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Chemical biosensors that can target analytes in a variety of biological fluids have been widely studied
in recent decades. Extensive eﬀorts have been made to design and build user-friendly, in situ tissueinterfaced biosensors with multiple integrated functions, miniaturized footprint and improved selectivity,
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sensitivity and stability. This review article presents the recent advances of these tissue-interfaced
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principles of soft chemical biosensors and then focus on the architectures, properties and applications

chemical biosensors. We start with a short introduction to the detection mechanism and design
of diﬀerent types of such biosensors. The remaining challenges and future directions are finally
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highlighted for future research.

1. Introduction
There are at least 60 chemical elements inside the human body,
and human activities are based on vast chemical reactions.1
Modern medicine requires a deeper understanding and real-time
probe of the chemical processes inside the human body, which
could directly reveal the health condition of an individual.2,3
Traditionally, such important biological samples can be obtained
and analyzed in medical institutions, typically via blood sampling.
Recently, there is a growing trend of developing tissue-interfaced
chemical biosensors for on-site, real-time biological sample
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collection and analysis.4,5 The perfect marriage between
electronics and soft materials has enabled the detection of
various biomarkers and vital chemical signals in the human
body.6–8 Such chemical biosensors can selectively perform
on-site detection of target chemical substances, eliminating
the requirement of traditional complicated analysis equipment.9
The functions of chemical biosensors are generally based on
the chemical reactions or physical interactions between specific
receptors and target chemical analytes in complex biological
samples. The biorecognition event can be translated to optical,
electrochemical, thermal and piezoelectric signals, which have
then been semi-quantitatively or quantitatively analyzed.10 The
sensing mechanisms of chemical biosensors have been extensively
reviewed elsewhere so they will not be discussed in detail in this
review.10–13 Modern medicine requires a portable, real-time,
low-cost and self-powering sensing platform for highly specific
and accurate chemical signal analysis, with a response time within
the range of a few seconds to a few minutes.14 The most available
biological fluids from the human body are sweat, tears and saliva.
Such fluids contain rich chemical information including glucose,
hormones, metabolites and essential electrolytes.2,15,16 Continuous
monitoring of these chemicals can provide vital clues to estimate
a person’s health conditions and to benefit early-stage disease
diagnoses.
The human epidermis with low moduli of 105–106 Pa is soft,
deformable and curvilinear.4 The soft feature of the human
body and organs raises unique requirements for chemical
biosensors because the latter need to closely contact with
organs to directly detect biological fluid, and suffer from
dynamic deformation due to human daily activity. For example,
early chemical biosensors composed of rigid materials (with
moduli of 109–1012 Pa) and bulky structures were always incapable
of integrating well with wearable and implantable platforms.17
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The mismatch between the soft human organs and rigid
biosensors could lead to poor signal quality and even to device
failure, while the user could suffer from discomfort, skin irritation and inflammation.18,19 Hence, many efforts have been
devoted to developing soft chemical biosensors with mechanical
flexibility, bio-compatibility, and stretchability.20–22
One straightforward way to design soft chemical biosensors
is to use materials with low stiﬀness.17 Traditional metal
electrodes are highly conductive, easy to functionalize, and
chemically stable in complex biological environments, and thus
have been applied in the design of chemical biosensors
for decades.23 However, they are not ideal for soft chemical
biosensor design as they are not intrinsically flexible and
stretchable. Extensive eﬀorts have been devoted to finding
alternative materials that can match the mechanical properties
of human organs. Recent progress has shown that carbon
nanomaterials, hydrogels and conducting polymers are suitable
for constructing electrodes due to their outstanding physical
and chemical properties.24–32 Another effective strategy to
develop soft chemical biosensors is realized by rational structural design. For example, the bending stiffness could be
effectively decreased by reducing the device thickness since
the bending stiffness scales cubically with the thickness.33 This
scaling rule has been applied to guide the design of biosensors
with a broad spectrum of materials, even including conventional rigid materials.34,35 A variety of thin-film-based electronics are thus developed based on this rule.36,37 Besides, the
design of island-bridge structures also allows for high flexibility
and stretchability, which have demonstrated great potential
in many skin-mounted chemical biosensors and devices.38,39
Table 1 demonstrates some examples of recent tissue-interfaced
chemical biosensors. Here we will focus on the functions and
material–tissue interfaces of the main kinds of soft chemical
biosensors and give an outlook on future possibilities.

2. Epidermal biosensors
The epidermis provides a physical barrier to avoid pathogen
infection and regulates the amount of sweat released from the
body. Sweat has become an attractive research target because it

Table 1

contains a rich spectrum of chemicals such as glucose, minerals,
lactate, urea and hormones.51 The development of sweat sensing
techniques was driven by the need for cystic fibrosis patient
screening and drug testing of athletes.52,53 The traditional
oﬀ-body sweat sensing technology normally requires a large
amount of sweat sample, and needs careful examination in the
lab. The rapidly developing epidermal-interfaced chemical biosensors are particularly promising due to their ability to directly
analyze sweat.15 There are two major considerations for the
design of epidermal chemical biosensors. Firstly, they should
have similar mechanical properties to the skin. Secondly, they
should be able to provide a fast readout of analyte concentration
due to the rapid evaporation and easy contamination of sweat
in uncontrolled environments. On the other hand, interstitial
fluid (ISF) residing under the skin surface contains a variety of
biomarkers.54 An established method named reverse iontophoresis could eﬀectively extract ISF by applying a mild electric
current across the skin. In addition, sweat stimulating drug
molecules, such as pilocarpine, can be transdermally delivered
by using the iontophoresis method.55 Over the past few years,
various kinds of tattoo, patch-like and wrist band-based biosensors have been developed to demonstrate their ability in
monitoring electrolytes and metabolites in sweat or ISF.2 The
recent explorations mainly focus on expanding their functions,
enhancing their selectivity and improving the compatibility at
the material–skin interface. Soft biosensors at the epidermis
based on electrochemical and colorimetric mechanisms are
mainly discussed in this section.

2.1

Electrochemical biosensors

The direct chemical analysis of sweat oﬀers an eﬃcient way to
probe electrolytes and hormones. Electrochemical methods
such as amperometry, voltammetry and potentiometry can
provide reliable analyte concentrations via electrode-induced
chemical reactions, and they represent a major trend for
epidermal-interfaced electrochemical biosensors.4,56,57 For
example, glucose and cortisol can be detected via amperometry
or voltammetry by using modified electrodes, while electrolytes
such as Na+ and Ca2+ can be measured by potentiometric ion
selective electrodes.10 Eﬀorts have been devoted to exploring

Examples of recent tissue-interfaced chemical biosensors

Types

Methods

Analytes

Substrates

Sensing materials

Ref.

Epidermal

Electrochemical
Electrochemical
Electrochemical
Electrochemical,
colorimetric
Fluorometric
Electrochemical
Resistance change

Levodopa
Methylxanthine
Glucose, lactate, pH
Lactate, glucose,
chloride, pH
Chloride, zinc, sodium
Glucose
Glucose

Polyethylene terephthalate (PET)
PET
Ti3C2Tx/PB composite
CNT paper, polyester film

Tyrosinase
CNT/Nafion modified carbon electrode
GOx, LOx, polyaniline
LOx, GOx, silver chloranilate, pH dye

40
41
42
43

Commercial fluorescent probes
GOx
GOx

44
45
46

Electrochemical
Electrochemical
Electrochemical
Electrochemical

Uric acid
Glutamate
Oxygen, pH
Dopamine

PDMS
Parylene
Silicone elastomeric layer,
optical polymer, SU-8
PET
PDMS
CNT fiber
Carbon fiber

Uricase
Glutamate oxidase
Hemin-aminoferrocene
Phosphorylcholine coated carbon
fiber electrode

47
48
49
50

Ocular
Oral
Implantable

3372 | J. Mater. Chem. B, 2020, 8, 3371--3381

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 02 January 2020. Downloaded on 5/20/2020 7:13:20 AM.

Journal of Materials Chemistry B

Review

Fig. 1 (a) Schematic of an integrated sensor array for simultaneous glucose, lactate, sodium, potassium and temperature analysis. Reprinted with
permission from ref. 61, Copyright 2016, Nature Publishing Group. (b) A patch-type epidermal-interfaced cortisol sensor mounted on the skin. The
sensor is integrated with a molecularly selective membrane for electrochemical cortisol analysis. Reprinted with permission from ref. 62. Copyright 2018,
AAAS. (c) Photographs of a CNT-fiber-based glucose-sensor woven into the letters ‘sensor’. An Ag/AgCl reference and glucose-sensing fiber are
embedded in fabric, respectively. Reprinted with permission from ref. 63. Copyright 2018, Wiley-VCH. (d) Image of a wrist band-like sweat extraction and
sensing platform for iontophoresis and electrochemical detection of Na+ and Cl. Reprinted with permission from ref. 66. Copyright 2017, PNAS.
(e) A miniaturized graphene-based sensing platform for selective ISF extraction via follicular pathways. Reprinted with permission from ref. 67. Copyright
2018, Nature Publishing Group. (f) The operation mechanism of a tattoo-like epidermal biosensor for simultaneous non-invasive sweat and ISF sampling
and monitoring. The biosensor utilizes alcohol oxidase and glucose oxidase for amperometric detection of alcohol in sweat and glucose in the extracted
ISF, respectively. Reprinted with permission from ref. 68. Copyright 2018, Wiley-VCH.

new electrode materials to broaden the sensing range and
improve the selectivity and stability. Besides, optimal methods
towards multimodal sensing were also developed to meet
the integration requirements.58–60 Recently, there have been
growing efforts to design a skin-interfaced wearable, integrated
system for real-time sweat analysis. An integrated wrist-band
sensor array for real-time multiplex in situ perspiration analysis
is demonstrated in Fig. 1a. The sensor array consisted of
enzyme electrodes for glucose and lactate detection, while the
ion-selective electrodes are used for Na+ and K+ analysis.61
A mechanically flexible PET substrate combined with a flexible
printed circuit board (FPCB) was used in the sensor design to
maintain a stable skin–sensor interface. The wearable wrist
band sensor was suitable for the real-time measurement of the
detailed sweat profile of human subjects in prolonged physical
activities.
The selectivity is another major challenge in sweat biosensors due to the presence of multiple chemically active
biomarkers in sweat.51 The selectivity of epidermal electrochemical biosensors largely depends on the specific enzyme–
analyte reaction or the use of ion selective membranes.
Commonly used methods such as adding protection layers or
decreasing the operation potential can effectively improve the
sensing selectivity.11 To further improve the selectivity of sweat
biosensors, a molecularly selective nano-porous membrane
was incorporated in an organic electrochemical transistor
(OECT) based cortisol biosensor recently (Fig. 1b).62 The cortisol
biosensor consisted of micro-capillary channels for sweat
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collection, a sample reservoir, a molecularly selective OECT
layer and a hydrophobic layer for water-proof protection. Such
a molecule-selective membrane allowed stable and specific
binding of cortisol and hence enhanced the sensor selectivity.
The sensor was capable of detecting the cortisol level in artificial
sweat with concentrations ranging from 0.001 to 1.0 mM, and
maintained excellent performance under 100–500 bending cycles.
The design of a novel molecularly selective layer in a skin
interfaced chemical biosensor offers high selectivity, and thus
has promising prospects for direct epidermal chemical detection.
Other than wrist-band and patch like epidermal biosensors,
fiber-shaped and textile-based chemical biosensors have also
attracted increasing attention recently. Fabric is common in
our daily life. It is soft and breathable, in close contact with
human skin. Such features make it a promising candidate
for sweat based soft chemical biosensors. For instance, an
integrated electrochemical fabric sensor could eﬃciently detect
a variety of chemical signals (Fig. 1c).63 This textile-based
biosensor was composed of carbon nanotube (CNT) fiber with
a coaxial structure. Glucose oxidase, an ion-selective ionophore,
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate, and
polyaniline were used as functional layers due to their electrochemical responses towards glucose, ions and pH, respectively.
Such multiple electrochemical sensing fibers could be easily
integrated into one textile through a simple weaving process.
The sensing fabric was highly flexible, maintaining structural
integrity and sensing performance under 200 cycles of bending
and twisting deformations.
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Recently, a highly stretchable and strain-insensitive electrochemical biosensor was developed by using Au/styreneethylene/butylene-styrene fibers.64 The elastic fiber substrate
and functional layers enabled a glucose detection sensitivity of
11.7 mA mM1 cm2 in artificial sweat even under 200% strain.
A fiber-shaped OECT was developed to obtain stable detection
signals due to the capillary eﬀect in fabrics.65 The fabric devices
could be integrated into a diaper for convenient wearable
healthcare monitoring. With the rapid development of techniques, these multiple functional and stretchable fibers can be
woven into fabrics for reliable electrochemical biosensing
applications. Future work will be focused on the enhancement
of their stability in prolonged operation, prevention of possible
contamination, and developing fully integrated sensing textiles
for systematic physical and chemical signal recording.
The collection process of sweat remains a problem, which
limits the sensor accuracy since the result could vary dramatically due to diﬀerent individual sweating and evaporating rates.
Iontophoretic delivery of sweat stimulating compounds could
help to solve this issue. A wrist-band like wearable and miniaturized iontophoresis sweat stimulating and analysis device
was developed (Fig. 1d).66 This platform consisted of an electrode array for both sweat induction and sensing functions,
along with an integrated wireless FPCB. The sensing and
iontophoresis functions were independent due to the design
of electrically decoupled switchable modes. A flexible PET
substrate was designed to form a stable sensor–skin interface,
while a thin layer of hydrogel containing an agonist agent was
placed between the sweat induction electrodes and the skin.
This biosensor could be used to stimulate sweat at a fast rate of
100 nL min1 cm2, without causing skin damage or discomfort.
The chemical sensing capabilities were demonstrated by studying
the correlation between the glucose concentration in sweat
and blood and the sodium and chloride ions in cystic fibrosis
patients.
ISF is another intriguing target for epidermal chemical sensors
as it can be easily obtained via the reverse iontophoresis process.
However, even though reverse iontophoresis is a well-established
process to obtain ISF, it still requires a calibration process due to
the indiscriminate extraction nature. A miniaturized pixel array
platform for ISF extraction and glucose detection was enabled
by the design of a graphene-based array biosensor.67 The individual pixels among the array included a glucose oxidase-bearing
hydrogel reservoir, a Pt nanoparticle modified graphene-based
film, and miniaturized electrodes for electrochemical detection
and reverse iontophoresis via follicular pathways in the skin
(Fig. 1e). The developed sensor could perform chronoamperometric analysis of glucose levels both in vitro and in vivo, and the
reverse iontophoresis extraction of ISF borne glucose paved a way
to calibration-free and non-invasive glucose monitoring.
In addition, most epidermal biosensors for continuous
non-invasive monitoring of target biomarkers are limited to
detection of a single sampled bio-fluid. Fig. 1f demonstrates an
example of simultaneous non-invasive sampling and analysis of
both sweat and ISF by using a tattoo-like epidermal platform.68
This novel function was realized through the design of a dual
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iontophoresis platform, which is composed of a sweat stimulation function via transdermal pilocarpine delivery at the anode
and a reverse iontophoresis induced ISF extraction function
at the cathode. This new wearable platform allowed the
simultaneous analysis of glucose in sweat and alcohol in ISF
in the same device. This epidermal temporary tattoo platform,
fabricated through a cost-eﬀective screen-printing technique,
exhibited excellent skin conformability and mechanical
integrity. The dual functional biosensor could detect glucose
and alcohol in a human subject, showing good correlations to a
commercial blood glucometer and breath-analyzing devices.
2.2

Colorimetric biosensors

Colorimetric analysis of sweat samples oﬀers a fast, reliable
technique for real-time metabolite and health monitoring.15
Such a method eliminated the need for electrochemical compartments and the calibration process in an electrochemical
biosensor. Previous studies have demonstrated many proofsof-concept of integrated sweat based colorimetric analysis
systems.69 However, the collection process of the sweat sample
could dramatically alter the analysis result due to the possible
contamination and fast evaporation of sweat. A more eﬃcient
and controllable manner of the sweat collection system is still
highly desired.
Recently, a waterproof, soft skin-interfaced patch biosensor
has been developed. It was composed of a poly(styreneisoprenestyrene) based microfluidic channel and encapsulated colorimetric reagents for sweat chloride detection.70 Such a sensor
showed robust adhesion to the skin even in the presence of
viscous drag forces and vigorous motion, and hence could
prevent undesired sweat evaporation or contamination (Fig. 2a).
The microchannels of the biosensor demonstrated circular
serpentine geometries with 40 turns, each of which had a capacity
of 1.5 mL sweat collection and hence could collect B60 mL sweat
in total. Colorimetric reagents such as silver chloranilate could be
filled into the reaction chamber for a colorimetric response
towards the concentration of chloride in sweat. In addition, other
functions such as real-time monitoring of skin temperature could
be integrated by designing a near-field communication coil and
on-chip temperature sensor. Such a design provides a new
method for in situ sweat analysis without the influence of
vigorous physical activity.
A new valving technology was also developed for colorimetric skin-mounted microfluidic biosensors to oﬀer better
sweat collection control (Fig. 2b).71 Such valving technology
enabled a reliable method to collect sweat by guiding the flow
from an inlet location into a collection of isolated reservoirs.
The tailored hydrophobic and hydrophilic surface chemical
functionalization on the surfaces of the channels allowed sweat
collection in a well-defined sequence. Colorimetric assay
papers were incorporated underneath the microfluidic channel
layer as color responsive indicators for chloride measurement.
Human tests suggested that this biosensor could detect chloride
over the entire physiologically relevant ranges of concentration,
and the comparisons against laboratory analysis proved the
reliability of the device.
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Fig. 2 (a) A waterproof, soft skin-interfaced patch-like microfluidic biosensor for collecting sweat in aquatic environments. The biosensor measures
chloride concentrations via a colorimetric reaction with sliver chloranilate. Reprinted with permission from ref. 70. Copyright 2019, AAAS. (b) A skinmounted soft microfluidic biosensor for colorimetric chloride analysis in sweat. The sampling of sweat is controlled by sequential hydrodynamic fluid
flow through the isolated reservoir and swollen superabsorbent valve. Reprinted with permission from ref. 71. Copyright 2018, Wiley-VCH.
(c) A microfluidic chip-based epidermal colorimetric sensor for glucose detection in sweat via a GOD-peroxidase-o-dianisidine system. Reprinted with
permission from ref. 72. Copyright 2019, American Chemical Society. (d) Schematics of a tattoo-like injectable biosensor working in the dermis to
colorimetrically display the concentration of glucose and pH value. Diﬀerent sensing compounds (methyl red, bromothymol blue, and phenolphthalein
for pH and glucose oxidase and peroxidase, and 3,3 0 ,5,5 0 -tetramethylbenzidine for glucose) can be mixed in the tattoo ink. Direct readouts of the
multiplex dermal sensors are obtained by using a smart phone camera. Reprinted with permission from ref. 73. Copyright 2019. Wiley-VCH.

Other than chloride, other important metabolites, such as
glucose, can also be determined via enzyme-mediated colorimetric epidermal-interfaced planar soft biosensors. A recently
developed microfluidic chip-based wearable colorimetric sensor based on a glucose oxidase (GOD)-peroxidase-o-dianisidine
system is shown in Fig. 2c.72 The glucose in sweat reacts with
GOD to produce H2O2 and the latter oxidizes the colorless
o-dianisidine to generate red-colored oxidized o-dianisidine.
The intensity is correlated to the original glucose concentration.
Such a colorimetric method could obtain a linear detection range
of sweat glucose from 0.1 to 0.5 mM with a lowest detection limit
of 0.03 mM.
Tattoo-based biosensors have been widely used in electrochemical sweat detection due to their close contacts with the
skin surface. A new dermal tattoo-based biosensor for colorimetric metabolite detection is demonstrated in Fig. 2d.73 The
dermal sensor consisted of methyl red, bromothymol blue, and
phenolphthalein for pH detection, coupled with glucose
oxidase and 3,30 ,5,5 0 -tetramethylbenzidine for glucose detection.
Such a sensor can also be used as a multiplex platform interfaced
with ex vivo skin tissue to provide quantitative readouts when
using a smartphone camera. These recent advances of colorimetric skin-interfaced chemical biosensors show the capability to
avoid electrochemical signal drift and eliminate the need for
frequent calibration. Such types of sensors also highlighted their
unique advantages such as being easy to operate and free from
complex circuits and having a relatively longer storage time.
The future development of colorimetric biosensors needs to be
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focused on exploring more possibilities for accurate quantitative analysis and reusability.

3. Ocular and oral cavity chemical
sensors
The ocular and oral cavities are also acknowledged as important regions for valuable chemical information.2 For example,
tears contain chemicals such as glucose and interleukin-1a,
while saliva contains glucose, lactate, chloride and minerals.74,75
These chemicals can help to determine various diseases such as
diabetes and pathogenic infections. Studies have suggested a
correlation between the blood glucose level and tear glucose, that
is, the measurement of glucose in tears could provide vital
information on an individual’s health condition. The major
advantage of measuring tear glucose is that the constitution of
tears is much simpler than blood, and the measurements are
generally non-invasive.2 The eye is an ultra-soft tissue that is
mostly made of water. Hence incorporating chemical biosensors
into such a delicate area requires careful material screening and
structural design. The most widely used mechanisms for eyeinterfaced biosensors were based on electrochemical reactions
and optical measurements. Optical determination methods were
based on the interaction of glucose with concanavalin A or
phenylboronic acid derivatives, which can oﬀer enzyme-free
operation.76,77 However, this method still suﬀers from timeconsuming fabrication of the sensor, and the readouts are not
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continuous glucose monitoring using smartphone camera
readouts, providing wearable and reliable glucose detection
interfaced with the eyes.
A more sophisticated yet still reliable method for contact
lens-based glucose detection has also been developed recently.
This biosensor with a hybrid substrate was composed of wireless power transfer circuits and display pixels to visualize the
signal.46 Its components were transparent for uninterrupted
vision of the wearer. The mechanism and structure of the
contact lens-based biosensor are shown in Fig. 3b. A reduction of
the sensor resistance was caused when the glucose concentration

Published on 02 January 2020. Downloaded on 5/20/2020 7:13:20 AM.

practical for quantitative analyses under physiological conditions.
An eye-interfaced photonic sensor detecting glucose was developed by integrating with a soft contact lens (Fig. 3a).78 A photonic
microstructure with a periodicity of 1.6 mm was developed on
a glucose-selective hydrogel film that was functionalized with
phenylboronic acid. The volume of such a microstructure swelled
upon reacting with glucose, which modulated the periodicity
constant. The periodicity constant of the sensor structure changed
and the glucose concentration can be correlated. The detection
range of glucose concentration was 0–50 mM, and the sensitivity
of the sensor reached 12 nm mM1. This method enables

Journal of Materials Chemistry B

Fig. 3 (a) Photograph of a glucose sensor lens on an artificial eye with a schematic diagram of the measurement setup, sensing mechanism, and glucose
concentration related to the diﬀraction eﬃciency of incident light from left to right. The measured diﬀraction eﬃciency of the lens sensor varies with the
glucose concentration. Reprinted with permission from ref. 78. Copyright 2018, American Chemical Society. (b) A smart soft contact lens integrated with
a glucose biosensor for glucose detection. The sensor consisted of an LED, glucose sensor, rectifier and AgNF antenna, showing a fast response against
various glucose concentrations. Reprinted with permission from ref. 46. Copyright 2018, AAAS. (c) The image shows an oral-cavity-based wireless
sodium biosensor, laminated on an oral retainer. Reprinted with permission from ref. 81. Copyright 2018, PNAS. (d) A RF-based tooth mounted biosensor
to monitor ingested fluids. The frequency shift of the sensor is evaluated upon exposure to multiple repeated solution changes between water and
glucose with a concentration of 0.5 g dL1. Reprinted with permission from ref. 82. Copyright 2018, Wiley-VCH.
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increased above a threshold of 0.9 mM, leading to the shift of the
applied parallel circuit voltage of the light-emitting device (LED) and
consequently resulting in the switching on/oﬀ of the LED. The
resulting soft contact lens-based biosensor was compatible for
in vivo studies, providing real-time and wireless detection of glucose.
The rich chemical information in the oral cavity has also
attracted increasing attention and motivated the fast development of chemical biosensors for mouth mounting.79 For
example, the oral cancer biomarker cytokeratin fragment-21-1
can be electrochemically detected with the presence of multiple
interferents by using a reduced-graphene oxide-based biosensor modified with cerium oxide nanocubes.80 Recently,
a stretchable hybrid electronic system capable of wireless
monitoring of sodium intake has been developed (Fig. 3c).81
Integrated circuits and stretchable interconnects were embedded
in breathable elastomeric membranes, and were suitable for longrange (410 m) wireless data transmission. The device was soft
with a low modulus less than kilopascals. The sensing stability,
sensitivity, and selectivity for continuous sodium-intake measurements, at sodium concentrations from 103 to 1 M, could be well
maintained for a long duration of 1 week. A saliva biosensor based
on conformal radiofrequency (RF) was constructed by using an
active layer encapsulated between two reverse-facing split ring
resonators (Fig. 3d).82 Such a biosensor could detect pH or
temperature changes upon being loaded with a porous silk film
or modified poly(N-isopropylacrylamide) hydrogel that swelled
upon pH or temperature variations. In addition, it could be used
to detect glucose variations in vitro because the increase of the
glucose content would result in an enhancement of the resonant
frequency response. Moreover, the adhesion of the device on
human tooth enamel has proved the feasibility of in vivo
monitoring of ingested fluid. The small size of the sensor
(a few millimeters) made it adaptable to detect a variety of
bio-chemicals in diﬀerent environments.

4. Implantable chemical biosensors
Although there is a reliable analyte concentration correlation
between blood and non-invasive bio-fluids, there are vast
opportunities for implantable chemical biosensors. For example,
many important biomolecules including neurotransmitters, and
cardiac and tumor biomarkers are not present in epidermal biofluids.83,84 The development of implantable biosensors holds
promise for detecting these biomarkers and could shape our
understanding of various disease models. Implantable devices
require better mechanical compliance with soft tissue to avoid
tissue damage or device failure. These implantable soft chemical
biosensors also need careful design of the structure and surface
properties, because the implantation process and prolonged
in vivo operation should not cause side eﬀects such as thrombus
and foreign-body response.85 Considering the complexity of the
in vivo physiological environment, implantable chemical biosensors usually require frequent recalibration to maintain their
accuracy.86 The presence of interference and bio-fouling are also
challenges for such implantable device surfaces.10 Studies such

This journal is © The Royal Society of Chemistry 2020

Review
as developing highly selective semi-permeable membranes and
anti-fouling protection layers or self-cleaning surfaces have
provided valuable insights into solving these problems.87,88 For
example, a three-dimensional porous coating based on bovine
serum albumin provided a simple and eﬀective way to solve the
biofouling of electrochemical electrodes.89 Other major recent
eﬀorts of in vivo biosensors were made to try to avoid possible side
eﬀects such as inflammation, tissue-toxicity and long-term physical
tissue damage by designing a compatible interfacial layer, transient
materials and microprobes with tunable stiﬀness.90
For example, recent research found that a zwitterionic
polymer could significantly reduce signal noise and improve
the performance of a traditional continuous glucose monitor
(CGM) due to its ability to alleviate inflammation. The sensors
coated with the zwitterionic layer could successfully respond to
various glucose concentrations ranging from 100 to 400 mg dL1
(Fig. 4a).91 The in vivo sensing performance of the zwitterionic
polymer-coated sensors and control groups (without the polymer
coating) was subcutaneously tested in SKH1 mice. The inflammation profiles after sensor insertion were evaluated with a fluorescence imaging system, indicating reduced inflammation with the
zwitterionic polymer-coated biosensor. Further in vivo study
showed that the use of such modified biosensors could eliminate
the requirement of frequent blood glucose recalibration. For
instance, compared with the control group, which showed a 48 
26% inaccuracy of the non-recalibrated glucose level, the coated
sensors only showed an inaccuracy of 18  17% without recalibration. This zwitterionic polymer coated CGM significantly improved
the performance and accuracy and enabled its usage in long-term
application, paving the way to calibration-free biosensors.
Implanted chemical biosensors could cause serious side
eﬀects in long-term application, and the removal of such devices
usually requires a second surgery.92 To solve this problem, a
monocrystalline-silicon-based flexible and transient waveguide
sensor was developed recently (Fig. 4b).93 Such a sensor enabled
accurate light delivery and sensing at target sites in animals. The
near-infrared spectroscopic transmission measured in terms of
the return loss of the spiral-shaped transient biosensor could be
used to determine the concentration of glucose or oxygen in vivo.
The transient poly(lactide-co-glycolide) and Si layer in the biosensor could dissolve in physiological buﬀer and in vivo environments. The study demonstrated the degradation of such a
biosensor within 15 days after implantation in mice. Such a
biodegradable chemical biosensor could enable the development
of low system toxicity.
The mechanical mismatch between an implanted chemical
biosensor and soft biological tissue could lead to catastrophic
results such as tissue damage and device failure.86 Recently,
there emerged a type of functionalized multi-walled CNT
helical fiber bundles for electrochemical long-term biomarker
monitoring in vivo (Fig. 4c).94 It showed low bending stiﬀness
so as to mechanically match with the soft tissues, providing a
stable fiber–tissue interface with improved biocompatibility.
Moreover, the one-dimensional configuration of the sensing
fibers enabled a syringe-assisted implantation method, offering
advantages such as small wounds and short healing time.
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Fig. 4 (a) Schematics of a zwitterionic polymer-coated glucose sensor for in vivo detection. The coating polymer could eliminate sensor noise by
preventing inflammation and the requirement for blood glucose recalibrations. The enzymatic reactions of glucose detection occur on the electrode
surface. The in vivo sensing performance of the biosensor shows the significance of various comparison methods of non-diabetic (left) and diabetic
(right) models. The red and blue columns represent the non-recalibration and recalibration groups, respectively. Reprinted with permission from ref. 91.
Copyright 2018, Nature Publishing Group. (b) Optical images of a monocrystalline silicon based spiral flexible transient optical waveguide, with a base
radius of 1 mm and top radius of 1 cm with 20 turns. The computed X-ray tomography image of a transient biosensor inside a mouse on Day 1. Reprinted
with permission from ref. 93. Copyright 2018, Wiley-VCH. (c) Schematics showing the injection of a functionalized helical CNT fiber sensor into a target
tumor. The hierarchically helical CNT fiber is implanted into cat skin. Scale bars, 20 mm for SEM and 500 mm for the optical image. In vivo glucose
detection is demonstrated by using a glucose sensing fiber. The red line and black dots represent the data collected from the sensor and calibration,
respectively. Reprinted with permission from ref. 94. Copyright 2019, Nature Publishing Group.

This biosensor could detect ions, prostate-specific antigens,
hydrogen peroxide and glucose by incorporating different
sensing components. Multi-ply sensing fibers, fabricated by
twisting single-ply sensing fibers, demonstrated a unique capacity to detect the spatial gradient of hydrogen peroxide in a
mouse tumor model. The fiber sensor could be integrated with
a wireless transmission system for in vivo monitoring in cat for
28 days, providing a way to mimic the mechanical properties of
native soft tissues, and could adapt to the requirements of
multiple sensing applications in biomedicine and healthcare.

5. Conclusions and outlook
Although there has been undeniable success in recent tissueinterfaced chemical biosensors, there is a long way to go before
they are mature and ready to transfer to commercialized

3378 | J. Mater. Chem. B, 2020, 8, 3371--3381

products. One of the major challenges is the integration of
multiple detection functions, modules, a power system, data
analysis and transmission into one minimized soft device.
Future soft chemical biosensors need to be able to continuously
monitor a broader range of chemical signals, and be suitable
for real-time data analysis or give reasonable predictions to the
user. Such advanced functions need a deeper understanding to
the biological functions of various chemical substances, as well
as closer collaboration among material scientists, life science
researchers and device engineers. The power system for such
soft chemical biosensors remains tricky. The rapid development of wearable batteries, solar cells and biofuel cells could
greatly help with the design of highly integrated soft chemical
biosensors for relatively long-term applications.
We have witnessed some attempts to solve the mechanical
mismatch between biosensors and soft tissues. However, more
eﬀorts need to be devoted to designing a mechanically tunable
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sensing device towards the seamless connection of the material–
tissue interface. In addition, the stability issue of chemical biosensors in prolonged operation is another challenge in the field.
Chemical biosensors mostly rely on chemically active receptors to
recognize target analytes. Such receptors, especially enzyme based
chemical sensors, suffer from short shelf life and are sensitive to
surrounding chemical (such as pH, ions, proteins and macromolecules) or physical environmental (e.g., temperature) changes.
Such chemical biosensors are facing direct challenges posed by
prolonged operation in daily life, especially in uncontrolled reallife testing conditions. The leakage of receptors, mediators or
nanomaterials from the biosensor to human organs could cause
serious side effects to the user. Hence, the stability of tissueinterfaced chemical biosensors is one of the major challenges that
severely limit their development. A possible solution to such a
problem will rely on exploring new nanomaterials and novel
nanostructures to better protect or encapsulate the chemically
active receptors.
The current tissue-interfaced chemical biosensors only demonstrate promising proof-of-concept applications in the lab. Their
large-scale fabrication remains diﬃcult, which restricts their
translation into commercial products. Overall, we expect that soft
biosensors will soon be able to monitor more vital bio-signals
with enhanced stability and a more compatible material–tissue
interface. Soft tissue-interfaced biosensors could improve our
living quality and offer a deeper understanding of fundamental
medicine.
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