human
sweat."® The sensor is based on a soft polymethyl methacry-
late (PMMA) material. Low-elastic-modulus substrate materials
can achieve good adhesion with the skin. Wang et al. studied a
fabric-based lactic acid sensor. This sensor based on a fabric
substrate has breathability and high sensitivity, and the sensi-
tivity can be maintained under high tensile strain of up to
100%.%° Current studies usually monitor lactate in sweat,
while a few studies have monitored the lactate content in the
blood.?”*'® Meanwhile, it is also a challenge to explore stan-
dards relating to lactate concentration and physiological health.

The levels of uric acid, as a cause of gout, are very impor-
tant for the prognosis, diagnosis, and treatment of related
diseases."""™""? In recent years, the non-invasive monitoring of
uric acid has been researched.*>"'*'"® The Yang team devel-
oped a three-dimensional electrochemical biosensor array for
uric acid monitoring.'*® The sensor has high sensitivity and
stability, but the substrate of the sensor is hard, which does
not support wearable applications. The Xu team has developed
a multifunctional sensor for wound monitoring integrated on
a flexible substrate that can monitor pH, temperature, and uric
acid (Fig. 3c).""” The sensor showed good sensitivity and stabi-
lity, and wearable monitoring was achieved in rats. However,
the sensor integrated on a PI substrate is not soft enough, and

Nanoscale, 2022, 14,1653-1669 | 1657
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Fig. 3 Some glucose, lactate, and uric acid sensors. (a) A disposable sweat-based glucose sensing strip with skin adhesion.®® The sensor can be
worn on the wrist, however its large size can make it uncomfortable to wear. This figure has been reproduced from ref. 99 with permission from
WILEY-VCH Verlag GmbH & Co. KGaA; copyright: 2018. (b) A soft adhesive glucose sensor for the monitoring of sweat and ISF.°¢ The sensor is
directly attached to the skin with good adhesion. This figure has been reproduced from ref. 96 with permission from WILEY-VCH Verlag GmbH &
Co. KGaA; copyright: 2018. (c) A flexible smart dressing without stretchability,'*” limiting the wearability. This figure has been reproduced from ref.
117 with permission from WILEY-VCH GmbH, copyright 2021. (d) An optical soft adhesive biosensor for detecting uric acid, glucose, and alcohol in
sweat.''® This figure has been reproduced from ref. 118 with permission from Elsevier B.V.; copyright: 2021. (e) A versatile, flexible, and adhesive bio-
sensor for sweat analysis and personalized nutrition assessment.**® The sensor can be attached directly to the skin, however the sensor has a high
elastic modulus. This figure has been reproduced from ref. 119 with permission from the Royal Society of Chemistry; copyright: 2019. These sensors
achieve certain wearability criteria, such as adhesion to skin, stretchability, and softness. However, these sensors all require improved breathability to
improve their long-term wearability.

its applications are limited when facing a large wound area. At
present, uric acid monitoring technology has been quite exten-
sively studied but research on its specificity and wearability is
still lacking.

Glucose, lactate, and uric acid are common monitoring
factors, but their monitoring is not completely independent.
The Zhou team has developed a biosensor that can simul-
taneously detect uric acid, glucose, and alcohol in sweat; the
sensor uses optical signals to monitor these chemical factors

1658 | Nanoscale, 2022, 14, 1653-1669

(Fig. 3d).""® The design of the sensor is novel, and it can
convert chemical signals into optical signals. The substrate
material is flexible, but it is not soft enough and does not have
stretchability. Zhang et al. studied a multifunctional wearable
biosensor for monitoring pH, glucose, and lactate in sweat
(Fig. 3e).'*® The substrate material is non-stretchable and the
stability of the sensor presents a challenge. It can be seen that
sensor development is trending toward diversification, but the
realization of multiple-factor monitoring in one device

This journal is © The Royal Society of Chemistry 2022
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requires sensors with sufficient specificity and compensation
to meet diverse monitoring scenarios.

4. lon sensors

Sodium, potassium, and chlorine are mainly not only found in
extracellular and intracellular fluids but also in human
sweat."?*'*! Sodium ions and potassium ions play important
roles in regulating osmotic pressure. A lack of sodium and pot-
assium ions in sweat may cause dehydration, hyponatremia,
hypokalemia, or muscle cramps."**'** Normally, the content
levels of sodium and potassium in sweat are 66.3 + 46.0 mM
and 9.0 + 4.8 mM, respectively, and the content levels in blood
are 140.5 + 2.2 mM and 4.8 + 0.8 mM, respectively. The con-
centrations of chloride ions in blood and sweat are 98.9 +
6.7 mM and 59.4 + 30.4 mM, respectively. Typically, the
calcium content levels in blood and sweat range from 2.0 to
2.6 mM and from 4 to 60 mM, respectively.’”'** Excessive
sodium and chloride content levels may also cause cystic fibro-
sis (CF).>*'*? Calcium is an important part of the skeleton'?’
and it is also present in biological fluids, such as blood, urine,
and sweat.'®® An abnormal calcium ion content may cause an
acid-base imbalance in the body, liver cirrhosis, or other
diseases.'?*"*?® Therefore, the detection of these ions is essen-
tial for disease prevention and health management. However,
the detection of these ions is mostly carried out in the labora-
tory."* These processes are cumbersome and costly, and real-
time monitoring and analysis cannot be carried out.
Therefore, it is important to develop comfortable, flexible, and
wearable devices that can monitor ion concentrations in real
time.

For the real-time monitoring of ions, corresponding wear-
able devices have been developed. Schazmann et al.'>* fabri-
cated a sodium sensor belt for the collection and analysis of
back sweat based on sodium ion-selective electrodes (ISEs),
water-impermeable plastic (made via the 3D printing of acrylo-
nitrile butadiene), and sweat-absorbing material (Lycra, used
to collect sweat) connected to a potentiometer. Bandodkar
et al.’*® invented a body surface tattoo potential-based sodium
sensor also based on a sodium ISE (Fig. 4a). The adhesion of
the tattoo patch to the skin can effectively resist interference
from skin deformation on the electrode and realize stable
monitoring. The sensor is connected to a Bluetooth wireless
transceiver embedded in an armband for the real-time and
continuous monitoring of the sodium ion levels in human epi-
dermal sweat. However, the sensor belt has a large volume and
poor wearing comfort. The tattoo potential-based sodium
sensor has good adhesion to the skin, but the breathability
needs to improve. These factors limit the long-term use of the
sensors. Wang et al."*" fabricated gold nanodendritic (AuND)
arrays in situ on microporous patterned chips via one-step elec-
trodeposition. The AuND electrode exhibits a three-dimen-
sional branched structure, showing significantly high surface
area and hydrophobicity. Finally, a wearable sweat belt plat-
form was designed to continuously collect sweat and analyze

This journal is © The Royal Society of Chemistry 2022
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the concentration of Na* (Fig. 4b). Bujes-Garrido et al."** used
screen-printed electrodes on Gore-Tex fabric to measure chlor-
ide ions. The detection of chloride ions is based on the voltam-
metric peak potential Nernst shift of ferrocene ethanol in the
presence of chloride ions. A Cr/Au electrode array is prepared
via photolithography on a PET substrate and then the calcium
ISE is prepared via electrochemical deposition (Fig. 4c)."*” The
logarithmic concentration of calcium ions is proportional to
the potential difference between the ISE and the reference elec-
trode. The flexible sensor is connected to a flexible printed
circuit board (FPCB), and a Bluetooth connection with a
mobile phone realizes signal conversion, processing, and wire-
less transmission. The ion concentration on the body surface
can be monitored in real time via a mobile phone. The above
ion sensor can only realize the detection of a single ion, and
the sensor has a relatively large volume, high elastic modulus,
and poor adhesion with the skin, and it is airtight, limiting its
application in the wearable field.

Integrating the detection of two or more types of ion in one
sensor and improving the wearability have become focuses of
next-generation research. Graphene electrodes based on highly
flexible paper with integrated ISEs can realize the simul-
taneous monitoring of sodium ions, calcium ions, potassium
ions, and chloride ions.*®'**'3* Xu et al.>® integrated an NFC
module, an on-site signal processing circuit, and a fully
printed stretchable electrode array, allowing the real-time
detection of calcium and chloride ions in various biofluids
(Fig. 4d). This kind of highly flexible paper needs adhesive
tape to be fixed to the skin, and it needs to be connected to a
huge hard device, which cannot be used for a long time.
Sodium ion and potassium ion sensors and sodium ion and
chloride ion sensors have been integrated on a mechanically
flexible PET substrate at the same time to realize the simul-
taneous monitoring of two ions in combination with a
FPCB to realize real-time data analysis and transmission. In
addition, there are also many heavy metal ions in human body
fluids, and these are also closely related to human health. Gao
et al.*® fabricated an ion sensor on a PET substrate to selec-
tively measure a variety of heavy metal ions (Zn, Cd, Pb, Cu,
and Hg) via anodic stripping voltammetry (Fig. 4e). The con-
centration of heavy metal ions in sweat can be monitored in
real time during exercise via integrating sensors with a FPCB
directly on the skin. However, PET has poor adhesion to the
skin and this may cause errors in the monitoring results due
to the inability to adapt to skin deformation during the
wearing process. At present, most developed wearable real-
time ion content sensors are based on connections between
fabric, paper, or flexible PET film materials and a FPCB that
can be used for wireless transmission.*®*%1?7:133 However,
these materials have high elastic modulus values and do not
easily adhere to the skin (Table 1). They also have poor stretch-
ability. As a result, such wearable devices cannot avoid detec-
tion errors caused by skin and electrode slippage, and long-term
wear may cause discomfort. In addition, the numbers of detec-
tion electrodes in the sensors are limited and electrode distri-
butions are heterogeneous; this may result in incomplete data
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Fig. 4 Some ion sensors. (a) An epidermal temporary transfer tattoo potential-based sensor and a miniature wearable wireless transceiver are used
to monitor the sodium content in human sweat in real time.**° The tattoo potential-based sodium sensor has the good adhesion with the skin, but
the breathability needs to be improved. This figure has been reproduced from ref. 130 with permission from Elsevier B.V.; copyright: 2014. (b) A
wearable sweat belt platform was designed to continuously collect and analyze the concentration of Na* in sweat.*! This figure has been repro-
duced from ref. 131 with permission from the American Chemical Society; copyright: 2017. (c) A soft multifunctional sensor can monitor pH and
calcium ions in sweat.?’ This figure has been reproduced from ref. 127 with permission from the American Chemical Society; copyright: 2016. (d) A
battery-free and flexible electrochemical patch based on a smartphone, developed to detect calcium and chloride ions in various biological fluid
samples in real time.>® This kind of highly flexible paper sensor needs adhesive tape to be fixed to the skin and it needs to be connected to a huge
hard device, which cannot be used for a long time. This figure has been reproduced from ref. 53 with permission from Elsevier B.V.; copyright: 2019.
(e) A flexible and wearable micro-sensor array based on Au and Bi microelectrodes using electrochemical square wave anodic stripping voltammetry
(SWASV) to simultaneously monitor heavy metal ions (Zn, Cd, Pb, Cu, and Hg ions) in human body fluid samples.*® This figure has been reproduced
from ref. 40 with permission from the American Chemical Society; copyright: 2016. The sensors shown in (c) and (e) can be made into belts that can
be worn directly on the arm or other areas of the human body. However, PET has poor adhesion to the skin and a high elastic modulus, possibly
causing errors in monitoring due to the inability to adapt to skin deformation during the wearing process.

and non-comprehensive explanations of problems. In sub-
sequent studies, the use of materials with lower elastic
modulus values, better skin adhesion, and higher levels of
wear comfort (such as SEBS, PDMS, Ecoflex, etc.) to achieve the
integration of high-density electrode arrays for detection over a
limited area should be studied.

5. Cytokine sensors

Cytokines are mainly small molecular proteins with a wide
range of biological activities that are synthesized and secreted
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by a variety of immune cells (T cells, B cells, macrophages,
etc.)."*>'3® Cytokines have powerful biological functions. For
example, interleukin (IL) plays an important regulatory role in
immune regulation, hematopoiesis, and inflammation."*”~"*°
Some tumor necrosis factors (TNF-a, TNF-B) can kill virus-
infected target cells or tumor cells.>*'*® Transforming growth
factor-p (TGF-p) can stimulate fibroblasts and osteoblasts to
promote the repair of wounded tissue."*"' The average concen-
trations of IL-1, TNF-a, and TGF-p are 17.8, 0.767, and 0.114 ng
mL ™", respectively, in wound fluid."*> As common biomarkers,
cytokines are closely related to the regulation of the immune
system.'*® Therefore, the detection of cytokines has been the
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Table 1 A summary of flexible and wearable chemical sensors for routine chemical monitoring

Analyte Analytical technique Recognition element Materials and platform Ref.

Glucose Electrochemical: amperometry Lactate oxidase (LOX) PET film 38

Lactate Electrochemical: potentiometry Glucose oxidase (GOX) FPCB

Potassium ions Sodium-ionophore-based ISE

Sodium ions Potassium-ionophore-based ISE

Glucose Electrochemical: amperometry GOX PET film 99

PCB

Glucose Electrochemical: amperometry GOX PI film 98

pH Electrochemical: potentiometry PANI

Glucose Optical: colorimetry GOX Double-sided tape substrates 118

Uric acid Uricase

Alcohol Alcohol dehydrogenase

Lactate Electrochemical: amperometry LOX PMMA film 109

Sodium ions Electrochemical: potentiometry Sodium-ionophore-based ISE

pH IrOx

Blood pressure Ultrasonic analysis Piezoelectric transducers SEBS film 37

Heart rate Electrochemical: amperometry GOX

Glucose Differential pulse voltammetry LOX

Lactate Alcohol oxidase

Caffeine

Alcohol

Glucose Optical: colorimetry GOX Filter paper 119

Lactate LOX

pH pH indicator solution

Uric acid Differential pulse voltammetry Uricase PDMS film 117
Electrochemical: potentiometry

pH PANI PI film

Temperature Temperature sensor chip FPCB

Glucose Electrochemical: amperometry GOX PI film 89

Sodium ions Electrochemical: potentiometry

focus of extensive research in recent years, and the realization
of the real-time, accurate, and highly specific detection of cyto-
kines is a target for clinical diagnosis and prevention.

The enzyme-linked immunosorbent assay (ELISA) is a tra-
ditional and standard cytokine detection method."*®'** The
ELISA method is based on specific binding between an
enzyme-labeled molecule and an antibody or antigen molecule
on a solid carrier. After the substrate solution is added drop-
wise, the substrate is oxidized under the action of the enzyme
to undergo a color-change reaction to determine whether a
corresponding immune response is present. However, the ana-
lysis of this method is cumbersome and time-consuming."*®

Another method for detecting cytokines is electrochemical
analysis, which is based on the relationship between a change
in impedance or capacitance and the concentration of the
measured substance or the CV curve during voltammetry.
Aptamers or antibodies that can specifically bind to the
detected molecules are immobilized on a substrate, such as a
silicon wafer, glass, or a PCB."*®'1%14%145 when the detected
molecule is bound to the electrode surface, the capacitance
decreases as the thickness of the biomolecular film on the
electrode surface increases due to the low dielectric constant
of the proteins. Alternatively, the electrode impedance varies
with the concentration of the measured molecule. However,
protein molecules other than the target molecules may also
non-specifically bind to the aptamer or antibody, resulting in
changes in capacitance or impedance and a reduction in accu-
racy. Although single or multiple cytokines can be detected in

This journal is © The Royal Society of Chemistry 2022

Sodium ionophore

microarray and multiplex modes on hard and rigid substrates,
the flexible and wearable real-time monitoring of cytokines for
convenient healthcare monitoring is limited. Wang et al.**®
developed an aptamer graphene-Nafion field effect transistor
(GNFET) sensor for sensitive and continuous cytokine detec-
tion (Fig. 5a). The Cr/Au metal electrode of the sensor is pre-
pared using photolithography and electron beam deposition
technology to transfer graphene to the electrode. The combi-
nation of IFN-y and the aptamer at different test molecule con-
centrations leads to a change in graphene charge due to
electrostatic induction, resulting in detectable saturation
source leakage currents of different magnitudes. In addition, a
flexible and wearable sensor was fabricated on ultra-thin PET
(6 pm), initially showing high flexibility and robustness for the
real-time analysis of human sweat. Although this sensor shows
excellent performance in the detection of cytokines, it cannot
achieve good levels of wearability. Later, a flexible microfluidic
multi-channel sensing platform was studied."*' This sensor
was mainly used to analyze the state of wounds, including the
collection and real-time monitoring of wound exudate. The
real-time monitoring of cytokines (TNF-a, IL-6, IL-8, and TGF-
B1) depended on the integration of the sensor, a portable wire-
less analyzer, and an attached application. The sensor used
the dressing SU-8 as a substrate. At the same time, an
advanced wireless transmission and data processing system is
required to achieve the application of this real-time flexible
and wearable device in health management. Although the
detection of cytokines has been going on for decades, the
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Fig. 5 Some cytokine and nutrient sensors. (a) A flexible and regenerative aptamer field-effect transistor biosensor composed of graphene-Nafion
composite film used to detect cytokines (IFN-y, an inflammation and cancer biomarker) in undiluted human biofluid samples.**¢ Although this
sensor shows excellent performance in the detection of cytokines, it cannot achieve good wearability. This figure has been reproduced from ref. 146
with permission from Wiley-VCH GmbH; copyright: 2020. (b) A wearable tear-based bioelectronic platform that integrates a microfluidic electro-
chemical detector into the nose pad of glasses for the non-invasive monitoring of key tear biomarkers (ethanol, glucose, and vitamins).® This figure
has been reproduced from ref. 35 with permission from Elsevier B.V.; copyright: 2019. (c) A flexible wearable sensor that selectively measures the
concentration of vitamin C in biological fluid samples such as sweat, urine, and blood.’*® PET is non-stretchable, airtight, and hard with a high
elastic modulus. Although it achieves basic wearability, the monitoring process results in a series of problems, such as uncomfortableness during
wearing and bringing motion artifacts. This figure has been reproduced from ref. 158 with permission from Wiley-VCH GmbH; copyright: 2020. (d) A
disposable, non-invasive, flexible, and printable wearable electrochemical sensor for the intake and dynamic monitoring of vitamin C in epidermal
sweat.®*® The high-quality adhesion of flexible PU to the skin reduces the impact of skin deformation on the sensor. However, the breathability
needs to be resolved for long-term wear. This figure has been reproduced from ref. 36 with permission from American Chemical Society; copyright:
2020.

development of highly specific, stable, and flexible wearable early malnutrition is necessary for physical development and
chemical sensors for the long-term real-time monitoring of growth. Second, monitoring nutrient levels can provide a basis
cytokines is still in its infancy, requiring continuous for achieving a healthy diet, weight control, and the prevention
exploration. of obesity and obesity-related diseases.">"*>*> For example, vita-
mins are essential nutrients for the normal growth of the
human body. A lack of vitamins can result in many diseases.

6. Nutrient sensors

Nutritional balance has a long-term impact on physical and
mental health.'*”'*® A lack of nutrition will affect the develop-
mental potential of children and cause risks such as stunted
growth or poor cognitive development.'*>**° Thus, preventing

1662 | Nanoscale, 2022, 14, 1653-1669

Detection methods for vitamins mainly include microbial ana-
lysis and chromatographic analysis.">*"'>® These analysis pro-
cedures are costly and sample preparation can be complicated
and time-consuming. Vinu Mohan et al.**’ fabricated a sensor
with screen-printed electrodes on a PET substrate. The sample
was dropped on the electrode surface for analysis. The results
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showed that cyclic square wave voltammetry (SWV) can
produce obvious electrochemical signals from multiple vita-
mins (vitamins B12, B1, B2, B6 and C), which is the first proof
of the feasibility of using voltammetry to identify multiple vita-
mins at the same time; this can provide a basis for subsequent
related research. However, wearable equipment for real-time
nutrient detection is still in the primary stage. Sempionatto
et al.*® installed a PET-based sensor on the nose pad of glasses
and used screen-printed electrodes and cyclic SWV to detect
the multivitamin content in tears (Fig. 5b). This is the first
example of the non-invasive monitoring of vitamins and fills a
gap relating to the use of flexible and wearable devices for real-
time vitamin monitoring. Zhao et al.'>® integrated a wearable
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sensor on PET that can monitor vitamin C in sweat, urine, and
blood (Fig. 5¢). The sensor realizes the detection of vitamin C
from the pM to the mM level through a surface-modified
sensor with Au NDs, a conductive polymer, and a protective
film layer. At present, most sensors for monitoring nutrients
still employ PET as the substrate. As mentioned earlier, PET is
non-stretchable, airtight, and hard with a high elastic
modulus. Although it can support basic wearability, related
monitoring processes will face a series of problems, such as
uncomfortableness during wearing and bringing motion arti-
facts. Later, Sempionatto et al.>® used stretchable silver ink to
prepare snake-shaped wires on a flexible polyurethane (PU)
substrate (Fig. 5d). The IP electrode and reference electrode
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Fig. 6 Some sensors for other biomarkers. (a) The non-invasive sweat-based tracking of levodopa pharmacokinetic profiles following oral tablet
administration.'®* This approach does not achieve wearability due to the special detection method used. This figure has been reproduced from ref.
161 with permission from Wiley-VCH GmbH; copyright: 2021. (b) A textile-based wearable solid-contact flexible fluoride sensor for the bio-detection
of G-type nerve agents.>* Based on the stretchability and breathability of flexible printed textiles and their potential for integration into clothing, this
study achieves preliminary wearability. This figure has been reproduced from ref. 34 with permission from Elsevier B.V.; copyright: 2021. (c)
Simultaneous cortisol/insulin microchip-based detection using dual enzyme tagging.'®? This device uses 0.76 mm-thick PETG (glycol-modified PET)
as the substrate. However, PETG is non-stretchable and hard with a high elastic modulus and it does not achieve wearability. This figure has been
reproduced from ref. 162 with permission from Elsevier B.V.; copyright: 2020. (d) A stretchable stress-free cortisol sensor based on touch.'®® The
stretchable epidermal patch based on SEBS can adhere to skin. This figure has been reproduced from ref. 163 with permission from Wiley-VCH
GmbH; copyright: 2021.
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were printed with Ag/AgCl ink, the working electrode was
printed with Gwent graphite ink, and the wires were finally
packaged with Ecoflex. The detection of vitamin C is deter-
mined via a redox reaction with ascorbate oxidase on the elec-
trode surface using voltammetry. The high-quality adhesion of
flexible PU to the skin reduces the impact of skin deformation
on the sensor, which is a major advancement in the area of
flexible and wearable devices for nutrient detection. However,
this field still faces huge challenges, such as achieving high-
efficiency body fluid collection and avoiding the non-specific
binding of other substances and aptamers.

7. Other biomarker sensors

Some other biomarkers are also important physiologically for
human health monitoring.****° For example, biomarkers can
be used to monitor infection, and some biomarkers can also
play a role in regulating the body.>*'®® Their monitoring is
very important, but limitations relating to detection methods
and specificity control during testing have hampered research
in this field. The plasma levodopa level is associated with
Parkinson’s disease progression. Moon et al. developed a
finger-based sensing system to detect the pharmacokinetic
profile of levodopa (Fig. 6a)."®" The system offers the possi-
bility of the personalized treatment of Parkinson’s disease in a
non-invasive manner. Although this device achieves touch-
based sweat sensing to detect levodopa, it does not achieve
wearability due to the special detection method. For wound
monitoring, infections caused by bacterial breeding can cause
changes in many physiological signals.** The specific monitor-
ing of some biomarkers can be used to analyze bacterial
species for targeted treatment. Goud et al. developed a solid
contact potential sensor based on flexible printed textiles for
the selective detection of fluoride anions liberated upon the
biocatalytic hydrolysis of fluorine-containing G-type nerve
agents (Fig. 6b).>* The sensor is highly reversible and repeata-
ble, and it can show strong mechanical elasticity under large
mechanical strain. Based on the stretchability and breathabil-
ity of flexible printed textiles and their potential for integration
into clothing, this study achieves preliminary wearability,
showing possibilities for future wearable monitoring research.
The Vargas team developed a dual electrochemical immuno-
sensor chip that can monitor insulin and cortisol simul-
taneously (Fig. 6¢)."®® This device uses 0.76 mm-thick PETG
(glycol-modified PET) as the substrate. However, PETG is non-
stretchable and hard with a high elastic modulus, and it
cannot achieve wearability. The Tang team developed a non-
invasive molecularly imprinted electrochemical sensor that
detects cortisol in sweat in a touch-based manner (Fig. 6d)."®®
Different from previous work,'®" they developed a stretchable
epidermal patch based on SEBS which can adhere to skin. It
can be seen from past studies that the monitoring of bio-
markers often requires specific markers to match them.
Converting chemical signals into stable electrical signals is a
crucial issue in this field. At the same time, improving sensor
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integration and creating wearable designs are important chal-
lenges facing customized healthcare in the future.

8. Conclusions and outlook

In this review, we summarized the latest developments in the
field of flexible and wearable chemical sensors for continuous
chemical-signal monitoring on the surface of the body. These
flexible and wearable chemical sensors can non-invasively
monitor pH levels, glucose, lactate, uric acid, ion levels, cyto-
kines, nutrients, and other biomarkers (including insulin, cor-
tisol, chlorocyanin, fluoride, etc.) in sweat, tears, and ISF.
Different from conventional laboratory analytical instruments
and most flexible and wearable electrophysiological sensors,
novel flexible and wearable chemical sensors show great
advantages in terms of the real-time, fast, convenient, and
stable detection of different biomarkers at the body surface.
The advantages of flexible wearable chemical sensors are
mainly related to achieving personalized healthcare at the
molecular level. Benefiting from these innovative sensors, it is
possible for users to obtain their dynamic health status at any
time. In addition, there are some other important small-mole-
cule chemicals, such as proteins, genetic material, and hor-
mones. There is a relatively small amount of related research
on flexible wearable sensors for these chemicals, and related
research should receive extensive attention from researchers.
New technology for achieving the real-time monitoring of bio-
markers with extremely low content levels in body fluids
should be explored for next-generation flexible and wearable
sensing devices.

Although great progress has been made in terms of the
development of flexible and wearable chemical sensors and
real-time health monitoring, some challenges and technical
gaps still remain that prevent the widespread use and commer-
cialization of these sensors (Table 2). Since the field of flexible
and wearable electronics is a cross-discipline subject, solving
the current challenges and overcoming technological gaps in
this field will require joint effort from researchers from
different disciplines, covering materials science, chemistry,
biology, electronics, communications, etc. In terms of
materials, soft materials are the basis of flexible and wearable
devices. The choice of material should meet the requirements
of wearability (stretchability, softness, adhesion to the skin,
breathability, and biocompatibility). In order to adapt to the
deformation of skin, the material needs to have stretchability.
Electrodes can be designed with special structures to improve
the stretchable conductivity, such as with serpentine or micro-
crack structures. In order to ensure conformal attachment to
the skin, the substrate material should have a Young’s
modulus similar to the skin (~100 kPa) and good adhesion to
the skin, adopting approaches such as flexible film or tattoo
structures. In order to improve the breathability of devices,
fabric-based or porous materials can be selected as substrate
materials. For biocompatibility, we need to choose biocompati-
ble materials, for example, a suitable conductive material is
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Table 2 Challenges relating to the future development of flexible and
wearable chemical sensors in various fields and a related outlook

Field Challenges

Chemical The real-time monitoring of biomarkers with

molecules extremely low content levels in body fluid samples
(such as proteins, hormones, DNA, and RNA).
Materials The adhesion and conformity of the material to

the skin.

The non-specific binding of other molecules to
enzymes or aptamers.

The regeneration and long-term repeated use of
electrodes.

The adaptability of the electrode to changes in the
external environment (such as temperature and

Electrode design

humidity).
Data The long-term wear comfort and volume reduction
transmission of PCBs.
The development of more advanced wireless
communications technology that is not limited by
energy supply and transmission distance.
Hard-soft The exploration of stable and seamless
interface connections between soft and hard devices to
improve the quality of data collection and
transmission.
Outlook In order to make flexible and wearable sensors

more intelligent, sensors with high-density
electrode arrays incorporating Al technology
should be combined to achieve more accurate
algorithmic predictions based on the analysis of
large amounts of data.

biocompatible gold. In addition, capacitive electrodes can be
designed to avoid direct contact between the electrode and the
skin to improve biocompatibility. Nevertheless, there are few
materials that meet all these requirements at the same time,
and the exploration of materials still needs to be advanced. In
addition, a current working mechanism for chemical molecule
detection is based on a change in electrical information
caused by the specific binding between the molecule of inter-
est and an enzyme or aptamer modified on the electrode
surface. However, this specific binding is not absolute and the
non-specific binding of other molecules is usually included.
Also, enzymes and aptamers are consumed during the detec-
tion process, and it is challenging to achieve the replenish-
ment of these active materials. In addition, making the sensor
insensitive to external environmental changes (such as temp-
erature and humidity) remains an urgent problem.

For flexible and wearable sensing devices, in addition to
sensors being based on flexible and stretchable materials with
electrode integration, the PCB used for data transmission and
wireless communication with mobile devices is also crucial. At
present, data transmission via Bluetooth and NFC has been
widely used in flexible and wearable devices. However, some
inherent characteristics of Bluetooth and NFC limit the appli-
cation scope of these devices. For example, Bluetooth requires
huge power consumption while NFC-based data transmission
is extremely short-range (1-2 cm). In addition, current PCBs
are usually rigid. Although flexibility has been improved via
using PI-based FPCBs, the high Young’s modulus (2.5 GPa) of
PI still cannot meet the requirements for long-term and com-
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fortable wear. Moreover, considering the quality of data collec-
tion and transmission, the stable integration of flexible electro-
des and PCBs is also crucial. Due to a mismatch in Young’s
modulus values and delamination between the flexible elec-
trode and the rigid circuit, shifting between the two parts can
happen easily. Achieving seamless and stable connections
between soft and hard circuits still needs to be explored.

Flexible wearable chemical sensors can be used to establish
a relationship between molecular concentrations and output
signals, but it is difficult to obtain clear correspondence in a
complex environment. It is necessary to introduce new techno-
logy to evaluate this complex correspondence precisely. In
recent years, artificial intelligence (AI) and deep learning
technologies have developed rapidly. In order to make flexible
and wearable sensors more intelligent, it may be necessary to
combine sensors and AI technology to achieve more accurate
algorithmic predictions. More accurate and reliable results can
be obtained via the analysis of large amounts of data. With the
continuous development of flexible electronics and wireless
communications technology, flexible and wearable sensing
devices will become more widely used in healthcare, meaning
that a large amount of private data will be generated. Data
security and privacy issues need to be resolved. Although there
are still many challenges when preparing stable wearable
chemical sensors, we firmly believe that flexible and wearable
chemical sensors could completely change traditional health-
care models in the near future.
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