Microchimica Acta (2022) 189: 236
https://doi.org/10.1007/500604-022-05317-2

REVIEW ARTICLE q

Check for
updates

Advanced wearable biosensors for the detection of body fluids
and exhaled breath by graphene

Santoshi U. Singh'? - Subhodeep Chatterjee?? - Shahbaz Ahmad Lone? - Hsin-Hsuan Ho? - Kuldeep Kaswan? -

Kiran Peringeth?3 - Arshad Khan? - Yun-Wei Chiang' - Sangmin Lee® - Zong-Hong Lin%3#

Received: 25 December 2021 / Accepted: 22 April 2022 / Published online: 28 May 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract

Given the huge economic burden caused by chronic and acute diseases on human beings, it is an urgent requirement of a cost-effective
diagnosis and monitoring process to treat and cure the disease in their preliminary stage to avoid severe complications. Wearable
biosensors have been developed by using numerous materials for non-invasive, wireless, and consistent human health monitoring.
Graphene, a 2D nanomaterial, has received considerable attention for the development of wearable biosensors due to its outstand-
ing physical, chemical, and structural properties. Moreover, the extremely flexible, foldable, and biocompatible nature of graphene
provide a wide scope for developing wearable biosensor devices. Therefore, graphene and its derivatives could be trending materials
to fabricate wearable biosensor devices for remote human health management in the near future. Various biofluids and exhaled breath
contain many relevant biomarkers which can be exploited by wearable biosensors non-invasively to identify diseases. In this article,
we have discussed various methodologies and strategies for synthesizing and pattering graphene. Furthermore, general sensing
mechanism of biosensors, and graphene-based biosensing devices for tear, sweat, interstitial fluid (ISF), saliva, and exhaled breath
have also been explored and discussed thoroughly. Finally, current challenges and future prospective of graphene-based wearable
biosensors have been evaluated with conclusion.
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Introduction sensors have been developed in response to the demand for
early detection and diagnosis of disease as well as mini-
mally invasive technologies [2]. Biosensing has become
a critical strategy because it provides highly desirable
qualities such as portablity, high sensitivity, quick find-
ings, and longer shelf life. A biosensor is an analytical
instrument made up of two independent parts: biologi-
cals (enzyme, antibody, nucleic acid, hormone, organelle,
or complete cell) and physicals (transducer, amplifier).
A typical approach is used to immobilize the biological
material on the transducer. In this regard, as the immobi-
lized biological material is in close proximity to the trans-

Sensors in medicine and life science have been used to
measure internal body parameters in disease diagnosis
and health management techniques [1]. Many innovative

< Sangmin Lee
slee98 @cau.ac.kr

P4 Zong-Hong Lin
linzh@mx.nthu.edu.tw

Department of Chemistry, National Tsing Hua University,

Hsinchu 30013, Taiwan

Institute of Biomedical Engineering, National Tsing Hua
University, Hsinchu 30013, Taiwan

Department of Power and Mechanical Engineering, National
Tsing Hua University, Hsinchu 30013, Taiwan

Frontier Research Center On Fundamental and Applied
Sciences of Matters, National Tsing Hua University,
Hsinchu 30013, Taiwan

School of Mechanical Engineering, Chung-Ang University,
Seoul 06974, South Korea

ducer, it can precisely interact with analytes (for example,
glucose, urea, medication, pesticide) to generate detect-
able physical, chemical, electrical, or optical signals [3,
4]. Biosensor technologies provide direct connection to
human skin, body movement compliance, fast response,
enhanced application, point of care testing, and self-health
management without causing harm to human organs [5-8].
In this regard, biofluids (sweat, tears, saliva, and intersti-
tial fluid (ISF)) and exhaled breath play a very important
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role in wearable device—based biosensing application as
all of those can be readily sampled without disrupting the
outermost protecting layers of the body’s skin (the stra-
tum corneum). Besides, exhaled breath has also received
much attention in the past decade as it contains thousands
of components which arise from the lungs, nasal cavities,
and have systemic origins in blood [5, 9-11]. Moreover,
implantable devices also attract considerable interest in
the recent past. Wearable (non-invasive) and implantable
(invasive) biosensor devices are available in the market.
Both types of devices have a good sensitivity and specific-
ity in measuring analyte signals [12]. However, implant-
able devices can readily injure surrounding tissues because
of their sharp edges, stiffness, and design. On the other
hand, some characteristics such as wireless power and data
transmission capacity significantly increase the need for
wearable biosensors for the need of remote monitoring
and Internet of thing (IoT)-based sensing. Wristbands,
headbands, eyeglasses, mouth guards, bandages, smart
garments, wearable gloves, tattoos, and stickers are all
examples of wearable biosensor platforms. Moreover, they
have exceptional flexibility and stretchability as well as
remarkable sensitivity to detect wide-range signals [13,
14]. Interestingly, a variety of nanoscale materials, includ-
ing metal nanowires, nanoparticles, silicon nanoribbons,
carbon black, carbon nanotubes, and graphene have been
utilized as sensing materials in wearable devices when
they are combined with an elastomer supporting substrate.
Especially, graphene has attracted considerable interest
after acquiring its single layer by mechanical exfolia-
tion in 2004 [15]. Graphene exhibits excellent electrical,
mechanical, thermal, and optical properties such as high
thermal conductivity, electron mobility, a large specific
surface area, high optical transmittance, exceptional
mechanical flexibility, and biocompatible in nature. The
atomic thickness of graphene layers allows entire carbon
atoms to interact with analytes directly [16]. Interestingly,
the recent trends also indicate that wearable biosensors

especially graphene-based wearable biosensors attract
considerable interest in the recent past as concluded from
Table 1.

Graphene has also demonstrated potential in prevention
of contagious diseases such as COVID-19. In this regard,
wearable e-textiles has played indispensable role in COVID-
19 combat [22, 23]. Moreover, graphene and graphene-based
materials also exhibit biocompatible property to some extent
in terms of wearability. Skin is an ideal bio-integrating plat-
form with graphene-based wearable biosensor and skin is
the most usual exposure site for graphene-based materials
[24]. Therefore, in order to assess the biocompatibility of
graphene in terms of wearability, cutaneous toxicity mecha-
nism of graphene nanomaterials exposed to human HaCaT
skin keratinocytes have been studied by few groups. In this
regard, mostly, it was observed that few layer graphene
(FLG) and graphene oxide (GO) stimulates cytotoxicity as a
consequence of persistent mitochondrial depolarization [25].
On the other hand, in vitro cytotoxicity of graphene towards
skin keratinocytes and fibroblast has also been investigated
in some studies [26]. It was well concluded by the previ-
ous works that cytotoxicity of graphene-based materials
depends on their oxidative state. As an example, FLG has
less toxic effect than that of GO. In addition, micro size
graphene structure has high ability to interact with primary
human keratinocytes [27]. However, there are too less stud-
ies to conclude the biocompatibility of graphene. In order to
reduce the toxic effect of graphene-based materials (GBMs),
graphene-biomacromolecule-based hybrid materials (gra-
phene biopolymer nanohybrids, graphene polysaccharides)
have been synthesized in biomedical and pharmaceutical
[28, 29] field. Besides, toxicity can be reduced in a huge
margin in case of graphene-based wearable biosensor by
avoiding direct contact between GBMs, human body, and
biofluids.

In the recent time, there are several literature reviews
which mostly focus on either biosensing or wearable
application of graphene. For an example, Huang et al.

Table 1 Recent literature trend based on number of citations for wearable biosensor and graphene-based wearable sensor

Paper/book title Topic Citation no Ref
Graphene based biosensors accelerating medical diag- Real time clinical diagnosis by nanoelectronics/microfluidics 68 [17]
nostics to new dimensions

Graphene-based biosensor: going sample Electrical/optical biosensing integrated with paper/plastic-based 126 [3]
substrate

Graphene for flexible and wearable device applications Applications in optoelectronics/photovoltaics/physical sensors 138 [18]

Flexible graphene-based gas and chemical sensor Detection of toxic gases, metal ions and VOCs 454 [19]

Graphene-based wearable sensors Wearable sensing of Electrophysiological/fluid/gas signal 46 [20]

Wearable biosensors for healthcare monitoring Fundamental principles, key challenges for wearable sensor for 1003 [9]
detection from non-invasive biofluids

Wearable and flexible electronics for continuous Non-invasive detection of analyte from sweat, saliva, ISF as well as 454 [21]

molecular monitoring breath
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[15] explored all the aspects of the biosensing applica-
tion of graphene including invasive and non-invasive sam-
pling strategy in the recent times but there is no thorough
discussion regarding wearable application of graphene.
Healthcare application of graphene in terms of biosensor
has been thoroughly discussed by E. Narvaez and N. Chau-
han et al. [3, 17]. On the other hand, gas and other chemi-
cal sensing application of graphene-based flexible sensors
have been explored well by Singh et al. [19] with wear-
able prospective of graphene-based sensors. Similarly,
recent advancement and development of graphene-based
wearable sensors including physical and chemical sensors
have also been well explored by Qian et al. and Kim et al.
in their respective literature review [9, 20]. However, all
of those reviews failed to provide any detailed insights of
wearable biosensing applications of graphene, including
non-invasive and minimally invasive sampling strategy.
Therefore, this proposed literature review addresses the
recent development and advancement of graphene-based
wearable sensor for the detection of biofluids such as
ISF, sweat, saliva extracted by non-invasive or minimally
invasive sampling strategy for the first time. Moreover,
discussion regarding detection of analytes from exhaled
breath has also been included in this literature review as

Fig.1 Schematic overview

of graphene-based wearable
biosensors for the detection of
differnt biomarkers

an extensive application of wearable graphene-based non-
invasive biosensor.

In this review, firstly, we have discussed the charac-
teristics and synthesis procedures of graphene, followed
by several patterning methods utilized to investigate its
application as wearable biosensor along with its sensing
mechanism. Moreover, various graphene-based sensing
devices based on detection of various analytes from non-
invasively collected biofluids sample such as sweat, saliva,
ISF, tear as well as exhaled breath have been explored and
discussed. Finally, the review has been concluded with
challenges and future perspectives for graphene-based
wearable biosensors to detect various biofluids. Figure 1
summarizes the prime concept of this review regarding
wearable graphene-based biosensors for the detection of
biomarkers presence in several biofluids.

Properties and synthesis of graphene

Graphene is a thin-sheet 2D-nanomaterial having hon-
eycomb-like structure with sp? hybridized carbon atoms.
Several forms of the graphene have been discovered so far
such as single/mono layer, few layers (2—10), multilayers

Softcontacte"™
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(> 10), and different derivatives of graphene (e.g., gra-
phene oxide and reduced graphene oxide). Graphene oxide
(GO) is a derivative of graphene having surface modified
with different functional groups which contain oxygen
such as -COOH, -CHO, -COON, OH, and C=0. GO is
produced using oxidation of graphite in the presence of
some acids [30-32]. After oxidation, by applying further
steps like ultrasonication and purification, few layers of
GO and even mono layer of GO can be obtained. GO has
several advantages over pristine graphene such as high
surface area, increased binding sites, easier and cheaper
fabrication methodologies, easy blending ability with dif-
ferent other materials to produce high quality composites,
etc. However, it has low thermal and electrical conductiv-
ity than pristine graphene. Therefore, GO is converted to
another form of oxidized graphene called reduced gra-
phene oxide (rGO). In this regard, GO is reduced to rGO
by removing oxygen containing functional groups [33-37].
Conversion of GO to rGO improves various properties,
e.g., thermal conductivity, mechanical properties, electron
mobility, etc., which are essential for developing highly
selective and ultra-fast biosensing devices. The structure
of graphene, GO and rGO are shown in Fig. 2.

Several outstanding physical, chemical, and structural
properties of graphene and its derivatives make them one
of the most interesting materials for the development
of biosensors. In this regard, due to extremely flexible
and foldable nature, graphene is considered as a suit-
able material for the fabrication of wearable biosensor
devices [38]. Different properties of graphene are sum-
marized in Table 2. Graphite is made up of several sheets
of graphene, one sheet is attached to another sheet by van
der Waals force with the interplanar spacing of 1.42 A
between two adjacent sheets. A graphite crystal with
1 mm thickness contains around three million layers of
stacked graphene sheets [39]. A graphene sheet contains
one atom thick layer of sp hybridized carbon atoms where

Table 2 Different properties of graphene

Property Value Ref

Electrical (electron 200,000 cm? V™! s7! [16]
mobility)

Mechanical (Young’s 0.800 TPa [22]
modulus)

Mechanical (breaking 42Nm™! [22]
strength)

Structural (surface area) 2630 m? g’1 [23]

Thermal (thermal con- (4.84+0.44)x10% to [30]
ductivity) (5.30+0.48)x10° Wm™ ! K!

Optical (light absorp- 2.3% [31]
tion)

Chemical (functionaliza- Wide range of molecules [32]
tion)

Electrochemical (elec-  0.90 (x0.13)x 103 cm s~} [41]
tron transfer)

Electroactive (surface 0.0800 cm? [42]

area)

the bond length between adjacent carbon atoms (the C—C
bond length) is 1.42 A, and the thickness of each layer is
0.35 nm [40].

Graphene shows unique electronic and electrical prop-
erties. For example, sp? hybridized carbon atoms contain
a high degree of n—n conjugation, where electrons move
freely, and this property highly facilitates electrochemi-
cal sensing. Besides, graphene possesses high charge
carrier mobility (around 200,000 em? V7! s71) at room
temperature [43] and high mechanical strength. For
instance, the breaking strength of monolayer graphene
is 42 N m~!. Moreover, it also exhibits other remark-
able mechanical properties such as Young’s modulus of
1.0 TPa, intrinsic strength of 130 GPa, and third-order
elastic stiffness of — 2.0 TPa [44]. In addition, monolayer
graphene has a large specific surface area of 2630 m* g~!
approximately, which provides scope for the attachment

Graphene

Graphene oxide

Reduced graphene oxide

Fig.2 Molecular structure of graphene, graphene oxide, and reduced graphene oxide
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of many molecules on its surface. Therefore, it facili-
tates the development of highly sensitive and miniatur-
ized devices [45]. Furthermore, graphene is also well
known for its excellent thermal conductivity. The thermal
conductivity of monolayer graphene is found to be in
the range from (4.84 +0.44) x 10° to (5.30 +0.48) x 10°
Wm~! K~! at room temperature, which is higher than that
of single wall (~ 3.5 X 10° Wm~! K™') and multi-wall
(~ 3.0x 10> Wm™' K™') carbon nanotubes. This high
thermal conductivity makes graphene a suitable mate-
rial for electronics devices [46]. The fine structure con-
stant (a = e*/hc) is used to determine the absorption coef-
ficient of graphene, which means that absorbance and
transparency do not depend upon wavelength in this case.
A single layer of graphene absorbs approximately 2.3%
fraction of incident light over a wide range of wavelength
[47]. From the chemistry point of view, pristine graphene
is unreactive, but its functionalization with several other
elements and materials results in highly increased chem-
ical and electronic properties [48]. Moreover, various
layers of graphene show high electrochemical electron
transfer rate. The electron transfer occurs due to a redox
reaction between graphene surface and a molecule. For
example, in case of [Fe(CN)6]3_/4_, the mean electron
transfer rates vary from 0.13 (£ 0.02)x 107> ¢cm s~! for
the bilayer to 2.09 (+1.27)x 1073 cm s~! for 7 layers,
with an overall mean value of 0.90 (+0.13)x 107% cms™!
[41]. Electrodes modified with graphene materials dem-
onstrate significant increase in the electroactive surface
area. For example, when a glassy carbon electrode sur-
face is modified with GO, for a load of 1.5 mg mL~,
the largest electroactive surface area of 0.0800 cm? is
achieved. Consequently, this modification results in
increase in the sensitivity by fourfold and decrease in the
limit of detection (LOD) by tenfold, when the electrode
is used as sensor for determination of ascorbate [42].
Owing to the extraordinary multiple properties, graphene

Table 3 Comparison of different synthesis methods of graphene

is a promising 2D material especially for the develop-
ment of wearable sensors [15].

Methods of graphene synthesis

Theoretical knowledge about graphene existed for over
50 years, but it was not practically explored until 2003. In
2004, Novoselov and Geim isolated and characterized gra-
phene using the “Scotch tape” method [49]. Since then, this
material has attracted significant attention in research, as
proved by an exponential increase in related published litera-
ture. So far, many different methods for graphene synthesis
have been established to achieve a better quality of graphene
suitable for incorporating in wearable devices. These meth-
ods have been grouped into two broad categories: the top-
down approach and the bottom-up approach [50, 51]. The
top-down approach employs breaking of bulk graphene into
monolayer/few-layer of graphene, whereas the bottom-up
approach produces graphene from carbon precursors on a
particular substrate, usually silicon (Si) or silicon carbide
(SiC). Depending upon the requirement of the wearable
devices, either of the approaches can be followed. These
two synthesis processes have both their own advantages
and limitations, as summarized in Table 3. Moreover, dif-
ferent methods for graphene synthesis are also elaborated
below along with their respective biosensing and other
applications.

Micromechanical exfoliation

The first-ever method applied for graphene synthesis was
micromechanical exfoliation. In this method, a sticky tape
was used to peel off bulk graphite. In order to obtain a mon-
olayer of graphene, several sticking of tape on graphite was
performed (Fig. 3a) [49, 57]. Furthermore, many research-
ers have applied this method to produce graphene and many
improvements have been proposed in this method [58].

Methods Advantages Disadvantages Application Ref

Micromechanical exfoliation High quality and unmodified Slow synthesis, small scale Exploring properties of [49]
sheet synthesis, cost efficient, simple graphene

Liquid-phase exfoliation Faster and large amount of graphene ~ Hazardous solvents, chances of Electrochemical biosensor  [52]
synthesis method defects

Chemical vapor deposition  Single or few layer graphene synthesis, Complex process, expensive Biosensors [53]
large area sheets

Reduction of graphene oxide Low cost, easy and large-scale produc- Unwanted defects, partially reversible Amperometric biosensor [54]
tion

Laser scribed graphene Controllable and inexpensive graphene Large number of defects, multilayer ~ Electrochemical biosensor  [55]
production production

3D graphene Porous structure, high quality produc- Requirement of template, large num- Electrochemical biosensor  [56]

tion, wide range of applications

ber of defects
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Fig.3 a Schematic representation of the graphene synthesis by
micromechanical exfoliation method. Reprinted with permission from
[57]. Copyright 2012 Institute of Physics Publishing. b Schematic
process of liquid phase exfoliation (LPE) production of graphene.
Reprinted with permission from [60]. Copyright 2009 Springer
Nature. ¢ Schematic of a common chemical vapor deposition setup
for synthesis of graphene. Reprinted with permission from [61].
Copyright 2020 Multidisciplinary Digital Publishing Institute. d Pho-

Although micromechanical exfoliation is a suitable method to
obtain high-quality graphene possessing almost all the proper-
ties demonstrated by graphene [59], it is challenging to obtain
monolayers of graphene whose lateral dimensions are larger
than the order of 10 to 100 um. Hence, for developing wear-
able devices, the micromechanical exfoliation method is not
viewed as the best choice due to its small-scale limitations.

@ Springer

tograph of the GO before and after reduction with L-ascorbic acid
and HRTEM images of reduced GO. Reprinted with permission from
[62]. Copyright 2010 Elsevier. e Schematic illustration of fabrica-
tion of a laser scribed graphene (LSG) electrodes on a polyimide (PI)
sheet. Reprinted with permission from [55]. Copyright 2016Wiley-
VCH. f Schematic diagram for synthesis of the 3D graphene aerogel
fibers. Reprinted with permission from [63]. Copyright 2012 Ameri-
can Chemical Society

Liquid-phase exfoliation

For the production of wearable devices, liquid-phase exfo-
liation (LPE) is an efficient and effective way to fabricate
few-layer and multilayer graphene. Different graphitic mate-
rials such as graphite oxide, natural graphite, graphite inter-
calation compound (GIC) can be used as a precursor for
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graphene production. LPE follows a top-down approach for
graphene synthesis. Also, the LPE method utilizes solvents
such as hydrogen peroxide, sulfuric acid, acetic acid, water,
and other solvents for exfoliation of graphite using external
forces generated from techniques, e.g., stirring, sonication,
shearing forces, ball milling [64, 65], etc. Although, gra-
phene fabricated by LPE is usually a little defective due to
the use of solvents, it has several advantages such as cost-
efficient, suitable for large-scale production, and the abil-
ity of the dispersed graphene to be deposited on various
substrates. LPE employs mainly four steps for successful
synthesis of graphene: firstly, immersion of graphite into
the liquid medium, secondly, intercalation of the graph-
ite, thirdly, the exfoliation of graphene flakes, and finally,
the stabilization of the exfoliated materials isolated in the
medium. Considering the advantages of the LPE method,
there are several LPE-based graphene synthesis methods
reported previously. For example, graphene was produced
in high yield using liquid-phase exfoliation of graphite
[66]. For this production, N-methyl-pyrrolidone was used
as a solvent and the external force was provided by sonica-
tion. Furthermore, characterization performed by transmis-
sion electron microscopy (TEM), Raman spectroscopy and
electron diffraction confirmed the successful formation of
monolayers of graphene. This method produced a very high
quality and unoxidized graphene monolayer, with approxi-
mately 1 wt% yield. Moreover, produced layers did not show
any significant structural defects as confirmed by X-ray pho-
toelectron spectroscopy (XPS), infrared, and Raman spec-
troscopies. It was proposed that further solution processing
of graphene may open many avenues, such as developing
functional electronic devices. Furthermore, a liquid-phase
exfoliation method called solvothermal-assisted exfoliation
process was also used for the production of monolayer as
well as bilayer graphene sheets from expanded graphite (EG)
precursors using acetonitrile (Fig. 3b) [60]. In this case, the
dipole-induced interactions between acetonitrile and gra-
phene caused the exfoliation of graphene. Monolayer as well
as bilayer of graphene was further separated by centrifuga-
tion. In this regard, during the production of high yield and
high-quality graphene, use of any kind of stabilizer or modi-
fier reagent was strongly avoided. Nascimento et al. [65]
realized the production of a few-layer of graphene by LPE
using 1-cyclohexyl-2-pyrrolidone (CHP)/water mixtures as a
medium. The obtained dispersed graphene has flakes which
are mostly thinner than that of 5 layers with low defect den-
sity (8.3 1073 nm™?) and lateral dimensions in the order of
100 nm. Low et al. [52] demonstrated liquid phase exfolia-
tion as well as solvothermal growth synthesis of graphene/
zinc oxide nanocomposite to develop biosensors. Amper-
ometry and cyclic voltammetry (CV) analysis was used
to evaluate the electrochemical performance of graphene/
zinc oxide nanocomposite-modified screen-printed carbon

electrode (SPCE)-based biosensor. The electrode demon-
strated enhancement in electrocatalytic activity by reducing
hydrogen peroxide (H,0O,). Furthermore, the nanocomposite
was also used to fabricate an electrochemical DNA sensor to
detect the Avian Influenza HS gene.

Chemical vapor deposition

Chemical vapor deposition (CVD) follows the bottom-up
approach for graphene synthesis. CVD is considered as the
best method for the synthesis of graphene with high qual-
ity and large surface areas. Moreover, synthesis strategy by
CVD is widely employed due to its simple experimental
setup in research laboratories as well as for long-term opera-
tion in industrial settings. Moreover, it also has large-scale
production capacity. CVD is a chemical process in which a
solid thin film of graphene is usually deposited onto transi-
tion metal (for example, Cu, Co, Fe, Ni, Pd, and Ir) sub-
strates, with the help of hydrogen (H,) gas flow as a precur-
sor, at a very high temperature [67]. Many times, methane
(CH,) gas is also used as a reactant. After the discovery of
graphene, the first successful production of graphene using
the chemical vapor deposition method was reported in 2008
by Coraux et al. [68]. The graphene film was grown on Ir
which demonstrated large-scale continuity of its carbon rows
with a relatively low density of defects. Furthermore, several
studies have been reported on the fabrication of graphene
using CVD. For example, a graphene bilayer was prepared
on platinum Pt (111) by sequential chemical vapor depo-
sition [69]. This production required a four-step process;
in the first step, monolayer graphene was prepared on Pt
(111) using thermal decomposition of C,H,. The second step
involved deposition of thick Pt film, and in the third step, the
fabrication of a second layer of graphene was performed.
The last step used post-annealing in which the buried mon-
olayer was diffused entirely to the surface, resulting in the
formation of extended bilayer domains of graphene. Charac-
terization by scanning tunneling microscopy unraveled the
significant growth of graphene. In another study, graphene
was deposited by CVD as a durable anticorrosive coating
on copper using ethanol as a carbon source (Fig. 3c) [61].
Methane (CH,) was used as gas precursors to provide sta-
ble carbon flow at average growth temperature set around
1000 °C. Consequently, a thin film of double-layered gra-
phene was formed, as confirmed by surface and structural
characterization. Graphene-coated copper was kept for more
than 1 year at ambient temperature, which exhibited no con-
siderable change in the anticorrosive behavior of graphene.

Graphene has also drawn considerable interest for the
development various electronic devices. In this case, for the
production of electronic devices, graphene should be grown
on a large surface area. In this regard, Li et al. [70] proposed
that growing few-layer graphene or large-area graphene films
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on metal substrates, e.g., Cu and Ni, was promising by the
CVD of hydrocarbons. With the CVD method, high qual-
ity of graphene with uniform thickness could be obtained,
which demonstrates its potential application in the devel-
opment of electronic devices. One preferable CVD method
was used to fabricate functional devices by transferring of
graphene on Si or SiO,/Si substrate. However, the process
shows some degree of contamination. In order to overcome
this issue, Ge (001)/Si (001) substrate has been introduced
to transfer graphene. Additionally, electron mobility of
graphene grown on Ge(001)/Si(001) is quite high [71, 72].
Vyshkvorkina et al. performed a study to compare CVD-
grown and exfoliated graphene for its application in biosen-
sors [53]. The results suggested that CVD-grown graphene
can be efficient material for the development of surface plas-
mon resonance (SPR) and surface-enhanced Raman scatter-
ing (SERS)-based biosensors, while the exfoliated graphene
can be suitable to develop various nanosensors based on
nanoelectromechanical systems (NEMS).

Reduction of graphene oxide

GO does not contain all the properties of pristine graphene.
Therefore, it is always imperative to reduce GO back to gra-
phene to restore unique properties required for functional
wearable devices. For example, GO is an insulator mate-
rial, which can be converted into a conductor by reduction.
However, complete removal of oxygen is not possible, which
results in only partial recovery of sp> conjugated network of
graphene [73]. The obtained material by reduction is called
chemically transformed graphene/chemically modified gra-
phene/reduced graphene oxide (rGO). Reduction of GO is
performed by many different methods, such as, chemical
reduction [33], electrochemical reduction [35], thermal
reduction [34, 54], and green reduction [74]. Among the
various strategies to reduce GO, the formation of single
layer graphene from redried GO by thermal exfoliation
or reduction was initially induced by the rapid degrada-
tion of epoxy and hydroxyl groups with the generation of
gases like CO, in the interlayer space [45, 75]. The prime
advantage of this methodology is the fast reduction process
exceeding the diffusion rate of gases. Besides, high anneal-
ing temperature leads to clean the carbon sheet resulting in
high electrical conductivity. However, it is well noted that
a minimum applied temperature of 550 °C is required to
facilitate the reduction phenomena [45]. Moreover, some
defects related to topology and vacancy still remains on the
reduced sheet even after decomposition of the groups with
the release of CO, with high annealing temperature [76]. On
the other hand, a special thermal reduction method called
laser scribing has been widely used over the last decade [77].
Laser scribing is a facile, fast, and cost-efficient method for
the production of graphene. The graphene produced from

@ Springer

this method is called laser scribed graphene (LSG) method.
Numerous studies have been taken to develop biosensors
using LSG method. For example, LSG was fabricated as
electrode patterns on a polyimide (PI) sheet (Fig. 3e) and
utilized as on-chip electrochemical biosensor for the detec-
tion of biomarkers, such as ascorbic acid (AA), uric acid
(UA), and dopamine (DA) [55]. Moreover, Scardaci et al.
have utilized LSG for humidity sensing application [78]. In
this regard, continuous wave (CW) laser beam was employed
for the reduction of graphene under different controlled
atmospheres, such as air, Ar, N,, and in a 95:5 (v/v) Ar/
H, mixture. The atmosphere of irradiation highly influ-
ences the laser scribing effects, such as degree of reduction,
chemical composition, and electrical properties of reduced
GO. The materials produced in pure Ar yielded the fast-
est response and highest sensitivity, whereas mixtures of Ar
and Ar-H, produced the highest order in humidity sensing.
So, the results suggested the importance of controlling the
atmosphere in LSG method. LSG method is also an effi-
cient strategy to produced porous graphene structure. Most
of the previously reported methodologies to produce porous
graphene structure requires high-temperature processing or
chemical synthesis routes with several steps which usually
rises the graphene synthesis cost. To make the laser scribed
graphene production cost-efficient, use of different commer-
cial polymer sheets with cyclic imide group in their molecu-
lar chain have been proposed. For example, Lin et al. used
a CO, infrared laser under ambient conditions to transform
polyimide (PI) into porous laser-induced graphene (LIG).
Besides, poly(etherimide) could also be converted to porous
graphene structure at ambient temperature [79]. Moreo-
ver, a laser scribed graphene film could also be produced
from polydimethylsiloxane (PDMS) films. The produced
graphene films demonstrated excellent flexible properties
and high electrical conductivity, thus facilitating its use as
flexible conductive layer. A skin-like pressure sensor was
also developed using these layers, which exhibited ultrahigh
sensitivity (~ 480 K Pa~!) while maintaining excellent cycle
stability (> 4000 repetitive cycles) and fast response/relaxa-
tion time (2 ps/3 ps) [80].

On the other hand, femtosecond laser direct writing
(FsLDW) is another near infrared (NIR) method for the pho-
toreduction of GO. In contrast with LSG method, FSLDW
operates in different optical wavelength (790 nm). Moreover,
FsLDW technique facilitates complex designable patterning
and controllable photo-reduction of GO thin film in compar-
ison with LSG method. In this regard, 100X objective lens
(NA:1.4) is employed to concentrate LASER as reported
by Zhang et al. [81]. This technique was utilized to directly
produce all-graphene-based devices consisting of GO as the
sensing material as well as electrodes. Also, the FsSLDW
technique surpasses the complex manufacturing process by
enabling scalable sensor integration on flexible substrates
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in a single step which makes it more convenient than that
of LSG method.

On the other hand, apart from thermal reduction, some
reducing reagents could also be utilized to induce chemical
reduction of GO at room temperature by allowing deoxy-
genation to occur at moderate temperature. In this regard,
selective reduction of specific type of oxygen containing
group usually takes place. The chemical reduction method is
used most frequently for large-scale production of graphene.
In this regard, various chemicals, such as borohydrides [82],
ascorbic acid [83], hydrohalic acids [84], hydrazine [85],
hydroquinone [33], etc., have been utilized for the reduc-
tion of graphene oxide. This process takes only 30 min and
produces graphene sheets with high bulk electrical conduc-
tivity (2.1 10°S m_l). Moreover, this reduction results in
removal of majority of oxygen-containing functional groups
as proved by XPS analysis (Fig. 3d) [62]. Among various
chemical reagents, hydrazine can selectively reduce epoxy
groups which is initialized by the opening of epoxy ring
followed by the generation of amino-aziridine moiety [34,
86]. The amino-aziridine moiety is further transformed to
a double carbon bond when di-imide is removed thermally.
Strength of chemical reagents play an indispensable role
to improve the degree of reduction depending upon the
standard reduction potential of the reagents. As an exam-
ple, standard reduction potential of aluminum powder is
quite negative with the value of — 1.68 V than that of the
well-known reducing agents such as hydrazine and hydride
which stood at—1.16 V and — 1.24 V, respectively. With the
incorporation of hydrochloric acid, aluminum powder can
reduce GO more efficiently with high standard reducing
potential [62]. In another study, a spontaneous reduction of
GO was observed with the incorporation of zinc powder
due to the wide gap of standard potential between Zn/Zn>*
(—=0.76 V) and GO (—0.40 V) [87]. Thus, it is well noted
that high standard potential difference between GO and
reducing agent plays a prime role to improve the reduction
phenomena significantly. Besides, alkaline solution could
also play a pivotal role to reduce GO. As an example, in
the presence of NaOH, the reduction potential of Al and
Zinc are —2.33 V and — 1.2 V, respectively, which results
in faster reduction of GO in case of Al than that of zinc
which usually takes longer time to reduce [88]. Therefore,
it is well noted that the strength of the reducing agents to
reduce GO depends on their standard reduction potential
value. Although, reduction of GO is an indispensable key
strategy to eliminate oxygen and restore the original gra-
phene structure, most of the above-mentioned reducing
methods exhibit significant number of defects. In addition,
different residual functional groups still remain on reduced
graphene sheet. Moreover, thermally and chemically reduced
sheets have high tendency to agglomerate in the presence
of adhesion force between the layers. On the other hand,

high electrical conductivity as well as thermal stability of
reduced GO could also be achieved through the reduction by
hydrogen arc discharge exfoliation resulting in magnificent
electrical conductivity of 200,000 S/m and high thermal sta-
bility with oxidation resistance temperature of 601 °C [89].
However, high current density is still necessary to initialize
the arc discharge effect. The reduction methods can also be
further assessed in terms of degree of reduction. Degree of
reduction is one of the prime parameters which modulates
thermal and electrical conductivity as well as mechanical
strength and chemical performance of the reduced sheet
as per the reduction method of GO [90-93]. Moreover, the
bandgap, work function, and number of defect sites could
be measured in terms of the degree of reduction. Usually,
it is determined by the content of residual oxygen remained
on the reduced sheets as probed by XPS or EDS (energy-
dispersive spectroscopy) [94]. In addition, conductivity test
is also an alternative strategy where electrical conductivity
of the reduced sheet is directly proportional to reduction
degree [95]. In case of thermal and hydrothermal reduc-
tion method, the degree of reduction could be enhanced to
a certain extent by the virtue of increasing reduction time
and temperature [95]. For the further improvement of reduc-
tion degree, precise chemical tuning is a prime concern. In
addition, thermal reduction methods such as LASER scribed
method or other photon induced strategies might be benefi-
cial where light power intensity, exposure time and ambient
conditions can be tailored to control reduction degree which
results in precise manipulation of the depth and electrical
conductivity of reduced GO film. Moreover, precise con-
trol over LASER scanning speed and shifting pitch is quite
efficient to achieve higher degree of reduction with desired
microscopic engineering of GO sheet.

Three-dimensional graphene synthesis

Traditionally, graphene has been utilized as a two-dimen-
sional (2D) material. It also can be synthesized, distributed,
hybridized into different 3D materials producing structures,
such as aerogels, hydrogels, sponges, and foams. These 3D
materials have several outstanding properties, e.g., large
surface area, low density, high porosity, stable mechanical
properties, fast electron, and mass transport. Moreover, 3D
graphene materials widely expand their application into dif-
ferent fields like batteries [96], capacitors [97], biosensors
[56], environment [98], and catalysts [99].

Synthesis of 3D graphene follows both the top-down and
bottom-up approaches. In the top-down approach, a tem-
plate is required as a skeleton for the growth of graphene.
A 3D graphene foam was grown using the CVD method
on a porous Cu/Ni foil, followed by removing the Cu/Ni
substrate through etching [100]. In the bottom-up approach,
the hydrothermal reduction method is widely applied for 3D
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graphene synthesis. Dabiri et al. firstly prepared GO from
graphite and then mixed it with ethylenediamine (EDTA)
to synthesize 3D graphene hydrogel by hydrothermal treat-
ment. Further, freeze drying was performed to produce 3D
graphene aerogel [101] (Fig. 3f).

3D graphene materials could be categorized into
several prototypes as per previously reported works. In
this regard, in order to ensure interaction scale of 3D
graphene, it can be classified into two subcategories,
such as (1) 3D graphene macrostructure with dimen-
sion more than 100 um in one or more directions, e.g.,
3D graphene foam, sponge, aerogels, microsphere, fiber
[63], film, and micropillar [63, 102-106], and (2) 3D
graphene microstructure-based materials with dimen-
sion less than 100 um in all direction, which usually
looks powder in macroscopic scale [107, 108]. In order
to build a macroscopic 3D graphene, GO is utilized as
building block which can be assembled through either
self-assembly or reduction of GO. There are two types of
interactions facilitating self-assembling of GO including
(1) binding interaction generated from hydrogen bond-
ing, © — 7 interaction, and hydrophobic effect, and (2)
3D interaction from electrostatic repulsion formed by
functional groups and hydration [109-111]. During the
reduction of GO, the enhancement in ®© — & interaction
method could be observed where the cross-linking sites
with — CH, — and — CH,0 — moieties could be trans-
formed into conductive sp2 carbon bridges [112].

Methods for patterning graphene

Since 2004, graphene has given hope for scientists and
industrialists with its remarkable properties which has
proven its potential in various applications. Many research-
ers have explored the usage of graphene, and the impact

of its patterning methods which is considered as a crucial
factor for better performance. Graphene patterning can be
conducted after synthesis or along with synthesis based on
the application for both single layer and multilayer. The
choice of patterning could be depended on various factors,
such as application, method of synthesis, layers, etc. Some
of the most widely used patterning methods are photoli-
thography, electron-beam (E-beam) lithography, focused
ion-beam lithography, laser scribing, inkjet printing, and
screen printing which have been discussed in detail in the
following section. Moreover, the comparison of different
patterning techniques used in graphene-based devices is
also summarized in Table 4.

Photolithography

The standard photolithography method is used for gra-
phene patterning. As mentioned earlier, the CVD-grown
graphene is typically obtained on a copper sheet, while
the synthesized graphene is transferred onto the required
surface. The CVD-grown graphene thickness is ideal for
photolithography, and thus, graphene patterning can be
achieved by coating on a photoresist as per need and then
treating with plasma etching [122]. As photolithography
is a common technique for graphene patterning, it is con-
sidered as an easier way for scale-up [123]. A schematic
example of device fabrication based on photolithography
is presented in Fig. 4a. The simplicity and broad appli-
cability of photolithography made this technique more
acceptable in sensor developments. Zhou et al. developed
a label-free detection system for detecting cancer biomark-
ers using graphene field-effect transistor (GFET) based on
photolithography [113]. Throughout the innovative gra-
phene device developments, we can see various examples
using photolithography [124-126].

Table 4 Comparison of different patterning techniques used in graphene-based devices

Methods Advantages Limitations Applications Ref

Photolithography High resolution, direct pattern- Usable for mainly 2D struc- GFET for biomarker detection  [113]
ing, large area coverage tures only

E-beam lithography Direct patterning, high resolu-  Consumes more time, small Developing sensors for bio- [114, 115]
tion, fast turnaround time, no area coverage, expensive and marker detection
need of physical mask complicated

Focused-ion-beam Lithography Very high resolution, direct Relatively slow, small area Developing biomolecule detec- [116]
patterning cover-age, 2D technique tion sensors

Laser scribing Direct and easy patterning, Difficult to control quality, low Developing biosensors for bio- [117]
programmable resolution molecule/biomarker detection

Inkjet printing Adaptable for 3D structures, Low resolution Flexible electronics and biosen- [118, 119]
programmable, direct pat- sors
terning

Screen printing High flexibility, simplicity Poor precision, hard to repro-  Flexible electronics [120, 121]

duce exact result
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Fig.4 a Schematic diagram of photolithography process. Reprinted
with permission from [122]. Copyright Faculty of Engineering, Chu-
lalongkorn University. b Schematic diagram of e-beam lithography.
Reprinted with permission from [122]. Copyright Faculty of Engi-
neering, Chulalongkorn University. ¢ Schematic diagram of focused
ion beam lithography used for milling and deposition. Reprinted with
permission from [127]. Copyright 2021 Institute of Physics Publish-

ing. d Schematic diagram of DVD laser scribing for graphene pat-
terning. Reprinted with permission from [128]. Copyright 2013
Springer Nature. e Schematic showing water-based inkjet printing of
graphene patterning. Reprinted with permission from [129]. Copy-
right 2021 Elsevier. f Schematic diagram of screen printing of gra-
phene. Reprinted with permission from [130]. Copyright 2019 Amer-
ican Chemical Society
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Electron-beam lithography

Electron-beam (E-beam) lithography (EBL) is a method that
uses a focused electron beam to produce the desired pattern
in a suitable recording medium [122]. E-beam lithography
provides lithographic resolution in nanometer-scale and makes
it possible to write complex patterns for various applications.
Fischbein et al. have demonstrated that the technique can be
used to create nanometer-scale pores, slits, and gaps on the
graphene surface, with the help of e-beam irradiation from a
transmission electron microscope [131]. A schematic diagram
of e-beam lithography is shown in Fig. 4b. The method is
used to develop different graphene-based sensors, such as
peptide-enabled biosensors for detecting different biomarkers,
especially cancer biomarkers [114, 115].

Focused ion-beam lithography

Focused ion-beam lithography (FIBL) is a site-specific
material removal or material deposition technique used to
create the desired patterns [127]. The patterning is achieved
typically using the collision of gallium ions [132]. This tech-
nique is used for nanofabrication processes, such as milling,
etching, etc., with excellent controllability of the size and
structure (Fig. 4c). To achieve precise nanofabrication with
high resolution, helium ions have been proposed to replace
conventional gallium ions [133, 134]. The applications of
this specific method is explored by many researchers, and
they have developed a biomolecule detection sensor using
graphene with focused ion-beam lithography (FIBL) [116].

Laser scribing

Laser scribing is a method in which the laser is used to cre-
ate small cuts over the material (Fig. 4d). This technique
helps to reduce micro cracks during patterning [20, 128]. As
this technique is a more efficient method to directly modify
graphene, it is widely used for patterning. The pattern is
loaded and developed with the help of lasers over carbon
sources or polymers. Being an efficient and easier method,
this technique is adapted in the development of various bio-
sensors. Vanegas et al. used laser scribed graphene to cre-
ate a biosensor for the detection of biogenic amines in food
samples [117].

Inkjet printing

Inkjet printing is a widely employed technique that uses a
programmable controller to spray ink through a well-con-
trolled ejection of ink droplets to obtain the desired pattern
[20, 135]. The ink, which can contain various chemicals
such as graphene, is sprayed through a nozzle to the sub-
strate. The technique could be used for a lot of applications
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all around the world with digital and additive patterning.
The schematic diagram of inkjet printing is shown in Fig. 4e
[129]. Graphene inks could be an excellent replacement for
conventional carbon-based inks, as the latter shows limited
conductivity [136]. Secor et al. has developed and demon-
strated the usage of graphene ink to print highly conductive
graphene patterns for flexible electronics [137]. The inkjet
printing is highly usable in bio sensing also, such as Xiang
et al. developed a biosensor based on FET fabricated by
inkjet-based graphene printing on a flexible substrate [118].
Kudr et al. developed a HT-2 mycotoxin immunosensor from
graphene oxide printed by inkjet [119].

Screen printing

Screen printing is similar to other printing methods such
as inkjet printing and gravure printing [130]. However,
the process requires a printable ink, a stencil mesh, and
a squeegee as the main elements. The ink is deposited on
the stencil in front of the squeegee. Thereafter, the ink is
emptied and evenly spread using the squeegee to form the
patterns (Fig. 4f). Even though a major part of the ink will
be transferred onto the substrate, some parts of the ink will
still remain in the mesh. The concept of screen printing is
applied also majorly in textile industry [138] and flexible
electronics production [120, 121].

For flexible electronics production, mainly conductive
inks are used. Therefore, as graphene has really good con-
ductive properties, it is an excellent choice for ink produc-
tion and screen printing [130]. The prepared graphene ink is
transferred on to the substrate to produce thick film patterns
for the developments of biosensors and flexible electronics.

Other patterning methods

There are many other conventional and non-conventional
patterning methods used by different researchers for the
effective patterning according to their need. Some of these
techniques are derivatives of the abovementioned methods
and some are entirely unconventional. Oliveira et al. has
used self-assembly method to develop a graphene-based bio-
sensor to detect urea and penicillin in which they observed
improved sensing performance in comparison to the conven-
tional sensors [139]. Secor et al. demonstrated gravure print-
ing technique to directly pattern the surface which removes
the need for etching, to develop flexible electronics using
graphene [140]. Ameri et al. used direct dry patterning,
i.e., direct patterning using a mechanical cutter to develop
patterns of graphene for developing epidermal tattoo like
sensor [141]. Zhao et al. explored the usage of microwaves
for patterning graphene [141]. New patterning methods will
likely be introduced according to the need and structure of
the pattern. The patterning of graphene layers and graphene
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derivatives are highly usable to modify the performance of
various sensors.

Sensing strategies used in wearable
graphene-based biosensors

There are several biosensing strategies followed in graphene-
based biosensors such as colorimetry, surface plasmon reso-
nance (SPR), fluorescence spectrometry, mass spectrometry,
and gas chromatography. However, most of those techniques
require cumbersome or expensive instruments with com-
plex operating or transduction methodology which are not
suitable for wearable application of graphene-based biosen-
sors. In order to avoid this major bottleneck, electrochem-
ical-based sensing strategies have been mostly followed in
wearable application of graphene-based biosensors owing
to their adaptability in wearable format, sensitive response,
selectivity, and fast response. Different electrochemical sens-
ing strategies employed in wearable sensors have been dis-
cussed in the following.

Chronoamperometry

Amperometry is an electrochemical approach in which vari-
ations in current caused by electrochemical oxidation and
reduction are recorded directly with time while a constant
potential is determined at the working electrode in relation to
the reference electrode (Fig. 5a (i, ii)) [142—145]. In amper-
ometry, platinum is often used as the working electrode
to measure oxygen reduction while Ag/AgCl is employed
as the reference electrode to measure current at a constant
potential [146]. The current generated by the faradaic reac-
tion is proportional to the concentration of the electroac-
tive species in the sample [147, 148]. At constant potential,
electron transfer takes place at a diffusion-controlled pace;
hence, the process is now governed by mass transfer. The
diffusion regulated current / is determined by the diffusion
layer thickness 6, the analyte diffusion coefficient D, the
electron transfer number n, the electrode surface area A, the
analyte concentration C, and the Faraday number F (96,480
C mol ™) as illustrated in Eq. (1):

FAD(C. C_
i = n ( b5u1k— -0) )

where C,,, and C,_, represent the analyte concentration in
the bulk solution and concentration of the surface of the
electrode, respectively.

Chronoamperometry employs pulsed amperometric detec-
tion with a few microliters of solution without stirring. For an
instance, a wearable sweat sensor has been proposed which
was based on rGO/SiO, nanocomposite, glucose oxidase

(GOx) and Nafion (NF) coated conductive and flexible sub-
strate comprised of a carbon nanotube film and polydimethyl-
siloxane (C-PDMS). Sensing performance of NF/GOx/rGO/
SiO,/C-PDMS was evaluated by using amperometric I —T
curve analysis for different concentration of glucose at an
operating potential of 0.4 V and after 100 s, the equilibrium
current values were fitted [149]. The biosensor exhibits glu-
cose detection range of 0.1-9 mM with sensitivity of 60.8 pA
mM~! em™2. In this regard, one benefit of chronoamperomet-
ric analysis is that it can determine the diffusion coefficient
even when sluggish heterogeneous electron transfer kinetics
are present, because the potential may be stepped to a suitably
positive or negative value where the process is under diffusion
control. As in this case, mass transport is exclusively regulated
by diffusion under these conditions, the current as a function
of time reflects the concentration gradient near the electrode
surface. As a result, according to the Cottrell equation, the
current diminishes with time where n, F, A, C, D, and ¢ are the
number of electrons transformed, Faraday’s constant, the sur-
face area, the concentration, the diffusion coefficient, and time,
respectively. The current can be related to the concentration of
electroactive species as [158] follows by Eq. (2):

1/2
l(f) _ nFACD _ Kl/z

T a2 g2 T )

Cyclic voltammetry

Voltammetry is an electrochemical technique that measures
current by altering potential. There are several types of vol-
tammetry including polarography (DC voltage) [159], linear
sweep, differential staircase, normal pulse, reverse pulse,
differential pulse, and others [160]. The voltage is measured
between the reference and working electrodes, while the cur-
rent is measured between the working and counter electrodes
as shown in (Fig. 5b (i, i1)) [150, 151]. The Nernst equation
governs cyclic voltammetry (CV) and an electrochemical
method is used for measuring current under high voltage.
The Nernst equation is used to calculate the cell potential in
relation to the standard potential and the activities of electro-
active species [150, 161] by applying the following equation
(Eq. (3)) (where E=reduction potential, E°=standard poten-
tial, R=universal gas constant, 7=temperature in Kelvin,
n=mole of electrons, F'=Faraday constant):

RT
E=E"-—I

NF nQ 3)
Potentiometry

Potentiometry is a technique to measure the potential
difference between working electrode and reference
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electrode (Fig. 5c (i, ii)) in an electrochemical cell when
no or little current flows between them [142, 146, 152,
153, 162]. The Nernst equation already explains the link
between concentration and potential. Direct measurement
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of analyte ion concentration using the Nernst equation is
referred to as direct potentiometry. The ion selective elec-
trode (ISE) achieves the lowest detection limit and also
functions as a transducer, which is an electrochemical
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«Fig.5 a Measurement setup of chronoamperometry and its corre-
sponding sensing performance. a (i) Reprinted with permission from
[144]. Copyright 2020 Springer Nature. a (ii) Reprinted with permis-
sion from [149]. Copyright 2021 American chemical society. b Meas-
urement setup of cyclic voltammetry and its corresponding sensing
performance. (i) Reprinted with permission from [150]. Copyright
2012 Wiley—VCH. (ii) Reprinted with permission from [151]. Cop-
yright 2018 Elsevier. ¢ Measurement setup of potentiometry and its
corresponding sensing performance. (i) Reprinted with permission
from [152]. Copyright 2019 Elsevier. (ii) Reprinted with permission
from [153]. Copyright 2019 Elsevier. d Measurement setup of con-
ductometry and its corresponding sensing performance. (i) Reprinted
with permission from [154]. Copyright 2021 Multidisciplinary Digi-
tal Publishing Institute. (ii) Reprinted with permission from [155].
Copyright 2019 Springer Nature. e Measurement setup of EIS and
its corresponding sensing performance. (i) Reprinted with permis-
sion from [156]. Copyright 2019 Multidisciplinary Digital Publishing
Institute. (ii) Reprinted with permission from [157]. Copyright 2021
Elsevier

sensor based on a thin film or selective membrane as
a recognition element [163]. Potentiometry can readily
measure small sample volumes and pH electrode is the
most frequent potentiometric device, however other ions
such as F~, I, CN~, Na*, K*, Ca**, and NH," could also
detected. Many potentiometric devices use various types
of field effect transistor (FET) devices to monitor pH
changes, selective ion concentration, and the kinetics of
biocatalytic and reaction processes.

Conductometry

Conductometric measurements are connected to a solution’s
capacity to conduct an electric current (Fig. 5d (i, 1)) [154].
It is a universal approach for detecting ions that is used to
examine ionic species and monitor a chemical reaction by
evaluating the electrolytic conductivity of reacting species
and the resulting product. It is the most commonly employed
to examine enzymatic reactions and various biological
membrane receptors using interdigitated microelectrodes,
ion conductometric and impedimetric devices [162, 164].
The electrolytic conductance, G, of a medium is equal to
the reciprocal of its electrical resistance R in ohms can be
expressed as

G=- 4

= )

If we consider the electrolytic cell with two electrodes

having cross-sectional area A in m? and separated by a dis-

tance / in m, then the resistance R of electrolytes solution
present between the electrodes is

R=pt 5)

where p is the proportionality constant called specific resis-
tivity. Substituting the value of R from (5)
1 A
G = =K-— 6
A/ ©

where K is reciprocal of specific resistance called specific
conductivity and is measured in Q! m~!. In the SI system,
the unit of conductance is “Siemens” (S). Hence, the unit of
specific conductivity will be [S m™!], where A is the area of
cross section (m?),  is the length (m), and G is the conduct-
ance (Q_l).

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a strong
tool for material characterization in electrochemical sys-
tems. It is helpful for the monitoring of changes in electri-
cal characteristics caused by biorecognition processes at
the surface of modified electrodes. Protein immobilization
and antibody-antigen reactions on the electrode surface
can be used to evaluate the changes in conductance [165,
166]. The basic strategy of the EIS method is to apply
a small amplitude of sinusoidal excitation signal and to
measure the response as current, voltage, or another signal
of interest (Fig. Se (i, ii)) [156, 157, 167]. Moreover, it is
often monitored with a modest excitation pulse, resulting
in a pseudo-linear cell response. The current response to
a sinusoidal potential in a linear system will be sinusoidal
at the same frequency but displaced in phase, as illustrated
below. The excitation signal has shape when expressed as
a function of time.

E, = Eysin(wt) 7

where E, is the potential dependent on time, E is the ampli-
tude of signal, and w is the radial frequency. The relationship
between radial frequency o (expressed in radians/second)
and frequency f (expressed in Hertz) is:

w =2xf 8)

In linear system, the response signal, /,, is shifted in phase
(®) and has different amplitude

I, = I, sin (wt + P) )

An expression analogous to ohm’s law allows us to calcu-
late impedance of system as:

E, E, sin (wt) sin (wr)
=== - =7Zy— (10)
I, Iysin(wt+ @) sin (wt + @)

As aresult, the impedance (Z) is represented in terms of a
magnitude, Z,, and a phase shift ® as mentioned above.
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«Fig.6 a Detection of lactate using graphene embedded screen-
printed electrode. Reprinted with permission from. [145]. Copy-
right 2018 Springer Nature. b Au/rGO/AuPtNP/GOx/Nafion-based
miniaturized hybrid working electrode-based wearable biosensor
to monitor glucose in real human sweat. Reprinted with permission
from [151]. Copyright 2018 Elsevier. ¢ Detection of cytokine using
graphene-Nafion biosensor. Reprinted with permission from [194].
Copyright 2021 Wiley—-VCH. d Wearable immuno-sensor based
on laser-burned graphene with incorporation of Ti;C,T, MXene for
non-invasive sweat cortisol detection. Reprinted with permission
from [157]. Copyright 2021 Elsevier. e Flexible wearable electronic
devices to measure Na' ion detection. Reprinted with permission
from [195]. Copyright 2021 Wiley—VCH. f A multi-ion sensing sys-
tem based on multichannel electrochemical all-solid-state wearable
potentiometric sensor for real-time sweat ion monitoring. Reprinted
with permission from [153]. Copyright 2019 Elsevier

Classification of graphene-based wearable
biosensors

Human skin is the most accessible organ of body fluids
related to the current health conditions [168]. Body fluids
are broadly classified into two categories, such as intracel-
lular and extracellular. Biofluids secreted through the human
body are saliva, sweat, tears, and intestinal fluid (ISF). These
biofluids are considered as an important source of biomark-
ers for disease diagnosis as well as monitoring, since it is
easy to collect them to provide rapid results. Concentration
of different biomolecules depends on the type of the sampled
biofluids. For instance, sweat contains high concentration of
proteins, hormones, and DNA, making it an attractive biofluid
for non-invasive health monitoring [169, 170]. Intestinal fluid
is another chemically rich biofluid and contains many mole-
cules similar to those found in blood [171]. On the other hand,
saliva is the easiest to obtain biofluid. Moreover, it contains
variety of electrolytes including sodium potassium, calcium,
magnesium, bicarbonate, and phosphate [172]. However,
the concentration of the available biomolecules in saliva are
mostly low. Similarly, tear composition also includes high
concentration of salts, proteins, lipids etc. In this regard, by
detecting the protein level, syndrome such as dry eye can be
identified [173]. In addition, exhaled breath is an excellent
source for detecting various biomarkers and moisture content
[174]. Therefore, wearable sensors based on these biofluids
and exhaled breath are the most promising candidate for the
next generation diagnosis system and in present [175].

Biofluid sensors and breath sensing devices

Sweat sensing devices

Sweat plays an important role in continuous disease progres-
sion monitoring, non-invasive detection, effective data gath-

ering and reading. Sweat as biofluid performs an important
excretory role by removing excess micronutrients, metabolic

waste, and toxicants from the body [176].The body has three
types of sweat glands, i.e., eccrine, apocrine and apoeccrine
[177]. Eccrine sweat glands are found almost everywhere
on the body's surface and are responsible for the majority
of sweat output. Apocrine and apo-eccrine glands, on the
other hand, have a minor influence on general sweat produc-
tion [178]. Human body contains 2—4 million eccrine sweat
glands on both glabrous (palms, soles) and non-glabrous
(hairy) skin [4]. Sweating can be produced by physical exer-
tion, thermal heating, and stress or iontophoretic activation.
Sweat contains metabolites (lactate, glucose, urea, ethanol,
or cortisol) along with electrolytes (sodium, potassium, chlo-
ride, or ammonium), trace elements (zinc or copper), and a
small number of large molecules (proteins, nucleic acid, neu-
ropeptides, or cytokines) [4]. In addition to glucose, lactate
is also one of the most important metabolites found in sweat
[179]. It is a waste product formed during glycolysis process.
Under the normal condition, liver absorbs 70% of the lactate
but under abnormal condition, such as liver necrosis, the liver
fails to absorb lactate, and it cause muscle fatigue and acido-
sis. A sensitive and specific immunosensor has been devel-
oped for detection of lactate in sweat sample where lactate
antibodies were bio-conjugated to the electro reduced gra-
phene oxide (e-RGO) using carbodiimide chemistry (Fig. 6a)
[145]. Moreover, sweat lactate is also useful in reflecting
the poor oxidative metabolism and in pressure ischemia as
reported by few groups [180]. On the other hand, diabetes is a
chronic disease related to inadequate insulin synthesis in the
cell and is difficult to cure or prevent after being diagnosed.
By proper glucose monitoring, measurement technique one
can increase treatment efficiency and simplify patient life-
style [181-183]. The classic glucose testing method, “finger
pricking,” is a well-known method for detecting blood glu-
cose, but it has a major drawback that leads to patient non-
compliance. As a result, there is an urgent need to develop
non-invasive glucose monitoring methods since human
sweat samples contain a variety of analytes [184—187]. Skin
worn GOx/Pt-modified graphite-based stretchable biosensor
has been successfully applied to monitor glucose in human
perspiration through the quantification of hydrogen perox-
ide (H,0,) reduction by chronoamperometry at—0.35 V vs
pseudo-Ag/AgCl. The sensor have a linear range between
0 and 0.9 mM with limit of detection of 0.010 mM [188].
On the other hand, the CVD-grown graphene-based FET
sensor hold great promise in continuous glucose monitoring
based on wearable platform. In this regard, PET was used as
a substrate, and CVD-grown graphene was functionalized
on PET with a linker molecule. The fabricated sensor could
detect glucose level in the range of 3.3-10.9 mM with limit
of detection of 3.3 mM by the precise quantification of Dirac
point shift and differential source current [189]. Patch-based
flexible and miniaturized electrochemical glucose biosensor
comprising of a hybrid working electrode which consists of
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electrochemically deposited gold/platinum nanoparticles and
platinum alloy nanoparticles (AuPt NPs) onto rGO surface
and chitosan-glucose oxidase composites was successfully
developed to measure glucose in a solution of human sweat.
The fabricated biosensor exhibited excellent amperomet-
ric response for glucose detection at a detection range of
0-2.4 mM (within the clinical range if glucose in sweat),
with a sensitivity of 48 pA/mM cm?, a short response time
(20 s), and high linearity (99%). The limit of detection for
glucose was calculated as 5 pM (Fig. 6b) [151]. On the other
hand, hybrid hydrogel nanocomposites have also shown great
potential in glucose level detection. A recent example of the
hydrogel-based prototype of glucose biosensor device was
fabricated by deposition of polyaniline (PANI) on rGO. The
thermally exfoliated graphene oxide (TEGO) helps in the
formation of additional crosslink, thereby increasing elec-
trochemical property. The sensor exhibits glucose detection
range of 0.2 pM—10 mM with limit of detection of 0.2 pM
[190]. Furthermore, it was well noted that graphene doped
with gold and combined with a gold mesh has improved elec-
trochemical activity over bare graphene which was sufficient
to form a wearable patch for sweat-based diabetes. In this
regard, a stretchable device was developed which features a
serpentine bilayer of gold mesh with glucose detection range
of 10 pM-0.7 mM and limit of detection of 10 pM [191].
Furthermore, a simple and easily wearable device was also
developed for simultaneous monitoring of glucose and lac-
tate in human sweat without direct contact of the active part
with skin. In this method, glucose oxidase and lactate oxidase
were anchored to graphene oxide and chitosan composite
(GO-Ch) to achieve stable deposition of the bio-receptors on
the electrochemical platform. The device was integrated with
the capillary flow system activated by a nitrocellulose strip
to collect and deliver sweat on the sensor platform with limit
of detection of 9.6 pM and 20 pM for glucose and lactate,
respectively [192]. Besides, non-enzymatic and simultaneous
detection of glucose and lactate have also attracted consid-
erable interest. In this regard, metal-based organic frame-
work (MOF) electrodes were used as non-enzymatic elec-
trochemical biosensors for detection of glucose and lactate.
In this method, the electrode was functionalized by amino-
functionalized graphene paper modified with 2D oriented
assembly of Cus(btc), (BTC=benzenen 1,3,5-tricarboxylate)
nanocubes via facile interfacial synthesis and effective dip-
coating. The biosensor shows a linear dynamic range of 0.05
to 22.6 mM with a detection limit down to 5 uM for lactate
and 0.05-1775.5 pM with a detection limit down to 30 nM
for glucose [193].

Hormones are secreted by a special group of cells called
endocrine glands. They play a pivotal in controlling and
regulating the activity of certain cells, and organs in the
human body [196-201]. Various diseases such as osteo-
porosis, cardiovascular, adenoma, hyperplasia, and cancer
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are related to hormone imbalance. Therefore, detection of
hormone through the human sweat is an interesting tool in
biomarker [202, 203]. Due to psychological and emotional
stress, hormones such as cortisol are secreted in human body
[204, 205]. A pleiotropic cytokine produced by activating
monocytes/macrophages in inflammatory response such as
tumor necrosis factor-alpha (TNF-a) is an important bio-
marker of autoimmune diseases [206-209]. In this regard,
a flexible wearable aptameric graphene—Nafion field-effect
transistor-based sensor has been developed for the detection
of cytokine biomarker in undiluted sweat sample of human
as shown in Fig. 6¢. The graphene-Nafion composite film
effectively eliminate non-specific adsorption interferences
and biosensor has sensitive detection of IFN-y, a repre-
sentative inflammatory cytokine with detection range from
0.015 to 250 nM and LOD down to 740 fM [194]. Besides,
Ti,C,T,-MXene nanosheet was successfully incorporated
in porous laser burned graphene (LBG) to develop wear-
able electrochemical immuno-sensor patch with a micro-
fluidic channel to detect cortisol (Fig. 6d). The stretchable
patch sensor exhibited linearity and limit of detection of
0.01-100 nM and 88 pM, respectively. The sensor was
attached to human skin, and the secreted sweat was passed to
the microfluidic channel through a hole under natural pres-
sure [157]. Continuous monitoring of diabetes and kidney
failure from wearer sweat was also visualized using cellulose
nanofiber/chitosan-graphene oxide-based wearable sensor
devices. This colorimetric sensor can readily differentiate
glucose and urea level by the naked eye. The sensor exhibit
a linear range of 0.1-3 mM with detection limit of 0.1 mM
for glucose and a linear range of 30-180 mM with detection
limit of 30 mM for urea, respectively [210]. In addition to
metabolites and hormones, Na* and CI~ are the most abun-
dant ions responsible for the production of sweat among all
the electrolytes [211].

In this regard, a modification of CFTR protein facilitates
the transportation of Na* and C1~ ion in epithelial secreting
cells [212, 213]. Consequently, muscle cramps, dehydra-
tion, hyponatremia, and hypokalemia usually occurs owing
to the variation of Na* and K™ ions concentration in sweat
[214]. In order to develop graphene-based wearable biosen-
sor for Na* ion detection, highly conductive, stretchable,
and printable ink was fabricated through the incorporation
of exfoliated graphene flakes into viscoelastic thermoplastic
polyurethane. The wearable biosensor was further employed
to measure Na* ion concentration from the perspiration of
a volunteer during physical stretching. The sensing perfor-
mance was maintained under an extremely high strain level
of 300% over 10,000 cycles in a fatigue test. The sensor
exhibits detection range from 107! to 10~* M with limit of
detection of 2.5x 107 M (Fig. 6e) [195]. In another study,
the ion-selective membrane (ISM) on a 3D porous structure
comprising a MOF/graphene network is used to monitor
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ammonium NH,* ion content. The hydrophobic property
of the ion-selective membrane gives an excellent sensing
response to NH,* ion concentration with detection range
107~ 10~! M (Fig. 6e) [215]. On the other hand, a multi-
ion sensing system based on flexible, all-solid-state, ion-
selective electrode (ISE) wearable potentiometric sensor
provides information about the quality of persons’ health
by monitoring K*, Na*, C1~, and pH ion concentration in
sweat. It could be integrated with a self-powered unit as
well as combined with mobile devices for in situ analysis
in the field of healthcare and clinical research. The inte-
grated solid ISE has four channels which can detect K,
Na®, CI~, and pH simultaneously with limit of detection
of ~6.5 Mm, ~49.5,~61.4, and~6.91 for K* Na*, Cl~, and
pH, respectively (Fig. 6f) [153]. Finally, Table 5 summarizes
the detection of different analytes in sweat along with the
respective sensing strategy.

Interstitial fluid sensing devices

The human body is a treasure of various biofluids such
as urine, sweat, saliva, blood, cerebrospinal fluid, gastric
juices, and blood [216]. These biofluids contain a complex
mixture of substances and are attractive sources for disease
diagnosis. However, withdrawing biofluids such as blood
by inserting a needle is very painful, sometimes tedious,
and makes patients discomfort; therefore, recent emphasis
is given on externally secreted biofluids (sweat, saliva,

tear). A major component of these non-invasive collected
biofluids is water. Thus, analysis of human body fluid has
become one of the most promising approaches to discover
biomarkers or reveal a path for physiological mechanisms
of human disease [217, 218]. Sweat and saliva are easily
obtainable biofluid, but they have some limitations and
lead to contamination, while other biofluids such as inter-
stitial fluid serve as unique biomarkers in disease diagnosis
[219, 220]. ISF is most prevalent accessible fluid in the
body, constituting 75% of extracellular fluid and 15 to 25%
of body weight. It acts as bridge between blood and cells
[221]. ISF is mostly present in the lowermost skin layer of
dermis, which is 70% by volume [222]. Some studies have
shown that interstitial fluid act as a rich source of informa-
tion compared to blood. Spaces between cells is filled with
ISF, and it is formed by extravasation of plasma from cap-
illaries [223] (Fig. 7a), and which is modified due to meta-
bolic process. ISF fluid flow from blood plasma through
endothelial cell wall into interstitial compartments (region
between the vasculature and cells) and then return to the
blood [221-225]. It acts as mediator between blood vessels
and cells in constant supply of nutrients and waste product
[226]. Flexible electrochemical glucose sensor integrated
with the ISF extraction is used to form wearable devices
and which is further utilized for the extraction, dilution,
collection, and detection of ISF to realize continuous glu-
cose monitoring. Graphene layer was modified with gold
nanoparticles to improve electron transfer rate between

Table 5 Summary of the detection of various analytes by different sensing strategies in sweat

Analyte  Sensing material Mechanism Detection range ~ Detection limit Ref
Glucose CVD-grown graphene Field effect 3.3-10.9 mM 3.3 mM [189]
Glucose Prussian blue/gold-doped graphene hybrid /GOx Cyclic voltammetry/patch I0uM~0.7mM 10 uM [191]
Glucose  GOx/Pt-graphite biosensor Chronoamperometry 0-0.9 mM 0.010 mM [188]
Glucose PtAuNP/rGO/CHIT/GOx Amperometry/patch 0~2.4 mM 5uM [151]
Glucose Amino-functionalized graphene paper/Cus(btc), nanocubes Electrochemical 0.05~1775.5mM 5uM [151]
Glucose Cellulose nanofiber/chitosan-graphene oxide Colorimetry 0.1-3 mM 0.1 mM [210]
Glucose PANI/TEGO/PVA Electrochemical 02uM~10mM 0.2 uM [190]
Lactate  Amino-functionalized graphene paper/Cus;(btc), nanocubes Electrochemical 0.5~25 mM 5uM [193]
Lactate  SPE/PB/GO-Ch/GO-xf Amperometry 1.0-50.0 mM 28 nM [192]
Urea Cellulose nanofiber/chitosan-graphene oxide Colorimetry 30-180 mM 30 mM [210]
Cortisol  Ti;C,x MXene/LBG/PDMS Impedimetric immunosensor 0.01-100 nM 88 pM [157]
Cytokine Graphene-Nafion Field effect 0.015-250 nM 740 M [194]
K* Paper-based ion selective electrode/fluorinated alkyl Potentiometry ~6.5 mM NM [153]
silane/GO
Na* Paper-based ion selective electrode/fluorinated alkyl silane Potentiometric ~49.5 mM NM [153]
/GO
CI~ Paper-based ion selective electrode/fluorinated alkyl Potentiometric ~61.4 mM NM [153]
silane/GO
pH Paper-based ion selective electrode/fluorinated alkyl silane  Potentiometric ~6.91 mM NM [153]
/GO

NM not mentioned
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Fig. 7 a Interstitial fluid moment and skin anatomy showing the out-
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Reprinted with the permission from [223]. Copyright 2020 Elsevier.

the activity center of enzyme and electrode to enhance
sensitivity of sensor [227].

Saliva sensing devices

Saliva is considered one of the vital biofluids due to its easy
accessibility and large availability [228]. It is proved to be
an alternative to blood analysis due to its good correlations
with available blood analytes [229]. Also, the presence of
a wide range of biomarkers makes it an ideal biofluid for
monitoring various kinds of human diseases [230]. It is com-
posed of several kinds of biomarkers such as microbes, anti-
bodies, DNA, RNA, metabolites, lipids, and proteins [231].
The biomarkers present in saliva can originate from differ-
ent sources such as inflammatory cells that contribute to

@ Springer

b Transdermal extraction system of ISF fluid for continuous glucose
monitoring. Reprinted with the permission from [227]. Copyright
2015 American institute of publishing

chronic diseases [232, 233] and molecules produced by the
immune system, etc. [234, 235] Various types of portable,
non-invasive, and wearable biosensors have been developed
to detect different biomarkers in saliva [236-239].

In the past few years, the production of wearable biosen-
sors by graphene and its derivatives has caught significant
attention. For example, Mannoor et al. developed the first
graphene-based wearable saliva sensing biosensor [240].
The graphene was firstly printed onto water-soluble silk,
and the transfer of biosensors was easily facilitated onto
different biomaterials and tooth enamel to detect bacteria.
Integration of the oral-cavity biosensors with a resonant coil
provided battery-free operation. Antimicrobial peptides were
immobilized onto graphene, making the sensors capable of
detecting bacteria present in saliva at the single-cell level.
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This biosensor can be modified to detect some other salivary
biomarkers as well.

In a recent study, Mercante et al. designed a biosensor-
bioelectronic tongue using zinc oxide (ZnO) nanofibers
(NFZ) and graphene derivatives to detect glucose in saliva
[241]. Firstly, ZnO nanofibers were fabricated and combined
with graphene quantum dots (GQDs) and rGO. Then, glu-
cose oxidase (GOx) was immobilized on this platform to
prepare the biosensor. Two biosensor units NFZ-GQDs @
GOx and NFZ-rGO@Gox were developed. Both the bio-
sensors utilized electrical impedance measurements and
detected glucose in the concentration range of 0.1-6 mM.
The NFZ-GQDs @GOx and NFZ-rGO@Gox units showed
32 uM and 14 pM LOD, respectively. Also, the prepared
biosensors were employed efficiently to determine glucose in
small volumes of artificial saliva. Furthermore, an enzymatic
bioelectronic tongue was developed by assembling three dif-
ferent sensing units (NFZ@GOx, NFZ-GQDs@GOx, and
NFZ-rGO@GOx) into an array. The bioelectronic tongue
was successfully used to detect different glucose concen-
tration levels and the discrimination of glucose from other
compounds present in saliva. This study suggested that the
bioelectronic tongue could be potentially used to detect other
biomarkers associated with various diseases (Fig. 8a).

Although saliva has been proved to be an interesting bio-
fluid candidate, few oral-cavities-based wearable biosensors
are developed for non-invasive human health monitoring.
However, some issues need to be addressed for wide-scale
acceptance and saliva sensing biosensors. For example, a
low concentration of salivary biomarkers compared with
blood biomarkers will require developing a biosensor with
high sensitivity. The purity of the biofluid sample is one of
the essential things for its continuous and errorless moni-
toring. A saliva sample is quite easy to obtain compared to
other biofluids, but there are always high chances of con-
tamination by exogenously sourced analytes such as from
foods and drinks. In such a case, a biosensor should employ
an immobilized receptor with high specificity towards
the analyte of interest. Contamination of saliva by mouth
wounds and gum bleeding also can lead to interference in
analyte sensing. Further, one more issue which might arise
easily in salivary-based biosensors is biofouling. Various
contaminants of saliva (for instance, food residues and oral-
cavity bacteria) can accumulate on the surface of the trans-
ducer through non-specific interaction, which might affect
the biosensor’s performance. Making a protective coating
around the biosensor might overcome the issue of biofoul-
ing. Moreover, rigorous analysis of saliva will reveal the
presence of many more different biomarkers. Developing
oral-cavity biosensors to detect multi analytes will be a fur-
ther advancement in saliva-based wearable devices. Incor-
porating graphene in the saliva sensing biosensors could
be beneficial over other materials in many aspects. It may

provide improved mechanical stability and flexibility so that
biosensors can withstand the stress due to mouth muscle
movements while talking, eating, and drinking.

Tear sensing devices

The biofluid accumulated in the eyes is called tear. Human
tears are secreted by the lachrimal gland and act as a pro-
tecting film covering the eye. The tears can be exploited to
monitor physiological status due to the presence of a wide
range of analytes such as salts, proteins, enzymes, peptides,
lipids, electrolytes, metabolites, and more than 98% of water
[247-249]. Several analytes of tears act as biomarkers to
reveal much crucial information regarding different system-
atic diseases and ocular conditions [250-252]. Moreover,
many tear biomarkers exhibit a good correlation with blood
biomarkers. For example, glucose concentrations of tears
correlate well with blood glucose levels [253, 254]. How-
ever, analysis of tear samples is challenging, and it shows
several errors such as easily volatile in natures, less secre-
tion compare to other biofluids (secretion rate of sweat is 2
uL min~!, saliva is 0.5 mL min~!, and tear is 0.9 uL min~!
in healthy person), non-uniform tear production among
individuals, difficult in collection, and handling methods
[255-260]. To overcome these issues, the development of
wearable tear sensing platforms has garnered attention in
the past few decades. Contact lens-based wearable plat-
forms are considered as most suitable, as they can collect
the tears without any damage and irritation to the eyes [261,
262]. Interestingly, contact lenses can easily integrate all
the necessary components in the platform, such as bio-
sensing elements, transducer, data processing, and power
sources. Initially, a tear-sensing contact lens-based device
was produced to measure optical phenomenon. This biosen-
sor, concanavalin-A or phenylboronic acid derivatives, was
used as an immobilized receptor on transducer for detecting
tear glucose [263-265]. The introduction of graphene has
revolutionized the field of wearable sensors, most notably in
the development of contact lenses. Graphene-based contact
lenses offer many advantages such as minimal eye irrita-
tion, nil damage to any eye part, better biocompatibility, and
avoiding almost all kind of discomfort to wearers.

Kim et al. prepared a graphene-based highly transparent
and stretchable wearable contact lens biosensor [242]. The
contact lens provided clear vision without any discomfort
when worn by users. It showed the multifunctional ability
to monitor the tear fluid and intraocular pressure simultane-
ously and independently using the RLC circuit. A compos-
ite/hybrid of silver nanowire and graphene was utilized as
stretchable and transparent electrodes, resistors, and antenna
because of its increased mechanical and electrical proper-
ties without any loss in transparency. The silver nanowire-
graphene hybrid was used as a source/drain of electrodes,
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and the graphene/glucose oxidase acted as a channel in a
FET, which continuously and wirelessly detected the glu-
cose in tears. The contact lens biosensor exhibited wire-
less monitoring of glucose concentrations from 1 pM to
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10 mM. This multiplexed contact lens biosensor showed
solid promise for next-generation ocular diagnostics, which
can monitor disease-related markers and evaluate ocular
and overall health conditions of the human body (Fig. 8b)
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«Fig.8 a Schematic of a bioelectronic tongue developed using zinc
oxide and graphene derivatives (rGO and GQDs) for monitoring of
glucose present in saliva. Reprinted with permission from [241].
Copyright 2021 Elsevier. b Diagram of a graphene-based wearable
contact lens sensor showing glucose sensing with graphene-AgNW.
Reprinted with permission from [242]. Copyright 2017 Springer
Nature. ¢ The schematic picture of the graphene-based soft, smart
contact lens for glucose detection. Reprinted with the permission
from [243]. Copyright 2018 American Association for the Advance-
ment of Science. d Schematic of the flexible graphene field-effect
transistor (GFET) biosensor fabricated on an ultrathin film, and the
device attached onto the artificial eyeball for detection of cytokine.
Reprinted with the permission from [244]. Copyright 2020 Multi-
disciplinary Digital Publishing Institute. e Fabrication process and
photographs of corneal microelectrode of corneal biosensors for the
in vivo tears testing. Reprinted with the permission from [245]. Cop-
yright 2020 Wiley—VCH. f Schematic illustration of integrated and
therapeutic devices for chronic OSI. Reprinted with the permission
from [246]. Copyright 2021 American Association for the Advance-
ment of Science

[242]. Further, Park et al. demonstrated a soft, smart contact
lens for a wireless and real-time operation to analyze the
in-vivo glucose concentration in tears with sensing results
displayed together [243]. For glucose detection, catalase
(CAT) and glucose oxidase (GOx) were immobilized on
the surface of the transducer made up of graphene, and a
pyrene linker facilitated immobilization for n-x stacking
interaction. In this biosensor, different components such as
the light-emitting diode (LED), pixel, glucose sensor, and
rectifier circuit were fixed on a mechanical stress-tunable
hybrid substrate. The interconnected electrodes produced
by sliver nanofibers and stretchable transparent antenna were
positioned on elastic regions. The stretchable and transpar-
ent antenna combined with a rectifier which helped to turn
on LED display and real-time sensing results. The detec-
tion range of 0.1 ~0.9 mM was demonstrated by the contact
lens, with detection limit of 12.57 pM. The response time
was measured as ~ 1.3 s, and the sensitivity was calculated
as approximately 22.72%/mM. For application, the contact
lens was applied onto the eyes of a live rabbit to perform an
in vivo test. The sensor along with glucose monitoring also
measures the temperature change, demonstrating a bright
future of contact-lens-based tear sensing wearable biosen-
sors for non-invasive motoring of human health (Fig. 8c)
[243]. Wang et al. developed another graphene-based tear
sensing wearable biosensor based on FET [244]. The bio-
sensor uses aptamer (polymethyl methacrylate)-modified
graphene as the conducting channel for the consistent, sen-
sitive, and time-resolved detection of cytokines (TNF-a and
IFN-y) in artificial tears. Additionally, a non-ionic surfactant
Tween 80 was employed to modify the surface of the gra-
phene in order to avoid any kind of non-specific binding
for specific detection of the cytokines. To fabricate this
GFET biosensor, firstly biosensor’s substrate was developed
by placing ultrathin mylar film (2.5 um) on a glass slide.

Further, a lithography technique was used to pattern drain,
source, and gate electrodes (4/46 nm of Cr/Au) on the film.
Then, conducting channel was produced by transferring the
monolayer graphene sheet onto electrodes. The ultrathin
substrate provided the biosensor with high mechanical sta-
bility to withstand large deformations, including bending
and stretching, and also makes the sensor capable of fitting
to non-planar surfaces such as the eyeball or human skin.
The biosensor showed highly sensitive and consistent detec-
tion of TNF-a and IFN-y, with limits of detection down to
2.75 pM and 2.89 pM, respectively. Ultimately, this biosen-
sor demonstrated good potential as a wearable electronic
for human health monitoring by predicting the attack of
chronic diseases (Fig. 8d) [244]. Zhang et al. demonstrated
an electrochemical corneal biosensor used to detect dopa-
mine (DA) in tears for monitoring myopia diopter [245]. For
fabrication of biosensor, firstly, a vapor phase polymeriza-
tion (VPP) enhanced ball milling method was applied to
prepare electroactive nanoelectrodes from poly (3,4-ethyl-
ene dioxythiophene) (PEDOT) functionalized sulfur-doped
graphene (PEDOT-graphene). Then, the enzyme tyrosinase
(TYR) receptor was immobilized covalently onto the thin
PEDOT-graphene nanosheets. Further, a wearable corneal
biosensor was assembled by electrodeposition of PEDOT-
graphene-TYR and shaped to fit the eye’s anatomical struc-
ture. The biosensor showed excellent performance by detect-
ing DA in both in vivo and in vitro tests and presented high
stability and excellent selectivity. The sensitivity of 12.9
A X 1073 M~! cm~2 and detection limit of 101 x10™° M
was demonstrated by the biosensor. Additionally, the human
tear samples from defocus-induced myopia patients were
tested by the corneal biosensor. The biosensor showed good
sensitivity to myopia diopters which proved an underlying
relationship between myopia diopters and DA content in
tears. It was concluded based on the results that this corneal
biosensor might prove a potential device for early, real-time
detection, and prevention of myopia (Fig. 8e) [245].
Recently, soft, smart contact lens wearable biosensor
was reported for non-invasive diagnosis and monitoring
of chronic ocular surface inflammation [246]. This contact
lens incorporated graphene FET to sense tears for remote
and quantitative measurement of a biomarker matrix metal-
loproteinase-9 (MMP-9) present in chronic ocular surface
inflammation. Apart from graphene FET, other components
integrated to this device were wireless antenna, capacitors,
resistors, and a nearfield communication (NFC) chip. The
smart contact lens showed good biocompatibility and func-
tioned adequately without any complication in wearer’s
vision. The contact lens biosensor responded to detection
from 1 to 500 ng mL~! of MMP-9 concentration in tear flu-
ids, with the 0.74 ng mL~! of limit of detection. The sen-
sitivity and response time of the biosensor was reported as
11.1 ng mL™" and~2.5 s, respectively. The contact lens also
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enabled real-time wireless transmission of the sensing data
to the user’s portable device (smartwatch or smartphone).
The advantage of this contact lens over previously developed
contact lenses is that an eyelid-attachable heat patch was
developed for hyperthermia treatment and integrated with
this contact lens. So, this system provides both the diagnosis
and continuous treatment of OSI. Finally, in vivo studies
were performed on human subjects and live animals. Many
promising results obtained from the experiments proved the
reliability and wearability of this device for sustainable per-
sonal health management (Fig. 8f) [246].

Graphene-based tear sensing wearable biosensors have
proved crucial in providing a point of care, non-invasive
diagnosis, though the majority of the biosensors devel-
oped so far are for the detection of glucose monitoring
for diabetes. In the past few years, tear-based biosensors
have been reported to detect other biomarkers, such as
cytokines (TNF-a and IFN-y), matrix metalloproteinase-9,
and DA, expanding the area to diagnose other diseases
as well. The scope of these biosensors can be further
increased to detect other analytes, which shows good cor-
relations with blood’s analytes. For example, detecting
amyloid-beta peptides could be helpful for the diagnosis of
Alzheimer’s disease [266, 267]. Many other proteins, most
notably lactoferrin, lysozyme, and albumin can be detected
in tears to diagnose different diseases [268]. Also, most of
the current tear-based biosensors are being used to detect
single analytes. Developing an advanced multifunctional
device that detects two or more analytes together would
help monitor more than one disease simultaneously, which
would reduce cost, diagnosis time, and treatment process.
In addition, the selectivity of the biosensors also should
be increased to an optimum level for detection ultralow

concentration of tear analytes. Furthermore, comprehen-
sive and efficient studies will be needed to explore the tear
chemistry in detail and establish the correlation between
the concentration of analyte in tears and blood for improv-
ing the reliability. Moreover, a large scale of experimen-
tal repetition and validation studies will be needed before
using them clinically. Table 6 summarizes the graphene-
based biosensors used for detection of biomarkers in saliva
and tear.

Breath sensors

Detection of diseases from exhaled breath has been shown
in different fields of medicine [246]. However, the breath
analysis needs to be moved to the next stage to facilitate
diseases diagnosis. Breath, a critical physiological sign,
contains various molecules that help diagnose various
diseases and body functions [269, 270]. Wearable breath
sensors have become an international research interest
because of their huge potential to detect various biomark-
ers and humidity levels [271]. It is observed that the pres-
ence of various volatile organic compounds will differ in
a healthy human being and an infected person [272-274].
The humidity level in breath is also an indicator of the
state of well-being [275, 276]. The move towards port-
ability has shifted the development of the wearable sensors
towards graphene. Since its invention, researchers have
been looking for more and more graphene-based technol-
ogy to improve existing systems. Graphene plays a huge
role in enhancing various sensor’s detection capabilities,
which makes them better than the existing sensors [15].

Table 6 Summary of graphene-based wearable biosensors for detection of biomarkers in saliva and tear

Wearable device Receptor system Detection mecha-  Biomarker Biofluid Disease LOD Ref
(s) nism
Patch Graphene/AMP LC resonant Bacteria Saliva Infectious disease Single bacterium  [240]
Bioelectronic NFZ-GQDs@ Electrical imped- ~ Glucose Artificial saliva Diabetes 14 uM and 32 uM  [241]
tongue GOx and NFZ- ance

rGO@ GOx

Contact lens Graphene/GOx Electrochemical Glucose Tears Diabetes 1 uM [242]

Contact lens Graphene/GOx/ Electrochemical Glucose Tears Diabetes 12.7 uM [243]
CAT

Ultrathin film Graphene/PMMA/ Field effect TNF-o and IFN-y Artificial tears ~ Chronic diseases 2.75 pM [244]
PASE

Corneal electrode  Graphene/PEDOT/ Electrochemical Dopamine Tears Myopia 101x10™°M [245]
TYR

Contact lens Graphene/AgNWs/ Field effect MMP-9 Tears OSI 0.74 ng mL™! [246]
IgG

Abbreviations: AMP, antimicrobial peptides; NFZ, nanofibers; GQDs, glucose quantum dots; GOx, Glucose oxidase; rGO, reduced graphene
oxide; CAT, catalase; PMMA, polymethyl methacrylate; PASE, 1-pyrenebutanoic acid succinimidyl ester; OSI, ocular surface inflammation;
MMP-9, Matrix metalloproteinase-9; PEDOT, poly (3.4-ethylenedioxythiophene); TYR, tyrosinase

@ Springer



Microchim Acta (2022) 189: 236

Page 250f39 236

Volatile organic compound detection

The breath of human being is a complex mixture of vari-
ous compounds, such as nitrogen, oxygen, CO,, and water
vapor, along with a lot of volatile organic compounds (VOC)
[21]. Commonly, the VOCs present in breath are acetone,
ethanol, CO etc., which could tell us about various medical
conditions of the body, such as diabetes [277], hypoglyce-
mia [278], cancer [279], etc. The graphene-based sensors
will analyze the breath to identify the presence of specific
volatile organic compounds for diagnostics [280]. The easy
detection of these volatile compounds as biomarkers has
made the sensor industry moves into a more wearable breath
sensing approach. Graphene and its derivatives are excellent
materials that could be used in volatile biomarker detection
and help to develop a sustainable wearable technology [281].
Liu et. al has developed an electronic nose using functional-
ized rGO, which has a high sensitivity of 25 ppm (Fig. 9a).
They used rGO and eight functionalized rGO to detect dif-
ferent VOCs such as ethanol, 2-ethylhexanol, nonanal, and
ethylebenzene, which are known cancer biomarkers. In the
proposed sensor amine ligands are working as the organic
sensing layer which in turn provides different adsorption
capacity for VOCs where they have functionalized rGO
with ethylamine, hexylamine, octylamine, benzylamine,
2-(4-chloropenyl) ethylamine, 1-(2-aminoethyl) piperidine,
1,3-diaminopropane, and tyramine. They have used principal
component analysis to distinguish the sensor performance
among VOCs. The main advantage discussed is that the sen-
sor’s enhanced performance is not the result of hybridization
or doping but the chemistry of rGO which helped to build a
rGO library with eight functionalized rGO. They observed
linear response to the detection of various cancer biomark-
ers, which in the structure of an electronic nose is useful
in a wearable environment (Fig. 9a) [282]. The developed
sensor shows a fast response for detecting acetone in breath,
which is an easy method for diabetes detection and also high
selectivity towards acetone was observed. The sensor is a
biocompatible one as the chitosan template is produced with
knight butterfly wings, on which the honeycomb structure
is still retained after processing. This was one of the first
few researches in which the chemical composition, unique
biological functions, and topographical features of but-
terfly wings along with graphene is observed in the use of
wearable biosensors. Chitosan has several -NH, groups that
remain exposed, specifically interacting with the carbonyl
groups in acetone. The sensing capability of this device is
tested under different acetone concentrations and observed a
fast response (< 1 s) with a small limit of detection (20 ppb).
Xu. et al. also explored the usage of graphene in biosensors
to detect diabetes biomarkers in breath and to identify vari-
ous physiological signals [280]. They proposed multifunc-
tional sensing devices which employ porphyrin-modified

rGO arrays as the sensor (Fig. 9b) [280] to monitor vola-
tile compounds in breath along with a strain sensing matrix
with porous rGO films to detect physiological signals. The
sensor was successfully able to distinguish between varie-
ties of human physiological signals and various VOCs in
breath, which could benefit the wearable health monitoring
of the individual. It was tested on analyzing simulated breath
samples with diabetes, nephrotic breath samples, and breath
sample of a healthy individual and based on the output pat-
tern, the condition of the patient could be determined. This
sensor was able to successfully obtain data based on the
wearer’s health while operating in a multifunctional manner
without signal interference. The idea researched by Xu. et al.
bears an important role, since the sensors attached should be
multifunctional and efficient while minimizing the number
of wearable instruments. Sanchez-Vicente et al. developed
an innovative sensor that can detect ethanol, acetone, NO,
and CO in the breath, which could relate to many diseases
such as chronic obstructive pulmonary disease, cystic fibro-
sis, asthma, and even diabetes (Fig. 9c) [283]. The detection
was carried out at 0% humidity as well as 50% humidity
under which the following equation was implied to find the
sensor’s performance:

Response = (R, — R) x 100/R an

where R, and R represent the resistance at exposure to air
and the gas, respectively. However, the sensor has shown a
lower response under higher humidity for the detection of
ethanol and acetone. Under these conditions, the response
was observed to increase for CO and NO. In this work, gra-
phene increases the detection capability of the sensor at low
temperature and also it increases the response to the gases
due to the n-p heterojunction. However, the experiments are
done in simulated breath, which implies that there’s a need
for real life scenario testing. The ability to detect multiple
biomarkers strongly recommends the usage of this system
in an electronic nose sensor. Tung et. al demonstrated the
usage of hybridized graphene in metal organic frameworks
(MOF) which helps to tune the sensitivity and selectivity of
the VOC sensors (Fig. 9d) [284]. The proposed sensor was
used to detect various major biomarkers such as acetone,
methanol, and ethanol. They prepared three different hybrid
nanocomposites with pristine graphene and MOFs, namely,
copper-benzene-1,3,5-tricarboxylate (pG-Cu BTC), zirco-
nium 1,4 dicarboxybenzene (pG-UiO 66), and 2-methylimi-
dazole zinc salt (pG-ZIF 8). The usage of pristine graphene
sensor and the hybrid sensor is tested. The hybrid sensor is
observed to have a higher response to VOCs, which indi-
cated that the proper hybridisation could help to improve
the results of sensing. In the case of pG-Cu-BTC, the result
was three times higher than pristine graphene sensor. The
addition of metal organic frameworks increased the number
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«Fig.9 a Schematic representation of the functionalized graphene
composite sensor with the observed responses to various VOCs.
Reprinted with permission from [282]. Copyright 2019 Elsevier.
b Multifunctional sensing device with the pattern of detection.
Reprinted with permission from [280]. Copyright 2018 American
Chemical Society. ¢ The silicon substrates with micro hot plates and
the sensor response to various VOCs. Reprinted with permission
from [283]. Copyright 2020 Multidisciplinary Digital Publishing
Institute. d Schematic representation of the VOC sensor along with
the observed response to various VOCs. Reprinted with permission
from [284]. Copyright 2020 Elsevier. e Schematic representation of
triboelectric powered pre-diabetics detection. Reprinted with permis-
sion from [286]. Copyright 2020 Elsevier

of adsorption sites, which in turn increased the coordination
of VOC molecules with the sensor. Among the three types of
sensors tested, pG-Cu BTC has shown superior performance
to detect methanol, ethanol and chloroform and pG-UiO 66
has also shown good response towards methanol and chloro-
form but lower than the response of pG-Cu BTC. However,
pG-ZIF8 was observed to have lower or similar performance
to pristine graphene sensor (Fig. 9d). To develop sensors
that are entirely reliable on its own, the main problem is
that it requires a power source. Technology is constantly
evolving, and there is always room for improvement. The
main problem with wearable technology is that it requires a
power source. The need for self-powered systems or highly
efficient energy storage structures which are compact is ever
increasing. Bio-energy harvesting is a key development that
could help power these sensors [285]. Su et al. demonstrated
the triboelectric powered sensor for detection of pre-diabetic
condition with the sensing of acetone content in the breath
(Fig. 9e) [286]. It consists of two parts, an energy develop-
ing part and a sensor part. The sensor is self-powered with
triboelectricity and chemisorption sensing, which helps the
sensor to easily adapt to the wearable environment. The
airflow-induced vibration of PTFE (polytetrafluoroethyl-
ene) films induces periodic contact with nylon film and due
to their difference in triboelectric series, it generates the
required power for the sensor. The sensor developed using
rGO and chitosan shows a sensing ability of 27.89% under
97.5% relative humidity, which is a much-improved result
than when using chitosan alone. This is due to the addition
of rGO the surface-to-volume ratio is increased and allows
more acetone to participate in the reaction. The sensor also
exhibits higher selectivity towards acetone in comparison
with other VOCs. However, real human breath is not ana-
lyzed since all breath samples were in a simulated condition.

Breath humidity detection

Water is an inevitable part of life and can be identified in
the human body with breath humidity. The humidity of
breath is an important factor that helps determine the indi-
vidual’s health condition [287]. Humidity variations could

be observed on exhalation and inhalation. With the thorough
monitoring of humidity, we can obtain even the water con-
sumption rate of that specific individual [288]. Graphene
or graphene derivatives have excellent sensitivity towards
humidity. For example, if GO reacted with water molecules
to release protons, a decrease in the electrical impedance
could be observed [289]. The humidity detection sensors
could greatly benefit various peoples who regularly check
their water intake. Borini et al. developed one of the first
breath humidity sensors using graphene (Fig. 10a) [290].
The sensor observes ultrafast response time and fast recov-
ery (~30 ms) at a 15 nm GO film thickness. This was one of
the fastest humidity sensors reported during that time. The
application of these sensors could go beyond healthcare and
could be used in user interfaces in wearables.

Compared with commercially available sensors, they
have observed that their sensor works better with easy pro-
duction as GO can be spray coated to develop the sensor
while keeping the sensitivity to relative humidity. The ease
of production and ultrafast operation makes this sensor
stand out. While being highly efficient, wearable sensors
also need to be cost-effective. Selamneni et al. have pro-
posed a straightforward approach towards low-cost weara-
bles with potential applications in human health monitoring
[288]. The proposed design consists of a simple solvent-free
graphene pencil coating on biodegradable cellulose paper.
The sensor can easily detect the moisture in the breath by
increasing the sensor resistance, resulting in reduced current.
Under NIR (near infrared), a current response increase could
be observed due to the photoconductivity and bolometric
effect. Under normal conditions, the healthy individual who
consumed enough water has shown a massive reduction of
25-35% in the current value, while those with insufficient
water consumption has shown 5-10% decrement in current.
This proposes an easy to fabricate sensor along with good
performance. Looking more into the different material com-
binations, He et al. [291] explored the tunable application of
graphene-polymer nanosensing junctions to detect the mois-
ture content of breath (Fig. 10b). The proposed graphene
nanochannels confined poly(dopamine) (GNCP) presented
fast capture and release of water molecules according to the
conditions, which leads to fast operation and enables record-
ing the humidity variation on different activities such as
speaking, singing, etc. It enables to capture even the slightest
differences in relative humidity. The technology was adapted
to develop a smart mask which can assess the humidity level
in breath, which could differentiate between inhalation,
exhalation, and also slow-medium-, and fast-paced breath-
ing. The smart mask could be used for athletes training
purposes since the processed data could be used to analyze
patterns and generate predictive algorithm about the person’s
health status. Iyengar et al. has demonstrated a humidity sen-
sor with high sensing ability and low response time (~ 1 s),
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Fig. 10 a Graphene oxide-based humidity sensors from exhaled
breath. Reprinted with permission from [290]. Copyright 2013 Amer-
ican Chemical Society. b Bio-inspired atomic precise tunable gra-
phene for humidity detection from breath. Reprinted with permission
[291]. Copyright 2018 American Chemical Society. ¢ Schematic rep-
resentation of PVDF/rGO nanofibers and polyaniline-based wearable
sensor for humidity detection. Reprinted with permission from [292].
Copyright 2019 American Chemical Society. d Porous graphene
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coated with PEDOT: PSS, GO, and Ag colloids for respiration moni-
toring. Reprinted with permission from [275]. Copyright 2018 Else-
vier. € GO and aniline-based humidity sensor. Reprinted with permis-
sion from [293]. Copyright 2020 Wiley—VCH. f Non-woven fabric
and graphene oxide-based respiration monitoring with the application
demonstrated in a mask. Reprinted with permission from [294]. Cop-
yright 2020 American Chemical Society
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which is also flexible (Fig. 10c) [292]. It used PVDF/rGO
nanofibers and polyaniline (PANi) to develop the sensor. The
sensor could successfully detect both oral and nasal respira-
tion. After each oral exhalation, the calibrated response was
observed to be at >95%. The sensor could provide breath
rate analysis as well as distinguish between artificial breath
and natural breath. The proposed sensor can be used to iden-
tify only the humidity in breath as volatile compounds have a
negligible effect on this. The sensor offers high performance
with minimal circuitry and low working voltage and also is
suitable for mass production. However, the need for exter-
nal power limits the usage in wearable applications. Breath
humidity sensors are under constant development and differ-
ent surface modifications, and many materials are being tried
out. Pang et al. developed a sensor based on porous graphene
on which poly(3, 4-ethylene dioxythiophene)-poly(styrene
sulfonate) (PEDOT: PSS), GO, and Ag colloids were used to
modify the surface to enhance the detection [275]. The sen-
sor could also identify the respiration pattern as fast, normal,
or deep breath (Fig. 10d). Graphene/Ag colloids sensor has
shown better performance than the rest with good linear-
ity. The signal variations could identify the subject’s water
intake, which helps to identify dehydration. The humidity
sensor developed by Tang et al. has a response/recovery time
of about 50 ms, which was developed using graphene oxide
and aniline.

They explored the developed sensor’s ability compared
to existing materials used in sensors (Fig. 10e) [293]. The
quick recovery observed even at high humidity, and easy
production aids for mass production. Wang et al. adapted
a new approach to integrating wearable technology with
various designs proposed for flexible humidity [294]. The
sensor uses non-woven fabric and graphene oxide to detect
the moisture content in breath which could help determine
patient’s respiratory condition. The dependency of sensing
over the bovine serum albumin concentration is also dis-
cussed. The prepared sensor is kept inside a normal surgi-
cal mask or could be attached to the nose tip to monitor
the humidity levels in breath while exhaling and inhaling
(Fig. 10f). The resistance variation is detected to analyze
the humidity of the breath and even fast breathing and deep
breathing can be classified according to the sensor output.
Also, the sensor helps to determine whether the breathing
was through the nose or mouth.

Conclusion and future perspectives

This review systematically discussed the recent developments
of graphene, classifying the developments into sensors for dif-
ferent sources of detection at different body sections. With the
increasing life expectancy and developing healthcare infra-
structure, people tend to put their faith in hospitals, but with

the updated technology and data processing, diagnostics are
coming over to the people’s hands. With a steady increase
in wearable technology usage over the years, industries are
looking for optimization of their wearable products. As sum-
marized in this review, graphene is an excellent candidate from
different perspectives for developing a wearable biosensor.
The promised graphene revolution is still underway, but that
does not mean the usage of graphene will be limited. While
critically analyzing the present graphene biosensors, the data
suggests graphene has a promising future for development in
this sector. Especially materials with such unique properties
like graphene will aid in wearable device developments with
increasing performance. The advantages of using graphene
in wearable sensors are its high conductivity, strength, flex-
ibility, optical transparency, etc. As of now, graphene is used
for all kinds of sensors with excellent performances; however,
some major challenges need to be addressed to gain even better
performances and wide usage. A major issue with graphene
is its mass production. Until now, only a few industries have
taken up the challenge for the mass production of graphene.
However, the production of graphene on a global scale has
seen a good increase from year to year. Even, with a technique
to produce graphene on a large scale, it will have to be cheap
to replace existing materials. Presently large consortiums such
as “Graphene Flagship” are supporting the commercialization
of graphene. Graphene has already been tested and applied in
sporting goods, anti-corrosion coatings, some sensors, etc., but
the proper understanding of the properties of graphene in the
wearable industry is yet on the research phase rather than mass
commercialization. Even with the understanding of all proper-
ties and analyzing the potential product markets, graphene still
needs to bridge the gap between laboratory and industry devel-
opment for developing wearable technologies, but few compa-
nies such as “NanoMed” are developing and promoting agile
biosensors developed with graphene, which is a huge mile-
stone. As graphene does not have a bandgap, more research is
needed to be done to properly use it at a nanoelectronic device
development level. To develop graphene as a material that can
be used in a wearable system, i.e., a completely independent
wireless system, which can monitor various areas of the human
body for healthcare, it needs proper development of energy
storage systems or self-powering mechanisms. A few mecha-
nisms, such as triboelectricity, piezoelectricity, enzymatic, and
non-enzymatic biofuel cells, etc., could potentially be used to
power these kinds of sensors. Even though there are devices
that are working on the basis of these technologies, most of
them are not entirely wearable as they still need to be attached
to measuring instruments to properly detect the sensor outputs.
Even though graphene is expected to have good material life,
the loss of material and performance caused by human move-
ments are not properly studied for graphene-based wearable
sensor production. The effect of combining various biologi-
cal samples, which is discussed previously, is also a major
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section that is quite often overlooked. The detection sensitivity
of graphene biosensors should be improved by considering
above mentioned characteristics. Proper validation between
the sensor responses to the analyte concentration in the blood
will increase the accuracy and dependability of the sensor. To
have a genuinely integrated sensor for everyday use, one of the
main factors that needs to be properly studied is the biofouling
of graphene-based biosensors such as micro-organisms func-
tionalized over the sensor and components could affect the
sensor outputs, leading to false signals. The developed sensors
need to be tested in a real-world environment to understand the
effects of prolonged usage and the durability of the sensors.
Otherwise, proper encapsulation techniques that separate the
sensor’s functions, which still manages to let the sensor work
properly, is required to be developed. However, these issues of
graphene pave the road for new and further research towards
the graphene revolution in biosensors.

The boom in automation around us is growing, every tech-
nology being developed is key to making life simpler than
before. The same goes for biosensors, too; the ability to diag-
nose at home or one’s own will has caught attention in the
market. However, the technology is not full-fledged at present.
Some hiccups create opportunities for future research, even
in graphene-based biosensors. One such example will be to
create a data management system integrated with machine
learning for individuals, as there will be streams of data flow-
ing in from all different sensors or wearables from all parts of
the body; thus, data management is a priority. As most of the
biosensor data are confidential medical information, the need
for a secure and private data processing system is of utmost
importance, and if needed, the obtained data could be used for
personalizing the home automation. The integration of various
components for making the graphene sensor is a challenge that
will arise in the near future. The development of miniatur-
ized components that are bio-compatible will help to realize
fully wearable systems. With the sensor being fully wearable,
the functionalities should also increase, i.e., the same sensor
should be multi-functional in the application, rather than one
sensor is applied for one specific application, the obtained
biofluid samples should be analyzed for multiple components
by the same sensor. The possibilities of real-time analysis of
other biofluids such as urine, semen, and mucus should be
further examined. The doping of various components such as
nitrogen, boron, etc., are observed to improve the performance.
However, fabrication process should be simplified so that the
system can be adapted easily onto large scale.
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