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1 Introduction

ABSTRACT

Flexible and stretchable biosensors that can monitor and quantify the electrical
or chemical signals generated by specific microenvironments have attracted a
great deal of attention. Wearable biosensors that can be intimately attached to
skin or tissue provide a new opportunity for medical diagnostics and therapy.
In recent years, there has been enormous progress in device integration and the
design of materials and manufacturing processes for flexible and stretchable
systems. Here, we describe the most recent developments in nanomaterials
employed in flexible and stretchable biosensors. We review successful examples
of such biosensors used for the detection of vital physiological and biological
markers such as gas released from organisms. Furthermore, we provide a
detailed overview of recent achievements regarding integrated platforms that
include multifunctional nanomaterials. The issues and challenges related to the
effective integration of multifunctional nanomaterials in bio-electronics are also
discussed.

tinuously and closely monitor physiological biomarkers
and the electronic, electrochemical, thermal, mechanical,

Flexible electronics may be incorporated into wearable
devices that can accommodate dramatic mechanical
deformations while maintaining stable performance
[1-4]. Recently, flexible biosensors have attracted the
attention of researchers owing to their potential
usefulness in personal healthcare and disease diagnosis
[5-8]. Flexible and wearable biosensors have several
intriguing advantages; they are light-weight, ultra-
conformable, portable, noninvasive, and implantable.
They can be attached to the tissue surface and can con-
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and biochemical signals emanating from the human
body without interrupting or influencing an individual’s
activities [9-11]. Therefore, the development of
inexpensive, wearable systems for the rapid in situ
detection and measurement of vital signals in the
human body provides an opportunity for designing
point-of-care clinical devices for disease diagnosis,
therapy, and health monitoring.

Typically, flexible biosensors are composed of several
essential parts: 1) a flexible substrate that supports the
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entire circuit and simultaneously conforms to irregular
structures [12-14]; 2) electrodes or active materials
for electronic or optical signal export [15-17]; and
3) specific sensing elements for recognizing analytes
[18-21]. The development of flexible and stretchable
biosensors requires a novel approach to material design
regarding the selection of suitable nanomaterials and
the synthesis of new multifunctional nanomaterials
[22-24]. New sensing materials, fabrication techniques,
and sensing mechanisms have significantly promoted
the development of flexible and stretchable biosensors
[25-27]. Recently, research interest has focused on
multiple sensors that are integrated into a single sensor
network [28]. Such sensor systems are required to
simultaneously measure multiple stimuli because the
human body can generate physical information as well
as chemical and biological signals under stimulation.
Therefore, integrated systems with physical and
chemical or biological sensors are of vital importance
for the development of advanced flexible biosensors
with multiple functions [29]. The integration of
biosensors with medical treatment and data processing
systems is another requirement of wearable sensors
[30, 31]. More recently, a few research groups have
demonstrated integrated systems that combine pH
and glucose sensors with drug delivery systems for
diabetes diagnosis and therapy [32].

Here, we summarize the recent progress made in
the development of flexible and stretchable biosensors
that can be used as wearable devices, with regard
to the various nanomaterials, nanostructures, and
engineering technologies used. We provide a brief
introduction to the general working principle of
biosensors based on different types of components
used to monitor vital signals such as those pertaining
to heart and respiration rate, diabetes, DNA, and cancer
biomarkers. We also summarize detailed descriptions
of the development of flexible biosensors in con-
junction with device design. In particular, we provide
an overview of flexible biosensors with integrated
systems together with examples of flexible biosensors
reported in the literature. The issues and challenges
faced by flexible biosensors are comprehensively
discussed. Overall, in this review, we present the
recent advances in nanomaterials used in flexible
biosensors. We also provide an overview of the recent
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progress made in the development of flexible bio-
electronics based on integrated device designs. The
challenges and future opportunities presented by
flexible biosensors based on nanomaterials are also
discussed.

2 Materials for flexible biosensors

The flexible substrate plays an important role in
device development because it acts as a mechanical
support for active materials and electronic circuits.
Apart from flexibility, the substrate should be bendable,
stretchable, transparent, and even biodegradable.
Polyethylene terephthalate (PET) and polyimide (PI)
are the most widely used substrates in flexible biosensor
fabrication owing to their high thermal and chemical
resistance [33-36]. In addition to flexibility, the
remarkable elasticity of polydimethylsiloxane (PDMS)
makes it the best choice for stretchable sensors [37, 38].
Natural biomaterials such as silk are considered
excellent candidates for implantable biosensors owing
to their excellent characteristics such as biocompati-
bility, biodegradability, and natural abundance [39,
40]. Large area patterned conducting polymers such
as polypyrrole (PPy), polyaniline (PANI), and poly-
thiophene can also be used as the active materials
in biosensors [41-43]. The polythiophene derivative
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) is the most commonly used organic
semiconductor for chemical and biological sensing
applications [44].

Recently, nanomaterials have been explored in
the context of flexible biosensor applications because
they provide tunable nanostructures. Figure 1 shows
representative nanomaterials used in flexible and
stretchable devices. Nanomaterials can be patterned
to form films or arrays to provide mechanical flexibility,
thereby resolving the intrinsic mechanical mismatch
between rigid devices and curvilinear biological
structures. Furthermore, the nanoscale dimensions
of nanostructured materials endow them with large
surface areas that significantly increase the effective
contact area, which is an advantage for flexible
biosensors that require high sensitivity. The develop-
ment of nanomaterials with favorable electrical and
mechanical properties facilitates the fabrication of
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Figure 1 Representative nanomaterials used for flexible and
stretchable devices.

wearable and flexible biosensors. Here, we provide a
comprehensive review of nanomaterials with different
dimensions (0D, 1D, 2D, and composites) for flexible
and stretchable devices.

21 O0D-nanoparticles

Owing to the advantages of large-scale production
and fast film deposition over large areas, metal oxide-
based semiconductors have been widely used in
various applications such as sensors [45], field-effect
transistors (FETs) [46], and energy storage and con-
version [47]. FET-based biosensors in particular have
emerged as one of the most attractive bio-electronic
options because they facilitate rapid electronic detection,
are label-free, consume little power, and allow the
integration of sensors and measurement systems
[44, 48]. When they are integrated with flexible substrates,
metal oxides can serve as highly reproducible flexible
sensors owing to their large-area electronic uniformity.
In addition to a flexible support, sensors based on
metal oxide semiconductors also comprise two or three
electrodes for electrical output, with the metal oxide
material as the active channel. The conductivity of the
device increases or decreases when the metal oxide
encounters target analytes. TiO, [49], V,Os [50], WO;
[51], ZnO [52-54], SnO, [55], In,O; [45], and Ga,O,
[56] are examples of commonly used metal oxide
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semiconductor materials. Tseng et al. [45] recently
reported a conformal FET biosensor based on ultrathin
PI films printed with In,O; (Fig.2). The use of an
ultrathin In,O; film and the flexibility of the substrate
enabled highly conformal contact between the device
and complex curvilinear surfaces. Once the In,Os-based
transistor device had been functionalized with glucose
oxidase, a biosensor integrated into an artificial eye
was able to detect the glucose in tears with high
sensitivity and selectivity. This conformal FET-based
biosensor offers new opportunities for future wearable
human technologies.

2.2 1D-nanowires and nanotubes

1D nanowires (NWs) and nanotubes with a large
surface-to-volume ratio facilitate a significant change
in conductance under a small local charge variation
on the wire surface, owing to the electric field effect
[58-60]. Nanowires and nanotubes can be patterned
into aligned configurations or percolated networks
to serve as the active component of flexible devices.
Moreover, solution-processed 1D nanomaterials can
also be printed to form 3D conductive networks,
which can be used in freestanding flexible biosensors
[26]. Silicon nanowires (SINWs) have many favorable
properties such as large on/off ratios and high charge
carrier mobility, and they are easily produced on a
large scale, which makes them ideal for applications
in electronics, biosensors, and general technology [60,
61]. In particular, SINW FETs are potentially useful in
highly sensitive biomolecular detectors [62, 63]. The
functionalization of SINWs can be used to improve
sensing selectivity and sensitivity, and to control
the device dimensions and response time. Tian et al.
[59] designed a hybrid architecture by inserting 3D
macroporous, flexible, and free-standing SINW FET-
based nanoelectronic scaffolds (nanoES) into synthetic
or natural biomaterials (Fig. 3). As with natural tissue
scaffolds, hybrid nanoES structures with superior
biocompatibility can be used for the 3D culture of
neuron cells, cardiomyocytes, and smooth muscle cells.
More importantly, the SINW nanoES in the nanoES/
cardiomyocyte constructs can be used to monitor the
local electrical activity of cardiomyocytes in real time.
Furthermore, the responses of the 3D nanoES-based
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Figure 2 (a) Schematic illustration of the synthesis of the flexible biosensor. (b) Images of conformally contacted devices on an artificial

eye; the thin film sensors remained in contact with the skin even during tension and relaxation. (c) Scanning electron microscope image

of a representative device on an artificial PDMS skin replica. (d) Representative responses of In,O; sensors to D-glucose concentrations
in human diabetic tears (lower range) and blood (upper range). Inset shows data from five devices. (Reproduced with permission from

Ref. [45], © American Chemical Society 2015.)

neural and cardiac tissue models to drugs and the pH
variations inside and outside tubular vascular muscle
constructs illustrate the superior sensing performance
of SINW FET devices.

Apart from NWs, 1D tubular structures such as
carbon nanotubes (CNTs) [64] with favorable electrical
properties along the axial direction have been the
subject of intense scrutiny since their discovery in
1991. By controlling their synthesis conditions, CNTs
can be assembled into films [65], forests [66], aerogels
[67], and sponges [68-70]. Owing to the advantages
of low density, high aspect ratio, and flexibility, CNTs
are considered ideal candidates for flexible conductors
in light-weight and wearable device arrays. Kim et al.
[71] reported a hierarchically engineered, elastic CNT
fabric-based multimodal sensor that is wearable and
highly sensitive (Fig. 4). The CNTs are assembled into
microyarns that retain the mechanical strength and
electrical/thermal conductivity of individual CNTs.
Devices with piezocapacitive architecture can be

produced by the incorporation of CNT microyarn
circuitry into stretchable dielectric PDMS (Ecoflex)
substrates. The aligned CNT microyarns allow point-
to-point overlap to enable the development of devices
with high sensitivity and spatial resolution. In this
regard, the change of resistance or capacitance resulting
from mechanical deformations such as touch, or changes
in temperature, humidity gradients, or even biological
variables, can be detected by such multimodal-output
electric devices.

2.3 2D-nanostructure

2D nanostructures are layered crystalline solids
comprising atom-thin nanosheets. Such nanosheets
interact with each other through van der Waals
bonding. Currently developed 2D nanosheets include
graphene [72-78], transition metal dichalcogenides
(TMDs) [79-89], diatomic hexagonal boron nitride
(h-BN) [90-92], black phosphorene [93-95], and MXenes
[96-99]. MXenes are 2D transition metal carbides; “M”
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Figure 3 (a) Schematic illustration of the fabrication process of nanoES-tissue hybrid constructs. (b) Confocal fluorescence micrographs
of the nanoES and poly(lactic-co-glycolic acid) (PLGA) hybrid scaffolds cultured with cardiomyocytes. (c) Electrical recording of the
response of the nanoES-based hybrids toward noradrenaline stimulation. Scale bar, 40 pm. (d) Optical image of the nanoES-based
vascular construct after rolling into a tube. Scale bar, 5 mm. (e) Conductance change versus time for two SINW FET devices located in
the outermost and innermost layers. Inset is a schematic of the experimental set-up. (Reproduced with permission from Ref. [59], © Nature

Publishing Group 2012.)

represents a transition metal, and “X” represents carbon
or nitrogen. The outstanding electrical and mechanical
properties of 2D crystals have generated enormous
interest in the fields of semiconductor technology and
flexible nanotechnology research. To date, the most
commonly used materials for constructing flexible
biosensors are graphene and TMDs. We will now
provide a discussion of biosensors based on these two

TSINGHUA
UNIVERSITY PRESS

nanostructured 2D materials.
2.3.1 Graphene

Since its discovery in 2004, graphene has attracted
considerable attention owing to its remarkable electrical,
optical, mechanical, thermal, and biocompatibility pro-
perties [100-103]. Graphene has outstanding physical
properties including high carrier mobility and capacity,
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(a) Schematic view of the active layers of CNT microyarn-based sensor skin. (b) Photographs of the all-carbon-based device

under folding, twisting, and stretching deformations. (c) Photographs of the skin-attachable sensor incorporated onto the palm with
different motions. (d) Resistance and capacitance variation of the CNT microyarn under motions. (Reproduced with permission from

Ref. [71], © John Wiley & Sons 2015.)

an ultrathin form factor, an ambipolar field effect,
and highly tunable conductance; it is therefore very
useful in science and technology [104-106]. Graphene
comprises a 2D, single atom-thick honeycomb lattice
of carbon atoms; it has exceptional mechanical strength
and flexibility, which makes it very useful for flexible
electronic devices [105, 107, 108]. The properties of
graphene can be tuned by chemical doping or func-
tionalization with receptor molecules, and it is therefore
suitable for high-performance flexible nanoelectronic

Sensors.

The combination of a PET substrate and graphene
materials facilitates the development of flexible
graphene-based biosensors. Flexible graphene-based
biosensors have been used to detect a variety of
biological indicators including DNA, proteins, organic
molecules, cells, the gas released from bio-systems,
and pH levels [109-113]. Reduced graphene oxide
(RGO)-based biosensors have the advantages of device
structure simplicity and label-free detection [20, 114].

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Importantly, such devices can be produced on a large
scale because they are simple and easy to manufacture.
Hong et al. [115] prepared flexible, free-standing
electrochemical RGO/nafion (RGON) hybrid films for
organophosphate detection (Fig. 5); they reported that
an electrochemical biosensing platform using such a
film had high conductivity, low interfacial resistance,
a detection limit of 1.37 x 107 M, and a rapid response
time of <3s.

However, RGO-based biosensors have relatively
inferior sensitivity owing to the defects caused by
impurities resulting from the processes used to produce
them [116]. Chemical vapor deposition (CVD) facilitates
the production of high-quality graphene and provides
control of the number of graphene layers. The graphene
surface can be modified with different functional groups
via surface engineering. Jang et al. [117] fabricated a
liquid ion-gated FET-type flexible graphene aptasensor
that was capable of detecting mercury (Hg) with high
sensitivity and selectivity (Fig. 6). The sensor device
was fabricated by transferring CVD-grown graphene
onto a polyethylene naphthalate film with excellent
mechanical durability and flexibility. The introduction
of an aptamer specific for Hg*" resulted in a flexible
graphene-based aptasensor with superior selectivity.
Owing to its high electrical conductivity and carrier
mobility, the aptasensor had a fast response speed
(<1's) and high sensitivity, with a detection limit
of 10 pM. Furthermore, the graphene-based flexible
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sensor could detect Hg* in mussels and specifically
discriminate Hg? even in the real complex sample
solutions. These results indicate that such graphene-
based aptasensors have great potential for detecting
Hg in humans and the environment.

Although defect-free graphene with superior electrical
conductivity significantly increases detection sensitivity,
it can only be used to detect analytes with concen-
trations higher than the pM level. Graphene-based
sensors for the detection of molecules at ultralow
concentrations (fM) have been impeded by the intrinsic
semi-metal and zero bandgap of graphene [118-120].
The lack of a bandgap results in a negligible current
change in response to local environmental disturbances,
which limits the fabrication of graphene biosensors
with high sensitivity [121]. Therefore, an effective
method for opening the bandgap of graphene is
in high demand. Jang et al. [116] demonstrated an
ultrasensitive and flexible FET bio-electronic nose
(B-nose) based on olfactory receptor (OR)-modified,
plasma-treated bilayer graphene (Fig.7). A form of
graphene with p- or n-type behavior was created by
treatment with oxygen and ammonia plasma. This
approach has enabled a moderate bandgap in graphene,
which is beneficial for fabricating biosensors with
high sensitivity. To provide specificity for the odorant
amyl butyrate (AB), the graphene surface was modified
with human olfactory receptor 2AG1 (hOR2AG1:OR).
The resulting flexible and transparent functionalized
graphene B-nose was ultrasensitive and highly selective,

0 200 400 600 800 1000

Time (s)

Figure 5 (a) Schematic illustration of the procedure used to design RGON hybrids, and their use in electrochemical biosensors.

(b) Amperometric responses with respect to 2 uM increments of paraoxon. a and b: organophosphorus hydrolase (OPH)-modified RGON

before and after 100 bending cycles, c: OPH-RGO films. The inset represents the calibration curves of the current signals with respect to
the different concentrations of paraoxon. (Reproduced with permission from Ref. [115], © American Chemical Society 2010.)
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Figure 6 (a) Protocol for the synthesis of a flexible graphene-based aptasensor on a polyethylene naphthalate substrate. (b) Photograph
of the flexible and transparent graphene-based sensor device. (c) Schematic illustration of the sensor mechanism for the liquid ion-gated
FET biosensor based on graphene. (d) Real-time current responses of graphene-based aptasensor to Hg”'. (¢) Real-time current responses
of graphene-based aptasensor to exposure to mussel solution. (Reproduced with permission from Ref. [117], © American Chemical

Society 2013.)
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Figure 7 (a) Fabrication process for OR-conjugated B-nose with oxygen and ammonia plasma-treated bilayer graphene. (b) Schematic
diagram of the OR-conjugated bilayer graphene-based liquid ion-gated FET B-nose. (c) Schematic illustration of the binding mechanism
of B-nose. (d) Current responses of B-nose based on oxygen plasma-treated graphene and ammonia plasma-treated graphene upon

addition of nontargets and target odorant. (Reproduced with permission from Ref. [116], © American Chemical Society 2012.)
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and could recognize AB with single carbon atom
resolution. Furthermore, the flexible B-nose exhibited
long-term stability and mechanical bending durability.
This method offers a pathway to regulate the bandgap
of graphene to obtain high-performance biosensors.

2.3.2  Transition metal dichalcogenides

The lack of a bandgap in graphene due to its intrinsic
semi-metal performance limits its applicability in logic
circuits and biosensors. TMDs offer a large bandgap
above 1 eV and have an on/off ratio exceeding seven
orders of magnitude [122-127]. Superior mechanical
performance arising from a stacked layer structure
similar to that of graphene, and a planar arrangement
of covalently bonded atoms make TMDs very useful
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for flexible biosensors. Furthermore, 2D nanomaterials
are highly promising for large-scale integrated device
processing and fabrication owing to their excellent
electrostatic properties and planar structures [128, 129].
Banerjee et al. [130] reported a method for the
fabrication of MoS,-based FET-type pH and protein
sensors with high sensitivity (Fig. 8). The mechanical
exfoliation method produces MoS, with pristine
surfaces that are free from out-of-plane pendant bonds;
this smooth structure reduces surface scattering and
interface traps. Therefore, the MoS, FET has high
sensitivity to pH change (713 mV/pH) and is highly
sensitive to proteins (196 mV/100 fM) compared with
graphene-based devices. Theoretical calculations indicate
that MoS,-based biosensors can achieve ultimate scaling

Device functionalized
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Current (pA)

pH < pl]

Buffer

— Streptavidin
1.5 2.0

107"

1.0
Electrolyte gate voltage (V)

Figure 8 (a) Schematic diagram of MoS,-based FET biosensor. (b) Optical image of a MoS, flake. Scale bar, 10 pm. (c) Illustration of
the pH-sensing principle. (d) Drain current as a function of gate voltage for three different pH values. (e) Biotin-functionalized MoS, FET
biosensor for sensing streptavidin in solution. pl represents the isoelectric point of streptavidin. (Reproduced with permission from Ref.

[130], © American Chemical Society 2014.)
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limits while retaining high sensitivity. Ultrathin MoS,
nanosheets are highly transparent, flexible, and
mechanically strong. 2D TMDs can be used in wearable
and implantable biosensors by interfacing the nano-
material with flexible substrates. However, the practical
application of 2D TMDs in flexible biosensors is
problematic because the high temperatures involved
in their fabrication may lead to the decomposition of
the substrates. Furthermore, carrier mobility on flexible
substrates is lower than on Si substrates.

24 Composites

The formation of hybrid nanostructures can com-
pensate for the shortcomings of a single material. For
instance, graphene/silver nanowire hybrid films not
only overcome the limitations of nanowire-percolating
networks by decreasing their pattern sizes, the weakness
of the nanowire against electrical breakdown, and
chemical oxidation, but also decrease the relatively
high sheet resistance of graphene [131]. In fluidic
sensing devices, pristine graphene has structural
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limitations such as structural unreliability, irregular
active areas, poor adhesion of the fluidic modules,
and low sensitivity and selectivity. Therefore, novel
technologies for advanced graphene-based hybrids
are needed for fabricating high-performance flexible
electronics. Lee et al. [132] reported a novel FET
biosensor based on RGO-encapsulated nanoparticles
for the selective and sensitive detection of key
biomarkers of breast cancer. These well-organized 2D
or 3D graphene nanostructures with high surface-to-
volume ratios can generate 3D electrical surfaces,
improving detection limits and facilitating the highly
reproducible detection of important biomarkers.

The combination of graphene and nanoparticles
provides enlarged active areas that interact with
analytes and have a stable sensing geometry. Duan
et al. [133] fabricated a new type of flexible electro-
chemical sensor by depositing high-density Pt nano-
particles on RGO-carrying MnO, nanowire networks
(Fig. 9). In this well-organized system, RGO serves as
the mechanical support and provides high electrical
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(c) Amperometric responses of the Pt-MnO,/RGO paper electrode with the addition of fMLP and catalase in the absence (upper) and

presence (bottom) of HepG2 cells. Inset, microscopy image of HepG2 cells. (Reproduced with permission from Ref. [133], © John

Wiley & Sons 2012.)
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conductivity, MnO, networks have a high surface area,
and Pt nanoparticles have superior catalytic activity.
Consequently, the device demonstrated significantly
improved sensitivity and selectivity when it was used
for the non-enzymatic detection of H,O, secreted by
live cells. Jang et al. [134] constructed novel liquid
ion-gated FET flexible HIV immunoassays using
large-scale graphene micropattern (GM) nanobiohybrids
with close-packed carboxylated polypyrrole nano-
particle (cPPyNP) arrays (Fig. 10). Size-controllable
graphene micropatterns facilitate the accurate and
reliable production of fluidic systems. Owing to
the synergistic effect of graphene and the conducting
polymer, a nano-biohybrid HIV immunosensor exhibits
an unprecedentedly low detection limit of 1 pM.
Furthermore, the nano-biohybrid sensor also has
excellent mechanical bendability and durability.

3 Device designs

Previously, the developers of flexible biosensors mostly
focused on the design of high-sensitivity biosensors

Nano Res. 2017, 10(5): 1560-1583

with a single modality in which the sensor only
measures a unique sensing parameter under a single
stimulus. However, in real biological systems multiple
variations exist in the micro-environment. Therefore,
bio-electronics must be designed to provide multimo-
dality in sensing multiple stimuli. Kim et al. [135]
reported a graphene-based wearable electrochemical
device for diabetes monitoring and feedback therapy
(Fig. 11). The device consists of a sensor system that
is composed of temperature, humidity, glucose, and
pH sensors. It also includes a therapy system that
comprises a heater and polymeric microneedles,
which can be thermally activated to deliver drugs
transcutaneously. The large-area stretchable device
comprises a bilayer of gold mesh and gold-doped
graphene with high electrical conductivity and
mechanical reliability, which provides the major
electrochemical interface for the stable transfer of
electrical signals. The sensor for detecting multiple
stimuli is produced by selective functionalization of
the gold-doped graphene with electrochemically active
and soft materials, which enhances the electrochemical
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Figure 10 (a) Protocol for the fabrication of flexible FET-type GM nano-biohybrid immunosensor based on GMs conjugated
with close-packed CPPyNPs. (b) Schematic illustration of GM nano-biohybrid-based immunosensors (GMNS) operated by liquid
gating. (c) Real-time current responses of GM, CPPy-GM, HIV-2 Ag-GM, and GMNS upon exposure to different HIV-2 gp36 Ab
concentrations. (d) Current responses of the flexible FET-type GMNS to different HIV-2 gp36 Ab concentrations. (Reproduced with
permission from Ref. [134], © John Wiley & Sons 2013.)
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Figure 11 (a) Schematic representation of the diabetes patch with various functional components such as sweat-control, sensing, and
therapy systems. (b) Optical camera images of the diabetes patch deposited on human skin with various mechanical deformations.
(c) Optical image of a portable electrochemical system connected to the wearable diabetes monitoring and therapy system. (d) Relative
humidity measurement by the diabetes patch. (e) Real-time detection of glucose in human sweat and blood with the diabetes patch.
(f) Optical image of the heater integrated with microneedles deposited on mouse skin. (g) Optical images of the mouse skin with
micro-sized holes. (Reproduced with permission from Ref. [135], © Nature Publishing Group 2016.)
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activity and biochemical sensitivity, and retains the
intrinsic softness of graphene. The optical transparency
of the device ensures a semi-transparent skin-like
appearance. Once the sensor is mounted on the
human skin, detection begins. Specifically, the sweat
uptake layer adsorbs sweat until it reaches a relative
humidity of 80%, and then the glucose and pH
sensors start to monitor the glucose levels. When
hyperglycemia is detected, the thermal actuation of
the drug-loaded microneedles begins, releasing the
drugs for diabetes therapy. At the same time, the
integrated temperature sensor monitors the temperature
changes of the skin, and prevents overheating. This
multimodality and continuous point-of-care monitoring
in combination with thermal actuation therapy based
on the electrochemical device provide a unique solution
for remote clinical medicine.

Other than multimodality sensing using the same
device, an integrated device that is composed of two
different electronic systems, in which one serves as
the calibration platform to calibrate the electrical signals,
is necessary to obtain accurate sensing information.
Maharbiz et al. [136] first demonstrated a flexible
FET-type electronic sensing device to map pressure-
induced tissue damage noninvasively (Fig.12). The
device comprises a multiplexed electrode array with a
commercial rigid printed circuit and an inkjet-printed
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flexible bandage-like array. Here, the rigid device
serves as the calibration platform to detect pressure
ulcers by impedance spectroscopy, and the flexible
device is used for recording the same signal in vivo.
The whole electronic system is fabricated on a thin,
flexible polyethylene naphthalate substrate, significantly
enhancing the conformity of the printed array and
improving the contact between the electrode and the
skin. Mechanical robustness tests indicated that the
device arrays can be twisted to 30° for 1,000 cycles.
The in vivo impedance spectroscopy data from the
flexible electrode arrays obtained from a rat model
indicated that impedance is robustly correlated with
tissue health. This device design demonstrates the
feasibility of an automated, noninvasive “smart
bandage” for the early diagnosis of pressure ulcers.

4 Integrated sensor platforms
4.1 Wearable self-powered devices

Flexible electronic sensors require a sustainable power
source [43, 137, 138]. Traditional large and rigid power
sources have certain limitations: They are inconvenient
to operate and have indispensable wire connections,
which are a disadvantage in flexible electronics. In
this regard, the integration of a power generator with
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Blade array with printed
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Sensor location on skin Flexible array
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y »
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Figure 12 (a) Fabrication processes of the inkjet printed flexible electrode array. (b) Photograph of an inkjet printed array. Inset is the
printed hydrogel bumps. (c) Early detection of pressure-induced tissue damage with different degrees of damage. (Reproduced with

permission from Ref. [137], © Nature Publishing Group 2015.)
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a flexible biosensor is an efficient design for wearable
self-powered devices. The mechanical energy derived
from various stretching motions is a cost-effective
and highly efficient approach to energy harvesting.

Wang et al. [139] fabricated a flexible triboelectric
nanogenerator (FTENG) by assembling serpentine-
patterned electrodes with a wavy-structured Kapton
film on an elastic PDMS substrate (Fig. 13). The unique
design of the structure enables the FTENG to operate
under both compressive and stretching conditions,
and it can be conformably attached to human skin for
detecting the gentle motions of joints and muscles.
As a result, the FTENG enables high-output power
density (5 W/cm?), and can be stretched up to a tensile
strain of 22% without loss of performance. This
research presents an unprecedented development in
energy harvesting and self-powered sensors, and offers
a guideline for the next generation of flexible electronics
and bio-integrated systems.
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In addition to triboelectric nanogenerators, piezoelec-
tric devices can be used to harvest energy from external
pressure. Wang et al. [140] reported a new approach
for the fabrication of flexible fiber nanogenerators
(FNGs), and investigated their use in flexible electronics
and medical diagnosis (Fig. 14). The FNGs comprise
pressure-sensitive zinc oxide (ZnO) thin films coated
on flexible carbon fibers. When it is subjected to uni-
compression, the ZnO film generates a macroscopic
piezopotential, which results in an electric current in
the external load. The output peak voltage and average
current density can reach 3.2V and 0.15 uA/cm?, re-
spectively. Because the FNGs rely on air pressure, they
can work in a non-contact mode such as in rotating
tires, flowing air/liquid, or even in blood vessels. This
flexible piezoelectric generator can also be used for
ultrasensitive monitoring of the pressure derived from
the human heart, suggesting its potential use in sensors
for medical diagnosis and in measurement tools.
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Figure 13 (a) Schematic of the wavy-FTENG device structure. (b) SEM image of nanowire on the Kapton film surface. (c) Photographs
of the flexible serpentine-patterned electrodes on human skin and under stretching deformation. (d) Photograph of the flexible wavy-FTENG
device. (e) Power density versus resistance of the external load based on planar-TENG and wavy-FTENG, respectively. (f) Photograph
of 10 commercial green LEDs, which were driven by the wavy-FTENG. (Reproduced with permission from Ref. [139], © John Wiley

and Sons 2015.)
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Figure 14 (a) Schematic of a fiber nanogenerator, which was
fabricated by coating a ZnO thin film onto carbon fiber.
(b) Schematics of the experimental set-up. (¢) The electric current
outputs of a FNG exposed to heartbeat pulses. (Reproduced with
permission from Ref. [140], © John Wiley & Sons 2011.)

4.2 Data processing systems

The fabrication of high-performance and energy-
efficient sensors with memory modules, and the
development of controlled-delivery therapeutic systems
that continuously monitor key physiological parameters,
store data, and deliver feedback therapy are the next
frontiers in personalized medicine and healthcare
[30, 31]. However, multimodal detection and therapy
remain a great challenge because sophisticated fabrica-
tion processes such as photolithography and printing
are needed to enable large-area integration of sensor
arrays with different sensing functions in a single
system. Kim et al. [32] addressed these challenges by
the monolithic integration of nanomembranes, nano-
particles, and stretchable electronics on a tissue-like
polymeric substrate (Fig. 15). This bio-integrated system
includes physiological sensors, non-volatile memory,
and drug-release actuators. As shown in Fig. 15,
movement disorders can be monitored using a Si
nanomembrane strain sensor, and the resulting data
can be stored in gold nanoparticle memory devices.
The stored data are then analyzed and feedback

Nano Res. 2017, 10(5): 1560-1583

therapy is affected by thermal stimuli, releasing drugs
from mesoporous silica nanoparticles. Importantly,
the drug delivery rate and amount are continuously
controlled by a temperature sensor to prevent skin
burns. This design principle of sensing, memory,
and therapeutic modules provides a concept for the
development of electronic devices that include energy
storage units, central control units such as micropro-
cessors, and wireless monitoring elements for achieving
remote personal healthcare.

4.3 Wireless biosensors

Traditionally, interfacing electronic devices with
biomaterials always involves either implantation of
device electrodes into tissue or mechanical mounting
of components on the body. The rigid, bulky onboard
power sources, associated circuitry, and connections
between sensing probes with data processing electronics
significantly increase the device mass and impede
the development of point-of-use and implantable
electronics. Furthermore, the rigid substrates prohibit
the intimate contact between the sensor component
and curvilinear biological tissues. In this regard,
device designs for minimizing the size of the power
source or constructing wireless electronics are highly
desired for conformal bio-integrated electronics and
sensors [141, 142]. Nanomaterials such as CNTs,
graphene, conducting polymers, and composites have
been used to fabricate wireless chemical and gas sensors
[40, 143, 144]. Bao et al. [145] reported a wireless,
real-time pressure sensing system with passive, flexible,
millimeter-scale sensors with dimensions down to
1mm x Imm x 0.1 mm to capture human pulse
waveforms wirelessly, and to simultaneously and
continuously monitor intracranial pressure (Fig. 16).
The sensor device was composed of a pressure-
sensitive capacitive element called a microstructured
styrene-butadiene—styrene elastomer sandwiched by
two printed copper inductive antenna on a PI substrate
to form a resonant circuit. This unique sandwich
structure is used to minimize the size of the sensor
and overcome the limitations in operating frequency
of traditional passive strategies. Once pressure is
applied, the distance between the spiral layers is
narrowed, and the coupling capacitance is increased.
Additionally, the resonant frequency also shifts down
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Figure 15 (a) Wearable electronic patch with data storage modules, diagnostic tools, and therapeutic actuating elements. (b) Optical image
of the wearable bio-integrated system. (c) Current versus voltage characteristics with compliance currents below ~100 pA. (d) Schematic
representation of the controlled transdermal drug delivery patch. (e) Temperature distribution of the heater on the skin patch. (Reproduced

with permission from Ref. [32], © Nature Publishing Group 2014.)
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Figure 16 (a) Structure design of the resonant sensor device. (b) Photograph of the pyramidal-structured SBS dielectric. (c) Photograph
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waveforms after performing abdominal compression on mouse. An external reference sensor was also used. Arrows indicate when
compression was applied. (Reproduced with permission from Ref. [145], © Nature Publishing Group 2014.)
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to lower frequencies under a specific pressure. This
uniquely designed small and flexible device with
improved mechanical robustness allows the intimate
connection of sensors with biomaterials. The wireless
sensor arrays can continuously capture human pulse
waveforms in vivo with high sensitivity, and can obtain
concurrent spatial pressure mapping. This fabrication
technology has enabled a range of applications in
continuous and wireless detection of various important
physiological parameters for biomedical research and
human healthcare.

5 Issues and challenges

Despite the outstanding properties of nanostructured
material for advanced bio-electronics and integrated
devices, it is prudent to give a comprehensive discussion
of the challenges that flexible electronics have faced.
In terms of the material synthesis, the exploration of
a large-scale and highly efficient approach towards
patterned nanomaterials is of vital importance for the
fabrication of flexible devices with high sensitivity
and reproducibility. However, the engineering of 0D
nanomaterials with superior contact to improve
the conductivity and reduce the power consumption
remains a practical challenge. Interconnected 1D
nanomaterials exhibit high conductivity, even when
stretched. However, nanowires are not widely utilized
in devices owing to the limitations of reproducibility
and stability [146-148]. High-performance nanowire-
based devices always require complex and difficult
fabrication processes. More importantly, for practical
flexible nanoelectronics, the large area pattering of
2D thin films and devices on flexible substrates is an
essential prerequisite. Though some techniques based
on sheet and roll-to-roll processing for large-area
nanotechnology have been explored, obtaining large-
area and high-quality 2D nanomaterials has significantly
impeded the commercialization of the current flexible
devices [149-151].

The surface modifications of nanomaterials with
specific recognition elements are convincing solutions
to satisfy the required selectivity, sensitivity, and
stability of biosensors. Thus, surface modification
technologies that do not influence the electronic and
physical performance of nanomaterials are desired.

Nano Res. 2017, 10(5): 1560-1583

The long-term toxicity analysis of nanomaterials is
also critical for invasive bioelectronics. In addition,
the selectivity and long-term stability of biosensors in
practical or complex environments must be considered.
The engineering of functionalized nanomaterial arrays
to facilitate the fabrication of multifunctional microchips
for highly efficient, sensitive, and selective sensing are
of critical importance for real-time analysis. It is worth
mentioning that the surface functionalization of nano-
materials to provide hydrophilicity can also significantly
enhance the contact between the device and bio-
materials, and thus improve biosensing performance.
In real-life applications of flexible biosensors for
disease diagnosis, the exploitation of integrated systems
such as the combination of physical and chemical or
biological sensors for monitoring multiplex motions
and disease biomarkers are essential. In particular,
the integration of sensors with data storage systems
and transmission systems for long-term and continuous
monitoring, delivering signals to an instrument for
further analysis, transferring feedback information to
humans, and providing the corresponding therapies
is a goal for personal healthcare. However, the com-
bination of each device component to realize fully
integrated flexible bio-electronics remains a challenge.
More importantly, the sophisticated preparation pro-
cedures involving photolithography and printing to
obtain large-area sensor arrays, power sources, and
wireless monitoring systems remains to be addressed
for practical implementation. Currently developed
energy harvesting and storage devices that provide
the energy to power electronic devices are typically
heavy owing to the presence of bulk and rigid cell
encapsulation material. The mass loading of active
material in electrodes must be kept at a relatively
high value to obtain high energy and power density,
which significantly impedes the realization of trans-
parent batteries [152-157]. Therefore, it is difficult to
integrate energy storage systems with whole bio-
electronics because flexible and wearable bio-electronics
require characteristics such as low weight and trans-
parency. Although devices that provide detection and
therapy facilitate a pathway for point-of-care medicine,
the low drug loading capacity of such devices makes
disease therapy difficult [32, 135]. Furthermore, detection
and therapy devices that can only be used once
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owing to the difficulty of cleaning the device surface,
significantly increase the fabrication costs.

6 Conclusions and outlook

Over the past decade, advances in nanostructured
materials, mechanical analysis, surface engineering,
device design, and nanofabrication techniques have
accelerated the development of flexible bio-electronics.
We have summarized the most recent developments
in flexible biosensors from the perspective of various
nanostructured nanomaterials and integrated device
systems. This review will provide researchers with
information on material selection, sensor fabrication,
data processing, and power requirements for flexible
biosensors. However, there are several remaining
challenges for the effective integration of these nano-
materials with soft substrates to obtain flexible bio-
electronics. The optimization of material fabrication
and modification techniques to obtain large-area,
high quality, and uniform arrays is essential for the
fabrication of highly sensitive and reproducible
biosensors. The exploration of small energy storage
and conversion devices with high energy and power
density, and optical transparency is important for

the development of high-performance bio-electronics.

Furthermore, device integration should be optimized
to minimize the whole device volume for implantable
electronics and point-of-care healthcare.
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