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Nano-bionics have the potential of revolutionizing modern medicine. Among nano-bionic devices, body
sensors allow to monitor in real-time the health of patients, to achieve personalized medicine, and even
to restore or enhance human functions. The advent of two-dimensional (2D) materials is facilitating the
manufacturing of miniaturized and ultrathin bioelectronics, that can be easily integrated in the human
body. Their unique electronic properties allow to efficiently transduce physical and chemical stimuli into
electric current. Their flexibility and nanometric thickness facilitate the adaption and adhesion to human
body. The low opacity permits to obtain transparent devices. The good cellular adhesion and reduced
cytotoxicity are advantageous for the integration of the devices in vivo. Herein we review the latest
and more significant examples of 2Dmaterial-based sensors for health monitoring, describing their archi-
tectures, sensing mechanisms, advantages and, as well, the challenges and drawbacks that hampers their
translation into commercial clinical devices.

� 2022 Elsevier B.V. All rights reserved.
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1. Introduction
 controlled chemical functionalization by means of either covalent
or non-covalent methods [17,18]. In this way receptors such as
Continuous and in real-timemonitoring of physiological param-
ters and biomarkers is a powerful tool for the diagnosis, manage-

antibodies, enzymes, and aptamers can be linked to the graphene
surface, conferring specificity toward several bio-analytes.
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ment, and treatment of chronic and degenerative diseases. For
instance, patients affected by chronic diabetes are required to con-
stantly monitor their glucose blood levels, to avoid serious clinical
manifestations and further complications [1]. Similarly, it is vital to
provide continuous cardiac monitoring in the supervision of
patients affected by acute myocardial infarction [2]. Furthermore,
in vivo neuronal recording is helping in disclosing the mechanisms
underneath incurable neurodegenerative diseases, such as Parkin-
son and Alzheimer diseases [3]. Finally, real-time monitoring of
tumoral biomarkers in body fluids is a promising strategy toward
cancer prevention [4].

The advent of body sensors offers great promise to better mon-
itor and improve the life-quality of critically ill patients. The use of
these innovative monitoring technologies might help improving
the efficiency of the medical treatment and, sometimes, has the
potential to enhance or even restore human functions [5-7]. For
this reason, enormous efforts have been made over the last dec-
ades to miniaturize chemical sensors to be small enough to be
placed in human organs. [8].

Two dimensional (2D) materials are ideal candidates to produce
on-body bioelectronics. They are steady in biological conditions
and physiological solutions found in the human body [9]. More-
over, these ultrathin conductors and semiconductors can work as
electrical signal transducers or interfaces with neurons and other
electroactive cells [9]. For these reasons, the next generation of
medical bionic technology is expected to be based on 2D materials.
Among various 2D materials, two were mostly explored for this
application: graphene (G) and molybdenum disulfide (MoS2).

Graphene and its derivatives, given their large surface area,
remarkable optoelectronic and mechanical properties, possess all
the features needed to manufacture on-body bioelectronic devices:
sensitivity, specificity, fast response, long-term stability, and bio-
compatibility. Graphene has a characteristic zero-energy band
gap with linear energy dispersion, which confers fast electron
mobility (�2�105 cm2�V-1s�1) and critical current density (108

A�cm�2) to the material [10]. In fact, graphene is widely employed
in electrodes and electrochemical sensors, also due to its wide elec-
trochemical window in water, which makes it an appropriate
material to work in a biological environment [10]. Graphene can
also provide transparency, which is crucial in several in vivo sens-
ing and monitoring implants, such as contact lenses [11-13]. More-
over, the high transparency of chemical vapor deposited (CVD)
graphene permits simultaneous sensing and tissue observation
obtaining multifunctional bioelectronic device [14]. The mechani-
cal properties of the materials are fundamental parameters when
designing in vivo bioelectronics. The strong p bonding among C
atoms arranged in a honeycomb lattice furnishes remarkable
mechanical properties (e.g., Young’s modulus = 1TPa) to the
implants, protecting them from strain, shear and compressive
stress and damage [15]. Furthermore, the single atom thickness
of this material allows the implementation of the implant into flex-
ible substrates, enhancing the adaptation of the devices to the
in vivo tissue and reducing the chances of immune response and
rejection [16]. Finally, graphene surfaces can be modified through
Together with graphene, MoS2 (and generally transition metal
dichalcogenides) were praised among the most promising 2D
materials for bioelectronics. This material shares several of the
advantageous properties of graphene, such as transparency, flexi-
bility, and biocompatibility. However, due to its unique band gap
(1.8 eV for monolayer), MoS2 has distinctive optical [19] and elec-
trical [20] properties. For example, metal dichalcogenides possess
efficient photo-absorption and photocurrent generation capabili-
ties, [21] making these materials ideal candidates for the manufac-
turing of optoelectronic devices. Piezo resistivity is another
peculiar property of MoS2. The resistivity of this material can be
modulated by applying a mechanical strain, which induces
changes in the band gap [22]. This property is particularly useful
for the development of highly sensitive strains and force sensors,
in which the use of MoS2 allows to achieve gauge factors two
orders of magnitude higher compared to metal based or
graphene-based devices [23].

Although graphene and other 2Dmaterials possess several com-
mon properties, these materials are clearly not interchangeable.
Each of them offers a unique set of advantages and limitations that,
depending on the specific application, will ultimately determine
the effective function and the clinical adoptions. To date,
graphene-based devices are the closest to commercialization and
to clinical approval, especially because of the intense investigation
on graphene chemical-physical properties, manufacturing and
reactivity, during the last two decades. Therefore, the set of tools
for the development of graphene-based devices is more advanced
if compared to other 2D materials. Nevertheless, alternative mate-
rials, such as TMDs, Mxenes and perovskites, are fast advancing for
analogous applications and since the know-how acquired first for
graphene has been transferred to these materials, the manufactur-
ing of innovative sensors was rather facilitated [5,24-28].

Herein, we critically review the latest and, in our opinion, most
interesting examples of body sensors and recording devices based
on 2D materials. In particular, we focus on devices already
employed in in vivo studies, which show the highest potential to
be transferred to the clinical level. In the introductory section we
explain the importance of wearable sensors for health care and
prevention, and describe the chemical, physical and mechanical
properties of 2D materials, responsible for their relevance in this
field (Section 1). In the next section, we overview the architecture
and sensing mechanisms of G and MoS2 based devices: field effect
transistors (FET), electrochemical sensors and piezo resistors
(Section 1.1). We conclude the introduction by reviewing the fac-
tors that currently limit the translation of these technologies into
clinical devices. (Section 1.2). In Sections 2 to 6 we categorize the
most recent sensors presented in the literature based on tissue/or-
gan of application or implantation (Fig. 1), with the aim to provide
an easy to consult and straightforward guide for researchers look-
ing for new technologies for the real-time clinical monitoring. The
most extended Section 2 is dedicated to wearable skin sensors
divided into two main parts: strain sensors (2.1) and biomarker
monitoring from sweat (2.2). The following two sections focus on
wearable oral and wearable/implantable ocular devices



(Section 3 and 4 respectively). Sections 5 and 6 report examples of
sensors designed for implantation in the neurological and cardio-
vascular systems. Section 7 is dedicated to devices located in other
organs (e.g., muscular tissues, ears, or intestinal tract). Conclu-

obtain both efficient phototransistors, able to transduce photons
in an electrical signal with elevated sensitivity and ultrafast
response times (below 50 ms) [82,83].

On the other side, electrochemical biosensors are devices that

Fig. 1. Summary of the organs monitored with wearable and implantable 2D materials-based sensor up to date, with a representative example for each organ accounted in
this review. Figure based on references [6,7,13,14,29-32].
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sive Section 8 summarizes the state of the art and the prospects
of 2D material-based sensors in healthcare.

1.1. Architectures of the sensing devices

In vivo operating sensing devices must deal with the complexity

of biological fluids and matrices, be able to detect low and tran-

cation of implantable graphene-based biomedical devices is the

3

sient concentrations of analytes and avoid the generation of an
immune response from the organism [33-35]. For these reasons,
just few architectures are suited for in vivo sensing, which can
operate in a point-of-care manner and are typically characterized
by biocompatibility, fast response, and low limit of detection
(LOD) [36]. Three are the 2D material-based devices mainly
employed for this scope: field effect transistors (FET), electrochem-
ical sensors and piezo resistors. In Table 1, the devices accounted in
this review have been sorted out in terms of monitored organ, elec-
tronic architecture, sensing material and recorded signal.

In graphene field-effect transistors (gFET), CVD graphene is
deposited as a channel between two metallic electrodes [24]. Such
device allows the fine detection of small changes in graphene elec-
trical conductance, due to variations of the electric field in proxim-
ity of the material (‘‘field effect”) [80]. In a sensor such variations
can be exploited to detect electrophysiological inputs or alterations
in the biochemical environment surrounding the device [81].
Besides, graphene extraordinary charge mobility confers to gFETs
a high transconductance that, together with the low intrinsic noise,
allows the detection of electrical signals with elevated signal-to-
noise ratio. Apart from graphene, other 2D materials have been
integrated in transistors. For instance, the use of MoS2 allows to
convert the information associated with electrochemical reactions
into quantitative electrical signals. Electrochemical sensors can be
categorized in three types: potentiometric, conductometric, and
amperometric/voltammetric. These devices give in real-time infor-
mation about the chemical composition of a system, by coupling a
specific biological or chemical receptor to an electrochemical
transducer. 2D and graphene-based materials have been success-
fully applied in the development of electrochemical biosensors
[10,84,85] as they are efficient transducing platform and offer dif-
ferent chemical and physical routes to immobilize the recognition
element [17,18].

Another device architecture, largely employed for strain and
force sensors, are piezoresistors, also known as strain gauge
devices. These are devices whose resistance changes when a phys-
ical stimulus such as force, pressure or mechanical stress is
applied. The layered structure of graphene and 2D materials con-
fers them elevated gauge factors, which are reflected in high sensi-
tivity of the devices [86,87].

1.2. Challenges in in vivo sensing

The main challenge hampering the spreading and clinical appli-
in vivo biocompatibility of these systems. Although the in vitro bio-
compatibility, intended as reduced cellular toxicity, of graphene
and related 2D materials has been widely investigated and
assessed, [88,89] a different and deeper biocompatibility evalua-
tion is required when translating these materials into clinical use
[90]. In fact, in vivo biocompatibility might be affected by several



complex phenomena such as immune responses, e.g., wound heal-
ing response to implantation and formation of glial scars, or
chronic inflammation [33,90]. Although establishing protocols for
in vivo biocompatibility is not trivial, several procedures are start-

the tested device [91]. Another study demonstrated that the pres-
ence of graphene coating around brain intracortical probes
strongly reduces the proliferation of astrocytes and microglia
around the implant, when compared to the control (the same

Table 1
Summary of the devices accounted in the review classified on the base of monitored organ, electronic architecture, sensing material and recorded signal.

Location Sensor type* Electronic architecture Sensing material Recorded signal Ref

Skin W/I Piezo resistor G/PMA/CA hydrogel Motion [37]
W Piezo resistor rGO/PDMS Motion and ECG [38]
W Piezo resistor CVD-G/MoS2 Motion [7]
W Transistor G/MoS2/cellulose Motion [39]
W Piezo resistor G/MoS2 Motion and pressure [40]
W Piezo resistor Ti3C2–MXene Motion [41]
W Piezo resistor G/rubber Breathing [42]
W Piezo resistor G/Pd/PEDOT:PSS Breathing and heartbeats [43]
W Piezo resistor G/PDMS Breathing [44]
W Piezo resistor rGO Breathing [45]
W Piezo resistor G/nonwoven fabric Breathing [80]
W Piezo resistor G/Paper Breathing [46]
W Electrode G/PDMS ECG [47]
W Electrode G/Kapton� ECG [48]
W Electrode G ECG, temperature, and blood pressure [49,50]
W Electrode G EMG [51]
W Piezo resistor rGO /P(VDF-TrFe) Voice recognition [52]
W Piezo resistor G Voice recognition [53,54]
W Piezo resistor G/polyimide Voice and vibrations recognition [55]
W Electrode G/Au Glucose in sweat [56]
W Electrode G/Au or Ni Glucose in sweat [57]
W Electrode CVD-G/Pt-NPs Glucose in sweat [58]
W Electrode G UA and Tyr in sweat [59]
W Electrode MoS2/AAO Humidity [60]
W Electrode rGO/Pt H2O2 [61]
W Transistor G Cytokins in sweat [98]
W Electrode G Cortisol in sweat [62]

Mouth W Electrode GO Breathing rate [63]
W Electrode G Breathing [31,64]
W Electrode GO/poly(dopamine) Humidity [65]
W Electrode GO or G Humidity [66]
W Electrode WS2/G Humidity [67]
W Electrode G, rGO and BC6N NOx in breath [68,69]
W Electrode G, rGO and BC6N Acetone in breath [70]
W Electrode G Bacteria in saliva [71]
W Piezo resistor G/Pd Dysphagia [72]

Eye W Transistor CVD-G/metal nanowires Glucose [11,12]
W Transistor CVD-G/Ag nanowires MMP-9 [13]
W Piezo resistor G Intraocular pressure [73]
I Phototransistor CVD MoS2/G Light (Artificial synapses) [5]

Brain I Electrode PEDOT/GO Dopamine [74]
I Electrode G Brain stimulation [29]
I Electrode rGO/Au2O3 H2O2 [75]
I Transistor CVD-G Brain activity [76,77]
I Electrode MoS2 Pressure and temperature [78]

Heart I Electrode G ECG [79]
I Piezo resistor rGO/PPy Pressure [32]

Leg (skeletal muscles) I Electrode G/myoblasts EMG and muscle stimulation [30]
Ear I Electrode CVD-G Electric-acoustic stimulation [6]
Colon I Electrode G/NPs pH sensing [14]

*W: wearable I: implantable G: graphene.
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ing to emerge to achieve this goal. For example, the expression of
the fibroblast growth factor 2 (FGF2) or the glial fibrillary acidic
protein (GFAP) in the area surrounding the implant, are useful
parameters to monitor the wound healing process and the postsur-
gical inflammation [5].

Furthermore, detection and study of macro and micro-glial cells
by immunolabelling has been employed by Nguyen and
co-workers to evaluate the inflammatory response after the
implantation of a graphene-based device into the eye of a rat
[91]. In fact, the proliferation of reactive micro-glial cells and their
amoeboid transformation into macrophages could occur as a
response to the implanted material. The number of micro-glial
cells in the implanted eyes was not significantly different from
the not operated ones, which indicate good biocompatibility of
device, without graphene coating) [92]. At the same time the neu-
ronal network surrounding the device appears healthier with an
elevate number of soma and neurites, whilst the control probes
(without graphene) after 5 weeks are surrounded by a thick layer
of astrocytes and microglia (glial scars) that causes the gradual loss
of the signal in time.

Tailoring the mechanical properties of the device to fit the ones
of the target organ, has been demonstrated very effective in reduc-
ing the post-surgical inflammation process and assure the implant
success. Furthermore, the host organism immune response can be
significantly reduced by coating the surface of the device with bio-
mimetic coatings, such as proteins and stealth polymers, or by
using any biocompatible and flexible materials as support
[91,93,94].



Apart from the obvious physiological risks as infection or rejec-
tion, an abnormal biological response to the foreign material can
originate errant analytical data. [95] In fact, the biological response
of the host may produce local changes in the metabolic activity,

In the past decades, the development of skin adaptable sensors
has been hampered using solid-state technology and rigid metals
that can be kept in contact with skin just for short periods, pre-
venting to achieve in real-time and long-term monitoring. There-
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affecting calibration and sensitivity of an implanted sensor. In this
scenario, the implanted device will not trace the real or diagnosti-
cally relevant concentrations of the analyte, being unreliable for
monitoring the status of patients or taking therapeutic action.
Another major challenge for wearable devices, in particular those
applied to skin, mouth or eye, concerns their robustness against
mechanical stress [96]. In this case, the electrical and, therefore,
the sensing performance might be compromised by continuous
compression, bending and strains. Finally, the long-term stability
and functionality of both wearable and implantable devices is
essential for possible commercialization [97].

2. Wearable skin sensors

With an approximate surface of 2 m2, the skin is the largest
organ of the human body. Thanks to its extended surface, easy-
accessibility, thin thickness, and mechanical properties, the skin
is the ideal organ to non-invasively monitoring of the body motion
and vital bio-signals deriving both from dermis and epidermis or
from inner organs, blood vessels, and muscles (Fig. 2) [98].

Skin sensors can be classified as non-invasive or invasive: the
formers do not infiltrate nor break the skin, while the latter are
invasively attached onto or within it through disrupting method-
ologies. Both kind of sensors can be used to detect a wide range
of physiological, biomedical, motion and vital signals correlated
to disease diagnosis, health management and human–machine
interfaces [99]. However, due to convenient accessibility of skin,
the absolute majority of reported sensors are wearable, while inva-
sive ones are just used in few specific cases [61,100].
Fig. 2. Physiological and diagnostic signals detectable from skin. Repro
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fore, ultrathin, flexible, and soft systems based on graphene and
other 2D materials gained attention, as they can be non-
invasively attached to the skin, perfectly adapting to the epidermis
curvature. These nanomaterials comprise most of the key parame-
ters required for ideal skin sensors such as transducing capacity,
low thickness, softness, stretchability, and adhesion [101]. These
features facilitate the incorporation of 2D materials onto different
non-invasive supports such as patches, tattoos, and textiles.

When designing skin sensors some fundamental requirements
must be considered. For instance, stretchability and softness of
the devices are critical parameters since mechanical mismatches
with the biological tissue can lead to inaccurate analyses and tissue
damage. Stretchability, which is defined as the capability of adapt-
ing to intense deformations, is crucial for skin sensors since will be
subjected to external harsh strains such as twisting, bending,
stretching, etc. In addition, softness is relevant to prevent rupture
and to contribute to the device comfort. Softness is related to the
Young’s modulus of the employed material, that has to match
modulus and fracture strain values to the human skin (0.5–
1.95 MPa, greater than15%, respectively) [101]. To this end, 2D
materials are generally combined with suitable handling polymers
to reach the most satisfactory requirements [50,103].

Firm adhesion of the device to skin, both dry and wet condi-
tions, is also desirable to ensure reliable signal recording. Gener-
ally, commercial skin sensors possess rigid and thick metal
components resulting in an extremely poor attachment. To mini-
mize the weak contact, conductive gels and adhesives are used to
improve a signal registered. However, they cannot be used for long
periods since they tend to dry or decompose and reduce the
duced from ref. [102], Copyright 2017 American Chemical Society.



sensitivity of the devices. To overcome these difficulties, many
researchers proposed to use mountable devices or to support gra-
phene on biocompatible and elastic platforms (e.g., polymers and
papers) that stay attached to the skin via just van der Waals inter-

2.1.1. Body movement monitoring
The so-called motion or movement sensors are devices specifi-

cally designed to precisely detect external body movements,
mainly from muscles and limbs. Such systems may play a crucial
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actions [49,98,104]. However, the development of skin sensors
with simultaneous excellent adhesion and the above-mentioned
properties is still challenging.

Biocompatibility is also a key parameter. However, the dermal
effects of graphene-based sensors are still understudied, and only
few studies have been published about the cutaneous toxicity
[105,106]. Two research contributions have highlighted the strong
cytotoxicity of graphene to adhere to human skin fibroblast and
the probable penetration of few-layer graphene after long expo-
sure time, which might harm the mitochondrial activity associated
with plasma membrane [105,107]. In general, the most likely sce-
nario is skin irritation and allergic response, but the cause remains
unclear. For example, a recent work has reported that skin irrita-
tion caused by graphene, highly depends on the toxicity of the
exfoliating agents used [108]. Further detailed analyses on the real
toxicity of graphene-based devices after cutaneous exposure is still
awaiting [106]. Regarding other 2D materials, the allergic impact
on skin and cytotoxicity caused by MoS2,has been evaluated by
Chen et al. [109] Cytotoxicity was assessed on different primary
and immortalized cell lines both for MoS2 on surface and in solu-
tion. When placed on a solid support, MoS2 did not significantly
alter cell viability, whilst MoS2 flakes are internalized by cells caus-
ing relevant cytotoxicity at concentrations above 0.16 mg�mL�1.
This suggests that the detachment of the material from a solid sup-
port might induce adverse effects at relatively high concentrations.
Furthermore, the authors tested the allergic impact of metal
dichalcogenides on guinea pig skin, an animal model which easily
triggers immune response when exposed to allergens. MoS2 did
not induce any allergic effect such as erythema, edema or ulcers.

Another underestimated feature is breathability: through
human skin perspiration hundreds of millilitres of water evapo-
rates every day. The remaining water into the device/skin inter-
layer can generate signal drift and cause skin inflammation. Most
skin electronics based on graphene are composed of materials with
reduced breathability, which hindered water evaporation. Only
wearable sensors with textile structure are presenting good
breathing capability [25,110,111]. This design is able to reduce sig-
nificantly the stiffness, rashes, and skin inflammation while
exhibiting excellent monitoring capacities. Two are the major
types of physiological signals monitored by skin sensors: physical
strain and biomarker concentration. Below, we revised skin sensors
based on this classification.

2.1. Strain sensors

Strain sensors are a type of piezoresistive sensors used to mon-
itor motions, pressure, and mechanical stress among other signals.
This kind of sensors gained huge importance due to their easy fab-
rication and operation. However, traditional pressure sensors often
fail in achieving wide working ranges and elevated sensitivities
simultaneously, as required for this application. Recently, 2D mate-
rials became promising candidates to overcome this issue, due to
their layered structure able to provide piezoelectric effect with ele-
vated gauge factors (GF). As a result, devices based on these mate-
rials presents high sensitivity which permits the detection of the
weakest physiological signals [86,87]. Further strategies to
improve the sensitivity of the devices consist in introducing porous
structures, such as hydrogels, aerogels, and 3D porous networks, or
micropatterning techniques [31,32,39,40,64]. Overall, wearable
strain sensors have been largely employed to monitor body move-
ments, respiration rate, electrophysiological signals, and speech
vibrations.
role as a tool for prevention, diagnosis, or rehabilitation of multiple
diseases, such as neurodegenerative and neuromuscular diseases
or involuntary muscular disorders.

Body movement sensors usually include in their design specific
adhesive components that ensures total adhesion to skin and reli-
able signal recording. Cai et al. developed a sensor to monitor
human body motions by combining graphene foam with
polyacrylamide/calcium-alginate (PAM/CA) hydrogel. The authors
used chitosan as adhesive interface to allow the fixation of the
hydrogel onto the skin. The resulting device showed an elastic
modulus analogous to the one of skin (8–90 kPA), with a wide
range of strain (up to 500%), high sensitivity and remarkable dura-
bility (up to 1,000 cycles). The device was tested as a wearable sen-
sor on human body. Moreover, the in vivo biocompatibility was
demonstrated by implanting the device subcutaneously in mice
[37]. In a second example, Chun et al. reported a simple, low-cost
and scalable fabrication method to produce reduced graphene
oxide (rGO)-coated fabric strain sensors. In this case, the authors
used a polydimethylsiloxane (PDMS) octopus-like pattern (Fig. 3),
placed on the side in contact to the skin, to improve the adhesion
both in dry and wet environments. This PDMS-coated rGO fabric
sensor showed not only efficient detection of body motions but
as well of electrocardiogram (ECG) signals and speech vibrations
both in dry and wet conditions, with extremely sensitive piezore-
sistive responses and low detection limits for pressure and strain
[38].

Apart from graphene and graphene oxide (GO) other 2D mate-
rials can be used to manufacture effective strain sensors. Thanks
to its elevated gauge factor and tunable band gap, MoS2 is an extre-
mely interesting candidate for this application. Park et al. pre-
sented a fingerprint tactile sensor fabricated with MoS2
transferred over CVD grown graphene electrodes [7]. Compared
with conventional strain gauges, the MoS2-based strain sensor
showed good optical transparency, high mechanical flexibility,
and elevated GF. Furthermore, the ultrathin nature of the sensor
(below 75 nm) and its extreme flexibility allows the device to per-
fectly adapt to the tiniest irregularities of skin, such as the finger-
prints. This technology in the next future, could have the potential
to restore human functions, such as tactile sensibility lost in dam-
aged or burned skin.

Sahatiya et al. reported another strain sensor based on MoS2. In
this case an ultra-low cost (G)–MoS2 FET was fabricated using
biodegradable cellulose paper [39]. MoS2 with nanoflower mor-
phology was hydrothermally grown over paper soaked in exfoli-
ated graphene. The source and drain of the FET were drawn
using a pencil. In spite of the low-cost of the materials and the sim-
ple design, the as fabricated G/MoS2 transistor exhibits on/off ratio
of �99 with carrier mobility of 18.7 cm2 V�1 s�1 and were used as
sensor able to detect low strain values down to 0.5%. By interfacing
the sensor with a microcontroller, the authors were able to build a
wearable prototype enabling human finger motion monitoring.

On the same line, three-dimensional porous networks based on
graphene and MoS2 were exploited to manufacture a strain-
pressure sensor with elevated sensitivity and durability [40]. The
addition of MoS2 planar sheets to the graphene network, induces
the formation of MoS2 islands with a cracked paddy shape. Such
nanopatterned distribution of MoS2 onto the graphene network
surface can improve resistance variation upon external strain and
pressure. Compared to previously reported graphene porous net-
work, this hybrid material showed improved sensitivity and excel-
lent durability under repeated pressure cycles. When attached



onto the human temple and neck the sensor can detect motion sig-
nals such as neck bending and eye blinking.

As well, MXenes have been used to fabricate efficient strain sen-
sors for humanmotion monitoring. Ma et al.manufactured a Ti3C2–

Inspired by the skin epidermis, low-cost, easily prepared, and
soft/wearable pressure sensors based on graphene and abrasive
paper have also been reported to detect physiological activities,
including respiration [46]. In these sensors with random distribu-

Fig. 3. Nature inspired materials can improve the skin adhesion of the sensors: (a) Schematic illustration of the octopus-like patterned (OPs), rGO-fabric coated with rGO and
PDMS. Scanning electron microscope (SEM) images of plain fabric (b) and OP-engraved fabric (c). Reproduced from ref. [38], Copyright 2019 American Chemical Society.
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MXene based flexible piezoelectric sensor with interdigital elec-
trodes [41]. The sensor showed high compressibility, high sensitiv-
ity, fast response, and mechanical reversibility. The working
mechanism for the piezoresistive sensor, based on change of resis-
tance upon strain-pressure, was demonstrated monitoring the
change in the interlayer distance through in situ transmission elec-
tron microscopy (TEM).

2.1.2. Respiratory rate monitoring
Strain sensors have also found wide application in respiratory

rate monitoring through chest fixation. Boland et al. developed a

cheap strain sensor based on liquid-exfoliated graphene infused which are non-invasively detectable from skin. Alteration of these
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into commercial rubber [42]. The resulting graphene-infiltrated
elastic has a gauge factor of 35 and resistance between 4 MX
and 57kX, depending on the volume fraction of graphene. The
resistance of the device is determined by the strain applied to
the band, registering increases up to 4 orders of magnitude when
800% strain is applied. By placing the band horizontally across
the rib cage, real-time breathing could be recorded. Another wear-
able strain sensor to monitor simultaneously the heartbeat and
respiration, was developed based on graphene, palladium film,
and highly plasticized poly(3,4-ethylene-dioxythiophene):poly(st
yrenesulfonate) (PEDOT:PSS) [43]. PEDOT:PSS was used as a con-
ductive supporting substrate for graphene/palladium at the high
strain range. The resulting strain sensor displayed high sensitivity
at low strains (0.001% engineering strain) and an extensive work-
ing range up to 86%, which are essential to detect heartbeat (small
strain, shorter time interval) and respiration (large strain, longer
time interval) at the same time (Fig. 4).

In addition, textile sensors have been used to monitor respira-
tion due to their low-cost and green textile material. A simple-
structured and low-cost strain sensor was composed of graphene
woven fabrics, PDMS, and medical tape, and was applied to detect
weak human motion signals, including breathing in both resting
and active states [44]. In a second example, synthetic fiber (cellu-
lose acetate fiber, CAF) bundles were used to adsorb rGO sheets,
leading to gaps in the microstructures of the sensors with bundle
alignment perpendicular to the strain axis, which decreases the
conductance of the sensor [45]. Ouyang J. and co-workers have
developed a facile and cost-effective dip-and-reduce method of
graphene-based wearable sensors integrated into the nonwoven
fabrics (NWF) [112]. The as-obtained graphene-NWF sensors dis-
played negative gauge factor at small strain.
tion spinosum (RDS) microstructure, abrasive paper was used as
the template and graphene as the sensing material. Both experi-
ment and simulation demonstrate that the effective interlocking
of RDS layers results in high sensitivity and an extensive linear
range.

Further devices for the monitoring of respiration rate, wearable
on the mouth, will be reviewed in the section oral wearable device.

2.1.3. Electrophysiological sensors
There are several physiological signals, in some case known as

biopotentials, that are generated by the cardiovascular system,
signals are related to possible anomalies and cardiovascular dis-
eases. For example, pulse waves generated by the arterial system
elasticity are employed for early diagnosis of arteriosclerosis;
[113] phonocardiogram analysis monitor the sound produced by
the heart, whose frequency and intensity are related to the
myocardial function; the beat generated by the heart and the
whole vascular system produced mechanical vibrations on the
chest and on the surface of the body, which are also informative
and employed to record a seismo-cardiogram (SCG) or a ballistio-
cardiogram (BCG) [114]. In the field of wearable biosensors, there
is great interest in developing devices able to detect one or more
of the above physiological signals for a reliable, highly sensitive
real-time cardiovascular monitoring and not requiring hospital
environment.

In general, the complex electrical activity of the heart is usually
analysed through ECG, which is the most employed tool to monitor
heart function. Current ECG machines record the difference of
potential generated by the heart using Ag/AgCl wet electrodes,
where conductive gel is required between electrodes and the skin.
However, such gels are easy to deteriorate, strongly affected by
patient movements and in some cases causing skin reactions and
allergies. Therefore, alternative dry electrodes for ECG can be
highly interesting.

Zang et al. employed laser-induced graphene (LIG) supported by
PDMS layers to fabricate a six chest-lead dry electrode [47]. This
device easy adhere to the skin, is very robust (keeping low impe-
dance of 199 kW at 20 Hz after repetitive ultrasound washing)
with a high signal-to-noise (SN) ratio. Interestingly, this device
can be customized according with patient anatomy and allow the
application of a six-lead at once (Fig. 5), with performance compa-
rable with the commonly used 12-lead ECG. An alternative inex-



pensive formulation has been proposed by Romero and co-
workers: they employed a foam of porous graphene, obtained by
laser-induction of flexible carbon rich Kapton� substrate, as com-
ponent to develop their electrode for ubiquitous ECG [48]. A cir-

into filamentary serpentine ribbons to improve the stretchability of
the device. To measure ECG, the GET sensor (with a measured
thickness of 463 ± 30 nm) was transferred on the human chest,
in contact with the skin, working as easily as a temporary transfer

sors used for motion monitoring and other pressure movement

Fig. 5. Laser-induced graphene (LIG) is a cheap and emerging material that allows
to design customized electrodes according with patient anatomy. a) Scheme of
integrated staff-shaped chest-electrode patterns (V1–V6). b) Positions of LIG/PDMS
electrodes on human chest. c) Photograph of LIG/PDMS electrodes. d,e) ECG signals
(t = 5 s) recorded by LIG/PDMS electrodes. Reproduced from ref. [47], Copyright
2021 Wiley-VCH GmbH.

Fig. 4. Strain sensors encountered potential application in respiratory monitoring: chest fixation enables on-body testing of the G/Pd/PEDOT:PSS material, patterned into a
serpentine strain gauge design. (a) Photograph and side view schematic of the wearable G/Pd/PEDOT:PSS sensor on the body of a human subject. (b) Finite element analysis
(FEA) of the patterned G/Pd/ PEDOT:PSS sensor as the material accommodates stress stemming from a normal force, simulating the force stemming from a heartbeat and/or
respiration. Piezoresistive response of the patterned G/Pd/PEDOT:PSS sensor to simulations of (c) obstructive sleep apnea and (d) normal sleep by the human subject.
Reproduced from ref. [43], Copyright 2019 American Chemical Society.
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cumference of 10 mm diameter was photothermally patterned
onto a Kapton� HN tape using a laser diode, generating, also in this
case, a LIG area. The electrode was placed safely on the skin using
transparent polyurethane (PU) film and a polyacrylate adhesive.
The performance of the electrode was tested, applied on the wrist
of volunteers, and the ECG recorded was highly comparable with
the ECG obtained with commercial Ag/AgCl wet electrodes, with
the typical pattern that includes P wave, QRS complex, and T wave.

Akinwande et al. were among the firsts to develop graphene-
based electronic tattoo (GET) sensor for ECG measurements, but
also employable to measure electromyogram, electroencephalo-
gram, skin temperature and hydration [49]. The tattoo was carved
tattoo. The signals recorded were comparable with those recorded
by using commercial gel electrodes. The same authors recently
reported an updated overview about GET technology and their ver-
satility toward detection of biopotentials from different sources,
including potential applications for heart and blood pressure mon-
itoring [50]. Overall, the advantages of this methods are their sim-
ple preparation, their proved biocompatibility, their transparency,
and softness, which allow obtaining reproducible signals also dur-
ing natural skin stretches and movements. Current challenges for
these devices concern: i) the improvement of the reproducibility
between devices, mainly depending on CVD graphene sources
and providers and ii) optimize the durability of the device without
compromising softness and skin wearability.

Another type of electrophysiological signal that can be moni-
tored is electromyography (EMG), although there is not much liter-
ature in this regard. Kim and co-workers developed a non-invasive
nanomembrane system for real-time continuous monitoring of
craniofacial muscles, specifically for masseter muscles that are crit-
ical for mastication [51]. These kinds of skeletal muscles have low
regenerative capacity and one of the main challenges facing in vivo
models is the lack of effective tools to monitor the regeneration
and recovery of injured craniofacial muscles. The authors fabri-
cated a miniaturized portable wireless electronic device based on
ultrathin, low-profile, lightweight, soft, and stretchable graphene
sensors that could be laminated to the skin over the target muscle
to record EMG activity on free moving mice. They evaluated the
efficiency of their device by in vivo monitoring of active mice dur-
ing mastication and demonstrated that their sensor also allowed
highly sensitive electromyogram detection of the recovery of the
muscle after surgical transplantation.

2.1.4. Speech vibration/voice recognition
The studies of wearable sensors used for speech recognition

increased significantly in the last years. Usually, the common sen-
detections are employed. Speech recognition is tested through
the resistance variation coming from talk vibrations of a tester
[38,44,115]. Such application has a great potential in human–ma-
chine interaction and speech ability recovering. In addition to the



common properties of strain sensors, speech detectors also require
ultra-sensitivity to capture the subtle muscle movement during
speech and rapid response speed. A static pressure detector was
fabricated self-assembled films composed of nanofibers of neutral

the most ideal biofluid for non-invasive real-time health monitor-
ing of biomarkers through chemical sensing [116]. For instance,
measuring levels of glucose in sweat, which are directly related
to the glucose in blood, is a tool to monitor the chronic condition
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viscoelastic P(VDF-TrFe) (Poly(vinylidene fluoride-co-
trifluoroethylene)) and rGO, which showed high sensitivity
(15.6 kPa�1), low detection limit (1.2 Pa), long-term stability
(100,000 cycles) and fast response (5 ms). The authors demon-
strated the ability of their sensor to detect a feather or a rice grain.
Furthermore, the sensor resulted an efficient method for voice
recognitions, able to differentiate between several words from a
tester spoke and showing different waveform patterns for different
pronunciations [52]. In another example, ultrahigh sensitivity of
the device was reached with ‘‘compression spring” architecture
of a graphene-based fiber, with a detection limit of 0.2% strain
and a response of less than 100 ms. The device was successfully
applied for accurate speech recognition and, furthermore, for
real-time monitoring and recording of complex robot movements,
as the authors proved with the ‘‘Gangnam Style” dance [54].

Wang and co-workers designed a flexible and wearable gra-
phene woven fabrics (GWF) adhered on elastic double-sided tape
film with high-precision speech acquisition and recognition
through muscle movement, regardless of whether the sound is
vocalized or not. The authors were able to decrease the pathways
and, thus, increase the resistance of their device by introducing
high-density randomly dispersed cracks along the film network
upon being stretched. The ultra-high sensitivity of rapid and low-
frequency speech was demonstrated with English letters, Chinese
characters and tones and whole phrases and sentences, in both
from a tester spoke and pre-recorded sounds [53].

One of the most advanced works in speech sensing is a wearable
artificial throat able to detect and generate sounds (frequencies
between 100 Hz and 40 kHz) simultaneously (Fig. 6). The device
is based on a LIG on polyimide substrate and showed high sensitiv-
ity, low limit detection, high thermal conductivity, and low heat
capacity, thus making it an excellent candidate for thermoacoustic
sound source. Furthermore, such intelligent artificial throat exhib-
ited capability to recognize different intensities and volumes of
hum, cough, and scream, convert those unclear throat vibrations
into controllable sounds and, thus, differentiate between different
pronounced words and sentences. Overall, this work paved the
way to specific phonation recognition, providing assistance and
speech rehabilitation training for disabled patients [55].

2.2. Biomarkers from sweat

Sweat, secreted by the skin, is a biological fluid containing var-
ious ions, hormones, small proteins, acids and metabolites which
reflect specific information about health. Human sweat is thus
Fig. 6. Strain sensors with ultrahigh sensitivity to detect soft muscle movements are be
representation of a LIG graphene-based artificial throat is shown: (a) One-step LIG fabrica
has both the ability of emitting and detecting sounds. (c) The artificial throat is able to d
[55], Copyright 2017 Nature.
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of diabetes.
The most conventional methods to detect glucose are based on

invasive methods through blood extraction. But recent develop-
ments of skin chemical sensors of graphene allow detecting low
traces of glucose in sweat. [117] Wearable glucose sensors are
mainly based on electrochemical oxidation of glucose through
enzymatic or non-enzymatic sensing, in which graphene is
employed as electrode. Graphene enhances the electron transfer
between the electrode and the enzyme or glucose, for enzymatic
and non-enzymatic oxidation of glucose, respectively. In addition,
graphene can mediate the oxidation of H2O2 (intermediate product
in the enzymatic process of glucose). For example, Lee and co-
workers fabricated a multifunctional device using a gold-
graphene hybrid to be applied on skin for real-time monitoring
of glucose in sweat and simultaneous controlled administration
of antidiabetic drugs through the skin. [56] The device consists of
a bilayer structure of gold-doped CVD graphene modified with glu-
cose oxidase, which shows high conductivity and mechanical sta-
bility, obtaining accurate electrical signals from the skin. Thus,
when the sensor exceeds a glucose threshold, thermal activation
of the drug-loaded microneedles is triggered. The sensitivity of
the glucose sensor was successfully tested in two healthy volun-
teers, and diabetic mice models were employed to study the ther-
apeutic effect of the temperature responsive drug delivery system.
Such device is a very strong example of combining continuous
chronic disease monitoring with automatic ‘‘on demand”
treatment.

Other 3D structures based on graphene with increased and con-
trolled porosity are suitable for wearable glucose sensing. In fact,
such materials present higher surface area and an enhanced load-
ing capability of enzyme. For instance, Zhu et al. prepared 3D LIG
foams and fibers as base of the electrode of a flexible non-
enzymatic sweat glucose sensor. The sensor exhibited high sensi-
tivity in human sweat. In addition, a large linear range (0–
30 mM) have been achieved, by using Ni and Au coating, with high
glucose selectivity in the presence of typical interfering substances,
e.g., ascorbic acid, dopamine hydrochloride, uric acid, acetamino-
phen, lactose, sucrose, fructose, lactate, urea, glycine, and mM con-
centrations of NaCl, KCl, CaCl2, and NaHCO3. [57].

The sampling strategy of sweat is fundamental in the design of
wearable biosensors, to ensure always fresh analytes, and control
the volume of the physiological fluid. For example, glucose can
be sampled from the interstitial fluid via electro-osmotic extrac-
tion follicular pathways in the skin. With this technique interstitial
fluids can be drawn through the skin and captured into a known,
ing applied for speech recognition through talk vibrations. As example, a schematic
tion. PI is converted into LIG by laser irradiation at 450 nm (Scale bar, 2.5 cm). (b) LIG
etect the movement of throat generating controllable sounds. Reproduced from ref.



small volume, allowing systemic glucose detection without need of
previous calibrations of the system. To do so, a miniaturized array
of electrodes, suitable for electro-osmotic extraction and electro-
chemical sensing is required. Lipani et al. coated this array of elec-

signals originated from pH, ionic strength variations and nonspeci-
fic adsorption of complex components in biofluids can be mini-
mized or eliminated. The gFET sensing capability toward IFN, IL-
6, and TNF was tested in different biofluids such as plasma, saliva,

Sensors wearable on the mouth region can be categorized in 3
main types: i) strain/pressure and humidity graphene-based sen-
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trodes with a CVD graphene-based film decorated with Pt
nanoparticles to enhance the sensitivity. [58] A glucose oxidase-
bearing hydrogel works as biofluid reservoir. With this design
the sensor can detect glucose with a sensitivity of 37 lA mM�1

cm�2 and LOD of 0.76 lM.
Another strategy to achieve continued sampling of sweat is the

use of microfluidic devices. Yang et al. presented a sweat sensor
that is entirely laser engraved enabling wireless continuous moni-
toring of uric acid (UA), Tyrosine (Tyr) and vital signs. It consists of
a LIG chemical sensor and a laser-engraved microfluidic device that
enables continuous sweat sampling. Due to the fast electron mobil-
ity, elevated current density and extended surface area, this
graphene-based sensor can rapidly and accurately detect UA and
Tyr in human sweat in situ. Furthermore, the manufacture
methodology is easily scalable since all the key modules compos-
ing the devices are fabricated with a broadly diffused CO2 laser
engraving approach. [59].

Monitoring sweat rate is crucial for the reliable quantification of
molecular concentration in sweat. For this reason, innovative solu-
tions are required, to accurately determine the volume of this bio-
logical fluid in wearable biosensors. Mondal et al. introduced an
anodic aluminum oxide (AAO) coated with MoS2 honeycomb struc-
ture as a resistive sensor for humidity. [60] The highly porous MoS2
honeycomb-like can amplify the sensing performance of the device
due to the open pores and wide absorption surface. The proposed
sensor exhibited a sensitivity of 2 orders of magnitudes higher
compared to the MoS2 film-based humidity sensor. Furthermore,
the sensor showed faster response and recovery times. The authors
integrated the devices in a wearable platform and used it to accu-
rately determine the regional sweat rate, showing promising
potential for the next generation of wearable sensors. In addition,
the versatility of the devices was demonstrated applying it for
human breath monitoring, speech recognition and noncontact sen-
sation of human fingertips.

Sometimes the possibility of sensing extremely low molecular
concentrations of analytes is essential to provide rapid and early
detection of human pathologies. Wearable sensors discussed above
may not always reach such resolution of detection and, therefore,
minimally-invasive transdermal sensors can be a suitable solution.
For instance, the usage of microneedles for detection of low con-
centrations of transdermal H2O2 may play a vital role in the diag-
nosis of diseases with cell damage that can lead to senescence,
neurodegeneration, and even cancer. Jin et al. reported a nanohy-
brid electrochemical biosensor based on microneedles embedded
with rGO and Pt nanoparticles and showed efficient transdermal
and painless detection of H2O2 in vivo on mice. [61] In order to
avoid mechanical destruction and protect the nanoparticles during
skin insertion, the authors recovered the patch with a water-
soluble polymer layer, which was later degraded after inserted,
thus preserving the sensitivity and sensing capacity of the device.

Apart from glucose, several analytes and biomarkers can be
detected in human sweat. Recently, Hao et al. developed an apta-
meric dual channel gFET for the in-situ detection of cytokines such
as interferon (IFN), interleukin (IL-6), and tumor necrosis factor
(TNF) in COVID-19 patients (Fig. 7). [26] Abnormally elevated
levels of cytokines are considered prognosis biomarkers for severe
or critical progression of COVID-19 and of great significance to
detect and treat COVID-19 patients before they become critically
ill. The device was fabricated on flexible substrates and integrated
in a wireless device to enable wearable applications and continues
monitoring of cytokines in hospitalized patients. Thanks to the
dual channel design and TWEEN 80 passivation, false response
sweat and urines. The sensor allows to rapidly detect the analytes
(7 min) with the LODs of 476�10-15, 608�10-15, or 611�10-15 M,
respectively.

The hormone cortisol in sweat is related to acute and chronic
stress that has a negative impact on human health. Chronic stress
is considered the health epidemic of the 21st Century. Thus, there
is a great demand for detection systems capable of supporting
quasi-continuous measurements of cortisol levels to understand
and assess endocrine response to stress. Recently, Torrente-
Rodriguez et al. developed a wireless sensor patch for monitoring
cortisol in human sweat using a LIG electrode. [62] As glucose sens-
ing, the detection of this ‘‘stress hormone” needs a specific biorecep-
tor for its recognition such as antibody. Therefore, the LIG electrode
was modified with anti-cortisol antibody, on which there was com-
petitionbetween sweat cortisol andhorseradishperoxidase labelled
with cortisol. In this manner, current generated from enzymatic
reduction of H2O2 was related to the amount of cortisol. The device
showed a limit of detection of 0.08 ng�mL�1, and it was successfully
evaluated in human by a pilot human study, which revels fluctua-
tions of the ultra-low levels of sweat cortisol for 6 days.

Monitoring ion concentrations in sweat is also crucial to evalu-
ating human health. For example, Na+ and K+ cations in sweat are
related to dehydration, anaerobic metabolism, hypokalemia, and
hyponatremia; while Cl- detection in sweat is used to diagnose cys-
tic fibrosis. Wearable ion detection on skin is mainly based on elec-
trochemical sensors with all-solid-state ion-selective electrodes
(ISEs) modified with the corresponding ionophore. They present
easy integration (avoiding the use of reference solution), stability,
miniaturization, and fast response. [116] In these devices, gra-
phene has been widely studied as ion-to-electron transducer
because increases the hydrophobicity of the electrode surface, pro-
vides a high surface area, excellent conductivity, electrocatalytic
activity and accelerates the electron transfer during ion exchange
between an electrode and the solution. [27,28] Particularly, gra-
phene oxide and exfoliated graphene derivatives have been
employed because they can be dispersed in solvents for ink pro-
duction, which allows creating patterned electrodes. Although
the research of graphene-based sensors for skin has made remark-
able achievements, there still exist some limitations that nanoma-
terials are not solving yet. Except few examples, most of graphene
derivatives generally cannot detect target analytes by themselves,
so they are often modified with biomolecules. This fact limits their
applications because it increases production costs, in addition to
their poor stability.

3. Wearable oral sensors
sors to monitor respiration, ii) biosensors for the detection of
chemical and biological species in breath and saliva, iii) piezoresis-
tive sensors to monitor swallowing activity.

Respiration is one of the most critical and monitored physiolog-
ical signals in hospitalized patients, therefore the search of innova-
tive and non-invasive technologies for its in real-time detection
and monitoring always attracted interest. A widespread approach
to monitor respiratory rate is to install a pressure sensor on a wear-
able mask to detect the pressure changes caused by the breathing
airflow. The achievement of simultaneously large working range
and elevated sensitivity is extremely important for this application.



In this, graphene-related materials can help and be used to design
high-performance pressure sensors.

For instance, Tao et al. reported a sensor obtained by soaking
tissue paper into GO, and then reducing it by thermal approach

multilayer graphene epidermal electronic skin for detection of
breath, among several other physiological parameters. [31] By
using wet transfer process, the authors can transfer the graphene
strain sensors from paper onto any object or body part. Respiration

Fig. 7. Human sweat is a biofluid rich in biomarkers for non-invasive real-time health monitoring through chemical sensing. In this example, a gFET biosensor is developed
for the detection of cytokine storm syndrome caused by COVID-19: (a) Scheme of the aptameric dual channel of the gFET biosensor (b) Photograph of the flexible and
wearable aptameric gFET device. (c) The device worn on different human body parts e.g., forehead, chest, and arm. (h) Time-resolved, and in real-time measurement of IFN,
TNF, and IL-6 in human sweat. Reproduced from ref. [26], Copyright 2021 Wiley.
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(Fig. 8). [63] The as-prepared device displays high sensitivity
(17.2 kPa�1) and a large working range (0–20 kPa). This device
was fixed on a transparent mask and used to monitor human res-
piration at rest and during intense physical activity. The results
demonstrated that the respiration rate changed from 16
times�min�1 before exercise to 68 times�min�1 after exercise, in
good accordance with the fatigue level. Thanks to its wide working
range and high sensitivity, such pressure sensor, apart from respi-
ratory detections can be applied in pulse detection, voice recogni-
tion, and intense motion detections.

Another approach to obtain highly sensitive pressure sensors
with wide working range is to create patterns in graphene oxide
layers by laser scribing. Qiao et al. using this approach developed
rate can be monitored in real-time by attaching the sensor on a
mask, philtrum, or the throat.

Finally, Tao et al. developed a pressure sensor based on LIG,
where the graphene foam is directly patterned onto a polyimide
substrate with an infrared laser. Using this methodology, the
authors obtained a dual-functional electronic skin (E-skin) to mon-
itor the sleep apnea and alarm once the is hold for more than 10 s.
[64] The gauge factor of the device, equal to 316.3, indicates ultra-
high sensitivity and permits even the detection of the weakest
physiological signals.

Besides wearable pressure/strain sensors, humidity sensors are
a valid alternative for respiratory rate monitoring. Such devices
measure the difference in relative humidity (RH) between exhala-



tion and inhalation, since the exhaled airflow has higher RH com-
pared to ambient air. Based on this concept, various humidity sen-
sors based on 2D materials were developed. GO is the most
widespread 2D material to design humidity sensors, due to its ele-

Ren et al. also developed a humidity sensor for respiration monitor-
ing based on porous graphene, GO, PEDOT: PSS and Ag colloids.
[66] The as-prepared sensors were used to detect different breath-
ing patterns, being able to distinguish between normal and deep

Fig. 8. Sensors for monitoring respiration are highly valuable to monitor physio-
logical signals in hospitalized patients. For such a use, pressure sensors are widely
investigated: (a) Application for respiration detection using a GO-coated tissue
paper. (b) Response curves for breathing before and after exercise. Reproduced from
ref. [63], Copyright 2017 American Chemical Society.
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vated surface area and superpermeability to water molecules. Fur-
thermore, GO surface functional groups in contact with water can
generate protons, producing a detectable decrease in the electrical
impedance of the material. [118] For example, a wireless humidity
sensor to monitor respiratory rate based on poly(dopamine) and
graphene oxide has been reported by He et al. [65] In this device,
the humidity sensing mechanism is based on the constant forma-
tion and breaking of hydrogen bonding between poly(dopamine)
and water molecules. The resulting sensor allows to discern among
slow, medium, and rapid breathing states, as well as record the
real-time respiratory signal during outdoor exercise, with high
sensitivity, ultrafast response, and reduced hysteresis (Fig. 9).
Fig. 9. Humidity sensors are an efficient alternative to monitor human respiratory rat
monitoring device proposed by He et al. (b) Photograph of the wearable device used for
breathing states (slow, medium, and rapid), the corresponding exhaled and inhaled a
American Chemical Society.
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respiration.
Guo et al. demonstrated that WS2 films, synthesized by sulfur-

ization of tungsten, exhibited excellent humidity sensing perfor-
mance both in flat and flexible substrates. [67] Upon increases of
humidity content, the conductivity of the material increases, pro-
viding a rapid response in a timeframe of seconds. By depositing
WS2 on graphene electrodes supported on thin and flexible PDMS
substrate, a stretchable and wearable humidity sensor was manu-
factured. The good sensing performance of the device allowed
mask-free and real-time monitoring of human respiration rate.

The exhaled human breath is constituted by more than 3,500
components, including an elevated number of volatile organic
compounds (VOCs) such as acetone, methanol, ethanol, ammonia,
isoprene, isopropanol toluene and several inorganic and sulfur con-
taining gasses. These volatile compounds can also be used as
biomarkers for non-invasive diagnosis of diseases. The develop-
ment of highly sensitive and selective sensors is required to detect
these compounds in the part-per-million (ppm) or even part-per-
billion (ppb) range and to be able to differentiate healthy from
unhealthy conditions. 2D materials have huge potential for the
design of gas sensors and have been investigated for the detection
of volatile species in breath. Graphene, rGO and BC6N were used to
detect NOx, a biomarker for lung oxidative stress and inflammation
in asthma. [68,69] Graphene can be as well used for the detection
of acetone in breath, that is correlated with the glucose levels in
blood in diabetic patients. [70] As well, MXenes are under investi-
gation for the detection of VOCs, such as alcohols acetone, toluene,
xylene and NH3. [119] However, all these works described offline
e. (a) Photograph and schematic illustrations of the wearable human respiratory
in real-time monitoring of human patient. (c) Respiration signal recorded in three
ir RH values and respiratory rate Rres. Reproduced from ref. [65], Copyright 2017



detection of the devices, and 2Dmaterials have not been integrated
yet in wearable devices for in real-time chemical analysis of breath.

Humansaliva is another attractive corporal fluid for non-invasive
diagnostics and monitoring, since it contains several biomarkers,

possess several of the fundamental properties required for eye
implants such as: electrical conductivity, flexibility, reduced inter-
facial traction, biocompatibility, and transparency.

Within the most diffused eye wearable devices, contact lenses
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e.g., glucose, lactate, phosphate, hormones, proteins, and antibodies.
The concentration of such biomarkers can be correlated to several
diseases: cortisol and amino acids have been identified to be indica-
tive of physical and psychological stress; antibodies are useful for
the diagnosis of infectious diseases such as HIV and intestinal infec-
tions; some protein and mRNA in saliva were also identified as can-
cer biomarkers. [120] However, a major part of the investigation is
conducted through ex vivo sensing and just few examples of wear-
able/implantable graphene-based sensors exist. The most renown
example was reported by Mannoor et al., who developed a salivary
bacterium sensing platform wearable on the tooth enamel
(Fig. 10). [71] A graphene interdigitated electrode was functional-
ized with antimicrobial peptides to selectively bind bacteria in sal-
iva. Upon binding the analyte, the electrical resistance of the
device is altered allowing the quantitative detection of bacteria.
The graphene sensor was printed on a water-soluble silk substrate
to allow the easy transfer on the tooth enamel. Furthermore, the
authors integrated an inductive coil antenna in the device to allow
wireless readout. Apart frombacteria detection, theproposeddevice
was used as well for real-time monitoring of respiration.

Finally, a graphene sensor was also used to monitor swallowing
in patients subjected to cancer post-radiation therapy, who might
present reduced swallowing activity and dysphagia. [72] The sen-
sor is a wearable piezo-resistor made of palladium nano-islands
on single-layer graphene placed on the submental region. The dif-
ferences in swallowing activity between no dysphagic and dys-
phagic patient can be detected monitoring the tensile and
compressive strain of the device. Dysphagic patients took signifi-
cantly longer time to swallow the bolus compared to no dysphagic
ones. This sensor, when combined with a machine-learning algo-
rithm, can be used to monitor patients in real-time, while discern-
ing among signals due to coughing, turning of the head, and
swallowing of boluses of different consistencies.

4. Wearable and implantable ocular sensors

Fundamental parameters to consider during the design of eye

implantable and wearable sensors are the softness and mechanical

properties of the optoelectronics, which must match those of the
eyes, particularly for long term ocular prosthesis. Good flexibility
of the device is another essential factor, since the devices must per-
fectly adapt to the hemispherical curvature of the eye and the
retina. Moreover, to avoid interferences with the wearer vison,
electronics are required to have reduced opacity. 2D materials
Fig. 10. Human saliva is also considered a very rich biofluid for non-invasive diagnosis an
Graphene-based bacteria interdigitated electrode printed onto bioresorbable silk, deve
Schematic representation of the sensor, illustrating the wireless readout. (d) Interaction o
electrode. Reproduced from ref. [71], Copyright 2021 Elsevier.
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equipped with sensors can provide a non-invasive and continuous
detection of metabolites in tears. Among various biomarkers that
can be detected with smart contact lenses, glucose is particularly
important for the diagnosis and monitoring of diabetic patients.
Kim et al. reported a transparent and stretchable sensor, integrated
in soft contact lenses for the wireless detection of glucose. [11]
The fundamental component of the sensor is a gFET, a CVDgraphene
filmdeposited onmetal nanowires contact, providing a transparent,
stretchable, andflexible electronic. The gFEThas beenmodifiedwith
glucose oxidase (GOD) to enable the selective sensing of glucose. The
enzymewas immobilizedusing1-pyrenebutanoic acid succinimidyl
ester, which interacts with graphene through p-p interactions. The
authors integrated the device with a resistance, an inductance, a
capacitance and a radiofrequency circuit, demonstrating the feasi-
bility of in real-time and in vivo glucose detection on a rabbit eye.
The glucose detection with wearable contact lenses was further
improved by Park et al. in 2018. [12] The authors enhanced the oper-
ational stability and sensitivity of gFET sensing devices, by co-
immobilizing catalase andGODenzymes on the transistor. The cata-
lase is used to perform a cascade reaction, to decompose the H2O2

produced by the GOD, whose continues production and accumula-
tion can degrade the enzymatic activity of GOD. Furthermore, a
light-emitting diode (LED) was integrated in the contact lens to
automatically display the real-time glucose concentration, warning
the user if the recommended threshold is exceeded.

Glucose in not the only metabolite that can be detected using
wearable contact lenses. Jang et al. reported an integrated system
for in real-time, remote monitoring and therapy of chronic ocular
surface inflammation (OSI). [13] The device consists of a soft, smart
contact lens for the diagnosis combined with an eyelid heat patch
for hyperthermia treatment. A gFET was integrated in the contact
lens to perform quantitative analysis of matrix
metalloproteinase-9 (MMP-9) in tears, a known biomarker for
OSI diagnosis. The gFET was obtained by transferring CVD gra-
phene onto a network of silver nanowires, supported on the con-
tact lens. To achieve selectivity toward MMP-9 the graphene
surface was functionalized with antigen binding fragments (Fab)
of immunoglobulin G (IgG). Once again, the receptors were immo-
bilized on gFET using 1-pyrenebutanoic acid succinimidyl ester. A
wireless therapeutic device, consisting in a stretchable and trans-
parent eye patch was combined with the sensing platform. Due
to the presence of a continuous silver nanofibers network this
patch was able to warm the upper and lower eyelid, facilitating
the lipid expression of the meibomian gland and therefore reliev-
d monitoring of human health through chemical sensing of specific biomarkers: (a)
loped by Mannoor et al. (b) Transfer of the sensor onto the surface of a tooth. (c)
f the pathogenic bacteria with the peptide’s receptors on the graphene interdigitated



ing the symptoms of OSI. Both diagnostic and therapeutic devices
were incorporated through wireless communication enabling
automated hyperthermia treatments based on the signals detected
from the contact lens.

5. Implantable neurological sensors

In the recent years, graphene-based electronics were widely
applied in the development of innovative neural interfaces. Active
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Another significant indicator that can be acquired from human
eyes is intraocular pressure (IOP). Elevated IOP is a physiological
condition which increase the risk of glaucoma, a leading cause of
human blindness. Graphene can be used as a strain sensor for
IOP continuous monitoring. [11] Liu et al. demonstrated that gra-
phene nano-walls, a thin film of wrinkled graphene, can be used
as strain sensor integrated in a contact lens for non-invasive IOP
monitoring. [73] The contact lens was tested ex vivo on porcine
eye. Due to their elevated Gauge Factor (3 orders of magnitude
higher in respect to metals), graphene nano-walls presented a
detection sensitivity higher compared to previously published
wearable devices for IOP monitoring.

Apart from tear’s biomarker sensing, 2D materials can be
used as well to manufacture artificial retinas. The biological
synapses, present in the retina, have a light evoked excitatory
and inhibitory behavior, a key for the image sensing and recog-
nition. This means that, when synapses are exposed to a light
pulse, a post-synaptic current is generated. Some 2D materials,
such as MoS2 and 2D perovskite, present a similar behavior,
being able of transducing light pulses in electrical signal and
functioning as artificial synapses. In this optic, Chansoon et al.
proposed an implantable, human eye inspired, soft optoelec-
tronic device based on ultrathin CVD MoS2 and graphene films.
[5] The device consisted in a hemispherical curved image sensor
(CurvIS) that allows obtaining aberration free imaging and a
wide field of view (Fig. 11). MoS2 is a promising photo-
adsorbing component for CurvIS, due to its elevated photo-
absorption coefficient, photoresponsivity, high fracture strain,
softness, and ultrathin thickness. The optoelectronic consists in
a phototransistor array composed of MoS2-Graphene
heterostructure and other nanomembranes, e.g., dielectric Al2O3,
Ti/Au gate and Si3N4 substrate incapsulated in a polyimide film
(Fig. 11). The ultrathin thickness of the device, less than
900 nm in total, dramatically decreased the bending strain.
Under illumination, the MoS2 devices generated a photocurrent
that is proportional to the incident light intensity. A further
advantage was that the captured image was not affected by
the IR radiation due to IR blindness of the MoS2-based photo-
transistor, originating from material bind gaps. By using this
ultrathin CurvIS, the authors were able to capture various
images, demonstrating the feasibility of the device as artificial
retina. The CurvIS was implanted in rat’s eyes and interfaced
with a neuronal recording system. Both the short (1 week) and
long (9 week) biocompatibility of the implant was assessed
monitoring the expression of the fibroblast growth factor 2 and
fibrillary acidic protein, both comparable with the control group.
The electrode attached on the retina successfully stimulated the
optic nerves, whose excitation was monitored by penetrative
electrodes implanted in the visual cortex. When the rat eye
was exposed to pulsed optical signals, the artificial rat retina
sensed the intermittent light. This information was therefore
transmitted to the visual cortex via optic nerves and recorded
as elicited spikes.

Othermaterials that could be employed as artificial synapses are
2D perovskite and MXenes, [121-123] which, thanks to their pecu-
liar structure andproperties,were successfully employed to develop
UV-photodetectors. Unless the implementation of photodetectors
as wearable devices was widely investigated in the recent years,
[124] there are only few examples of broadband photodetector acti-
vated by visible light. [121,125] For this reason, the application of
these materials as an implantable artificial retina has not been yet
achieved.
implantable or wearable devices are promising tools to achieve a
better understanding of brain functionality as well as diagnosis
and treatment of several neurodegenerative diseases. Electronic
devices working within the nervous system can be mainly used
for the recording electrophysiological signals, stimulation of the
surrounding tissue and sensing different biomarkers, as neuro-
transmitters. Depending on the desired application, a different
kind of positioning is necessary: the device can be placed exter-
nally on the scalp, close to the dura mater for recording global
brain activity or implanted within the cortex to obtain better spa-
tial and temporal resolution of the signals. [126].

In addition, neural implants need to fulfil some important
requirements: i) wide operating range able to record signals from
single neuron (tens of lV) to neuron assemblies action potentials
(hundreds of lV); [126] ii) stimulating charge injection capacity
within the effective and the safety limits (10–800 lC�cm�2); [29]
iii) biocompatibility and durability; iv) low induction of foreign
body response and subsequential encapsulation. Considering all
these points, graphene-based materials emerged as promising can-
didates to build new neural interfaces that combine features as
flexibility and transparency with suitable electronic properties
and good biocompatibility.

Graphene neural implants can be classified in two subclasses:
electrodes and transistors. As a first example, in 2016 a carbon
fiber microelectrode modified with electropolymerized PEDOT/-
graphene oxide composite was used for real-time monitoring of
dopamine by means of fast scan cyclic voltammetry in mice brain
with high sensitivity and response rate. The introduction of
PEDOT/graphene oxide composite not only increases the surface
area, but also aids actively the detection. Indeed, the presence of
graphene oxide allows the adsorption of the oxidation quinone
containing products, shown to be able to catalyse the dopamine-
electrode electron transfer, this resulting in a significative
enhancement of the dopamine LOD. [74].

A general trend in the development of both electrode and
transistor-based electronics is moving from single device to multi-
device arrays architectures to enhance the spatial and temporal
resolution of the devices. Multielectrode and multitransistor arrays
were successfully applied to electrophysiological signals monitor-
ing, both having their pros and cons. As an example, simultaneous
recording and stimulation of mice brain was achieved using 16-
channel electrodes flexible array. This device, composed of 4-
layers graphene supported on flexible Parylen C, showed low
charge injection capacity, suitable for the safe stimulation of the
mice brain and representing a promising tool for neurodegenera-
tive disease treatment. In addition, the transparency of the plat-
form allows the simultaneous recording and fluorescence calcium
imaging (Fig. 12). [29].

Similarly, Lu and co-workers [127] developed a multichannel
architecture based on porous graphene foam synthesized by laser
pyrolysis deposited onto flexible polyimide. This three-
dimensional electrode array was applied to recording and stimula-
tion of the motor cortex, showing suitable charge injection capac-
ity and low SN ratio. Thanks to the large area of the devices, it was
possible to precisely localize the cortex area associated with the leg
motion of the ankle and knee flexion, thus proving the power of
these electronics in high resolution brain mapping.

By means of multichannel devices it is also possible to simulta-
neously monitor electrophysiological and chemical signals. In 2016
Liu et al. [75] employed a reduced graphene oxide-gold oxide (rGO/
Au2O3) nanocomposite multielectrode array as neural probe to



detect H2O2 produced during ischemic cascade in rat model. The
device showed a good selectivity toward the target analyte
detected by chronoamperometry at �0.5 V, testing common inter-
ferents as glucose and dopamine, as well as fast response and low

by recording neural evoked potentials characteristic of ischemic
stroke.

The main drawback of microelectrode array is that electrode
impedance and noise increase when the electrode area decreases.

Fig. 12. Graphene electrodes have been widely applied as neural interfaces. Multidevice arrays are preferred as they offer a higher resolution and spatial recording. In this
example, a 16-channel flexible array is shown: (a) Representation of multielectrode array implantation over motor cortex for electrical stimulation in mice model; (b) Three
different kind of neural probes. (c) SEM image of graphene electrode. (d) Calcium imaging fluorescence visualization of the intensity of neural response at different time
points. Reproduced from ref. [29], Copyright 2018 American Chemical Society.

Fig. 11. MoS2 optoelectronic properties allow to manufacture artificial retinas, with ability to transduce light pulses in artificial synapses. In this example, a CurvIS array
based on MoS2-graphene heterostructure is described. (a) Schematic illustration of the CurvIS. (b) Optical image of the device. In the inset is shown the image captured by the
CurvIS array. (c) Schematic illustration of the layered structure of the device. In the inset is represented an optical microscope image of a single phototransistor. (d)
Transmission electron microscope image of the MoS2-graphene phototransistor cross-section. (e) Optical (left) and magnified scanning electron microscope (right) image of
the high-density CurvIS array mounted on the concave hemisphere. Reproduced from ref. [5], Copyright 2017 Nature.
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limit of detection. In addition, the power of this architecture lays in
the possibility to further validate the functional neuronal changes
[76] Thus, a compromise between noise and spatial resolution
must be found. In this context, microtransistor arrays have the



advantage of intrinsic amplification capability leading to less sen-
sitivity to external noise. In addition, transistors performances
are stable upon downscaling, [77] this allowing manufacturing of
high-density multichannel devices for high resolution mapping.

ronment and its performance in terms of reliability, sensitivity and
specificity. The employment of certain type of coatings, e.g., poly
(ethylene glycol) (PEG), poly(sulfobetaine methacrylate) (pSBMA),
or poly(carboxybetaine methacrylate), is a very intensely studied

worth mentioning examples of graphene-based devices implanta-
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These devices are usually composed by CVD graphene as it shows
high carrier mobility, wide electrochemical window and electro-
chemical inertness, compatibility with biological fluids and high
surface area. [77].

These versatile devices were applied to different kind of record-
ings, including the pre-epileptic and visual evoked activity detec-
tion [76] and infraslow cortical brain activity below 0.1 Hz,
usually associated with stroke and brain injury. [77] In both stud-
ies, graphene devices showed higher SN ratio compared to state-
of-the-art platinum electrodes, consequence of the intrinsic ampli-
fication capability of the graphene architecture. In addition, the
transistor design gave the possibility to tune the device response
by optimizing the best bias for each signal.

Although the great features of transistor bioelectronics as
amplification capability and low sensitivity to environmental
interferences, there is still a lack of transistor-based biosensors
applied in vivo. Compared to graphene electrodes, which can
intrinsically recognize electroactive molecules, transistor-based
biosensors always need a specific receptor. Thus, the main issue
in biosensors development is immobilizing specific receptor onto
graphene while preserving the electronic properties of the transis-
tor. Indeed, graphene-based transistor performances are dramati-
cally affected by disruption of graphene lattice, making many
modifications route unfeasible. In this sense, a required step to
achieve the development of the next generation neural sensors is
the implementation of new mild functionalization strategy to
anchor in vivo stable receptors, as aptamers, preserving the func-
tionality of the device.

Finally, it is worth mentioning that in the recent years the study
of other 2D materials as metal dichalcogenides has spread rapidly
also exploring their biological applications. As an example of
in vivo sensing using metal dichalcogenides, in 2018 an interdigi-
tated electrode geometry based on MoS2 was employed to create
a pressure, temperature and strain sensor to be used for brain
monitoring. [78] Composed of a sandwich of different materials
as silicon oxide and poly(lactic-co-glycolic acid) protecting the
electrodes by biofluids interference, the sensor is capable to sense
different physiological parameters by monitoring the electrode
resistivity once implanted intracranially. In addition, due to the
bioabsorbable nature of all the components, the sensor disap-
peared within 2 months from implantation, making it suitable
for temporary monitoring of brain injuries.

6. Implantable cardiovascular sensors

Diseases related to the cardiovascular system are among the

most frequent and the major cause of death worldwide. The engi-
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neering of reduced size electro-responsive devices, able to ubiqui-
tously monitor the cardiovascular activity, is essential not only for
the early diagnosis of cardiovascular diseases, but also to reduce
healthcare costs. [128-131] However, the development of implan-
table systems for in vivo sensing in the cardiovascular system is
extremely challenging. In fact, blood is the most complex among
the biological fluids, compared, for example, to saliva or sweat,
because of its highly diverse biological composition and because
it is where the response to external agents is more active.
[95,132] Most likely, a sensor implanted in the circulatory system
is soon recognized by cells of the immune system and interacting
with several plasma proteins, ending surrounded by a fibrous
matrix containing metabolically active cells, i.e., activated platelets.
All of this is a potential health risk, but also affect the sensor envi-
approach to reduce protein absorption and improve blood-
compatibility of sensors, although the challenge in this field is still
very high. [132].

In 2013, Yao and co-workers developed a graphene-based
microprobe by microelectromechanical system technology, able
to record an ECG when in contact with the heart of a zebrafish.
[79] This device combines CVD graphene as electrode and SU-8
as flexible and biocompatible substrate, followed by a coating with
PDMS. Interestingly, they increased the graphene hydrophilicity by
mild steam plasma (SP), useful to introduce hydroxylic groups, and
observed that this step was necessary to record a proper ECG with
the typical P, QRS and T wave pattern for the heart of zebrafish.

More recently Xue and co-workers employed rGO as main com-
ponent to develop coaxial heterogeneous microfibers for in vivo
pressure detection (Fig. 13). [32] Cold direct pen writing method
[133] has been employed to obtain rGO microfoam of reduced size,
essential for in vivo application. The microfiber contains a core of
low density rGO aerogel (600 mm diameter) linked to an outer
shell of high-density rGO-polypyrrol (rGOPPy) aerogel shell
(100 mm thick). Core and shell were bridged by regularly arranged
monolithic rGO nanosheets. The final formulation presented an
ultrahigh sensitivity of 18.27 kPa�1 in the pressure range of 20–
40 Pa, high resolution of 0.2 Pa, and good stability for 450 cycles.
The microdevice has been implanted onto the heart of a mice
and was able to convert the pressure derived from the heartbeat
into electrical signal in real-time.

7. Other graphene-based implantable devices

Apart from the organs described above, there are few other
ble in the muscular tissues, ears, or intestinal tract.
Kim et al. introduced a stretchable and transparent sensor/actu-

ator for the simultaneous recording of EMG and performing electri-
cal muscle stimulation. [30] EMG is fundamental for
electrodiagnosis of many motion-related neuromuscular diseases,
while electrical muscle stimulation is a promising procedure to
enhance and recover the strength and function of skeletal muscles.
The device proposed by the authors was composed of a cell-sheet–
graphene hybrid, an aligned C2C12 myoblast sheet, integrated on
buckled, Au-doped, and mesh-patterned graphene electrodes,
which was mounted on a submicron thick polyimide membrane
and a soft PDMS substrate. This electrode served as a smart cell
culture substrate, able to control aligned proliferation and differen-
tiation of muscle cells in vitro. In vivo, when implanted onto the
hind limb skeletal muscle region of mice, allows to record elec-
tromyographical signals, and stimulate implanted sites electrically
and/or optically.

Furthermore, CVD graphene has been integrated, as well, in
cochlear implants. [6] In this device, graphene was used as a con-
ductive neural interface able to transduce the electric-acoustic
stimulation into action potentials. Moreover, the presence of gra-
phene allows to grow phenotypically healthy and physiologically
functioning spiral ganglion neurons (SGNs), which are the targeted
of the cochlear implant.

Lee et al. present a multifunctional endoscope-based interven-
tional system that integrates transparent bioelectronics, based on
graphene, in combination with radio frequency ablation therapy
with theragnostic nanoparticles, which are photoactivated within
highly localized space near tumors (Fig. 14). [14] These advanced
electronics and nanoparticles collectively enabled optical



fluorescence-based mapping, electrical impedance and pH sensing,
contact/temperature monitoring, radio frequency ablation and
localized photo/chemotherapy, as the basis of a closed-loop solu-
tion for colon cancer treatment. In vitro, ex vivo and in vivo exper-

provided impedance- and pH-based sensing, facilitating the local-
ization of colon cancers. Additionally, mechanical contacts and
temperature sensors provide physiological sensing during cancer
detection and treatment. The transparency of the electronic device

Fig. 14. Schematic illustrations of multifunctional graphene-based endoscope based on transparent bioelectronics and theragnostic nanoparticles. Reproduced from ref. [14],
Copyright 2015 Nature.

Fig. 13. Pressure sensors with reduced size are required for cardiovascular monitoring and early diagnosis of related diseases. In this example, Xue et al developed a high
sensitive sensor mainly composed of GO: (a) SEM micrograph of the cross section of the porous rGO/rGOPPy microfiber at the base of the heart-implantable strain sensor. (b)
Resistance signal of the sensor implanted on the mice heart. (c) Schematic representation of the rGO/rGOPPy microfiber structure. Reproduced from ref. [32], Copyright 2021
American Chemical Society.
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iments highlighted the utility of this technology for accurate
detection, delineation and rapid targeted therapy of colon cancer
or precancerous lesions. The graphene based transparent electronic
enables the integration of several sensing and therapeutic compo-
nents on the tip of the endoscope without blocking the field of
vision of the camera or the light. Theragnostic gold nanoparticles



can be delivered locally and used as phototherapeutic and
chemotherapeutic agents, activated with light. Such synergistic
effects between the transparent bioelectronics and theragnostic
NPs can enhance the tumor detection accuracy and the efficiency

are required to validate the accuracy and reliability of these
systems.

On the basis of these considerations, the use of 2D materials in
this field is to date still far from real-world applications and more
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of the treatment.

8. Conclusions
2D materials are ideal candidates for the manufacturing of
miniaturized, flexible, and transparent electronics and are gaining
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increasing importance in the design of wearable or implantable
biosensors. In the last years a huge number of works demonstrated
the application of graphene-related materials in real time and
in vivo monitoring of multiple physiological parameters. These
materials were applied as efficient transductors in a vast number
of devices monitoring pressure, humidity, sound, light, body move-
ment, respiration, heart rate, ECG, EMG, EEG, speech vibration,
intraocular pressure, biomarkers, and bacteria concentration,
among others.

Graphene has been the most investigated 2D material for wear-
able and implantable devices, and the farthest along the pathway
from research to clinical adoption. However, other 2D materials,
such as TMDs, MoS2, Mxenes and perovskites are rapidly filling
the gap. These materials have properties such as piezo resistivity
and photocurrent generations that are missing in graphene mate-
rials, making them interesting candidates for the manufacture of
improved phototransistors or gauge devices.

Owing to the interest of huge industrial players, the field of
wearable/implantable devices for the monitoring of physiological
signals is expected to grow fast in the next years. Several are the
2D materials-based prototypes in the pipeline. Nevertheless, these
products are still in pre-clinical trials and are foreseen to be
market-ready in five to ten years.

Various are the main obstacles hampering the clinical and com-
mercial development of 2D material-based sensors. In first
instance, the application of these devices requires clinical approval
by rigorous regulatory authorities, which are often concerned
about the potential toxicity of new materials. [89] Furthermore,
attention should be paid to the long-term stability of 2D materials
in biological environments. In the case of electrochemical elec-
trodes, salt solutions may penetrate the passivating active surface,
inducing redox reactions that may cause the degradation of 2D
materials. Moreover, the high electric fields applied across the
atomically thin layers can cause changes in the material fine struc-
ture and alter the ion current. The reproducibility, related to 2D
materials manufacturing still needs to be improved. CVD is a
promising technique to prepare high quality graphene at industrial
level. Nevertheless, uniform large areas of monolayer graphene are
difficult to achieve. [134] In addition, subsequent transfer pro-
cesses can decrease the quality of the 2D material preventing the
proper function of the final device. Moreover, the incorporation
of the 2Dmaterial in the traditional microfabrication process is still
problematic. It is imperative to optimize the interface between the
graphene device and the flexible electronic to achieve both body
adaptation and signal quality. Fully integrated wearable and
implantable devices, in addition to high-quality sensors, also
require integrated circuits, radio frequency hardware, and power
sources, to accomplish efficient communication and powering.
Advanced solutions that can transfer, convert, and store energy
more efficiently are highly desirable to answer to power-hungry
operation performed by the devices. Finally, diagnostic applica-
tions based on innovative detection mechanisms require proof-
of-concept studies and validation, by comparing them with the
current clinical standards. Therefore, extensive clinical studies
efforts are still needed to replace traditional bioelectronic with 2D
materials.

For these reasons, non-invasive sensors, mainly skin wearable
sensors, are currently the most promising technology to detect
the physiological signals in real time. These devices are less inva-
sive, with reduced toxicological risks, and are subjected to less
strict regulatory requirements. To date, graphene-based wearable
sensors are the most advanced in the pathway toward clinical
adoption. In this promising field, the efforts should be now focused
in solving the drawbacks that hamper the commercialization of
these devices, e.g., long term stability, robustness to stress and
strain and achieve low cost and scalable production.

In medium-long term, it is possible to foresee the application
for nerve tissue sensors, in particular implantable devices in brain,
where graphene and 2D materials play a leading role in the efforts
toward wider clinical adoption of bioelectronics and electroceuti-
cals. This kind of brain-electronic interfaces is crucial for the diag-
nosis and the treatment of neural disease, to develop human–
machine interaction, and brain-computer interfaces. [126] How-
ever, for implantable devices, several challenges, such as biocom-
patibility, biofouling, as well as power supply, must be solved
yet. Several efforts are still required to evaluate the biocompatibil-
ity of the devices once implanted. In this frame, we believe that a
clear and universal protocol should be assessed to univocally eval-
uate the immune responses after implantation. This step is crucial
not only to prevent medical threats, but also to avoid the risks of
errant data, which affect the validity of the monitoring. In fact,
adverse response of the organism after the implantation can
induce abnormal concentrations of the analytes or modifications
in the monitored physiological parameters. Finally, the long-term
operational stability must be carefully evaluated as the implanted
sensors could be easily fouled by biopolymers present in blood and
biological fluids, or covered by glial scars, reducing in this way the
lifetime of the device.

Regarding future perspectives, we believe that biodegradable
electronics is an exciting line of research,with an immensepotential
for implantable applications. 2D materials show promising prelim-
inary results in this direction, being able to degrade in a controlled
mannerwithout secondary surgery or risk of infection. For example,
Cheng et al. have reported a bioabsorbable and multifunctional
MoS2-based sensor for intracranial monitoring of pressure, temper-
ature, strain, and motion in animal models. [126] Preliminary stud-
ies suggest that the MoS2 monolayer is a biocompatible
semiconductor, which can be completely dissolved in biofluids after
more than twomonths. Notwithstanding these exciting results, fur-
ther studies on biocompatibility, degradation process and environ-
mental stability of these new materials are still needed.

Another interesting direction worthy to explore concerns the
design of multiparameter sensors. Frequently the analysis of single
biomarkers or signals is insufficient to reach an accurate diagnosis.
In several cases, sensing of multiple parameters is required to
achieve a precise and early diagnosis such as in case of neurological
diseases or sepsis. In sport, multiparameter sensing is also highly
desirable, allowing to monitor simultaneously different physical
and chemical parameters in a user-friendly fashion. [135] Apart
fromthepreviously described technical challenges, theminiaturiza-
tion of the devices becomes fundamental for multiparameter sen-
sors, since few cm2 must include several sensors (often based on
different electronics and sensing mechanisms), with relative com-
munication modules and power supply, avoiding interferences
between the components. [135] However, sensors able to simulta-
neously detect temperature, pH, pressure, andmolecular concentra-



tions are highly desirable as theywould becomeportablemultifunc-
tional devices for a comprehensive healthcare monitoring.
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