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Abstract

The research interest in wearable sensors has tremendously increased in recent years. Amid the different biosensors, electro-
chemical biosensors are unparalleled and ideal for the design and manufacture of such flexible and wearable sensors because of
their various benefits, including convenient operation, quick response, portability, and inherent miniaturization. A number of
studies on flexible and wearable electrochemical biosensors have been reported in recent years for invasive/non-invasive and
real-time monitoring of biologically relevant molecules such as glucose, lactate, dopamine, cortisol, and antigens. To attain this,
novel two-dimensional nanomaterials and their hybrids, various substrates, and detection methods have been explored to
fabricate flexible conductive platforms that can be used to develop flexible electrochemical biosensors. In particular, there are
many advantages associated with the advent of two-dimensional materials, such as light weight, high stretchability, high
performance, and excellent biocompatibility, which offer new opportunities to improve the performance of wearable electro-
chemical sensors. Therefore, it is urgently required to study wearable/flexible electrochemical biosensors based on two-
dimensional nanomaterials for health care monitoring and clinical analysis. In this review, we described recently reported flexible
electrochemical biosensors based on two-dimensional nanomaterials. We classified them into specific groups, including
enzymatic/non-enzymatic biosensors and affinity biosensors (immunosensors), recent developments in flexible electrochemical
immunosensors based on polymer and plastic substrates to monitor biologically relevant molecules. This review will discuss
perspectives on flexible electrochemical biosensors based on two-dimensional materials for the clinical analysis and wearable
biosensing devices, as well as the limitations and prospects of the these electrochemical flexible/wearable biosensors.
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such as antibodies, enzymes, or nucleic acids, are monitored
through various methods, including plasmonic, fluorescent,
colorimetric, and electrochemical techniques [5—8]. From a bio-
sensor point of view, accurate and early detection of analytes is
amajor goal that can be attained and enhanced via the design of
wearable devices that can be utilized for personalized health
care monitoring [9]. According to this view, integrating flexi-
bility to biosensors has attracted more attention due to the basic
need for wearable biosensors. Nevertheless, depending on the
different biosensors, several problems can be encountered. For
example, in the absence of advanced analytical techniques, col-
orimetric techniques are inadequate for the naked eye monitor-
ing of extremely small concentrations of target molecules [10].
Because of these challenges, selecting appropriate methods for
the operation and fabrication of flexible biosensors is needed to
apply these technologies to future wearable biosensors.
Considering the different types of biosensors, electrochemical
biosensors have a significant role to play and fulfill all the
requirements for flexible biosensor formation. The elec-
trochemical biosensor monitors the electrochemical sig-
nal produced by the reaction between the analyte mole-
cules (target molecules) and the sensing probe [11]. The
benefit of electrochemical biosensors is that different
electrochemical techniques can be used based on the
target molecules and environment such as potentiometry,
amperometry, electrochemical impedance spectroscopy,
and cyclic voltammetry [12, 13]. Moreover, these elec-
trochemical biosensors are unparalleled and suited for
the design and manufacture of such flexible and wear-
able sensors due to their various advantages, including
convenient operation, fast response, portability, and in-
herent miniaturization [14]. Besides, conductivity flexi-
bility carries a major role in fabricating flexible electro-
chemical biosensors. In this context, different materials
and methods such as nanomaterials coupled with poly-
mer substrates, printing techniques, or highly conducting
polymers have been put forward to manufacture conduc-
tive flexible substrates or to design electrochemical plat-
forms on flexible substrates [15—18]. In particular, there
are many advantages related to the emergence of two-
dimensional materials, such as light weight, high
stretchability, high efficiency, and excellent biocompati-
bility, which offer new opportunities to improve the
performance of wearable electrochemical sensors.
Graphene and its inorganic analogs, such as transition
metal dichalcogenides (TMDs), and MXenes have
gained huge attention as supporting substrates and trans-
duction elements in a wide range of biosensing applica-
tions [19]. What makes layered two-dimensional mate-
rials more interesting is their extraordinary properties
relative to their bulk form. Two-dimensional materials
are ideal candidates for biosensor applications due to
the high density of active sites on the surface.

@ Springer

Moreover, the two-dimensional material family can dis-
play a wide range of electronic properties, ranging from
metallic/semimetallic (e.g., graphene, TaS,, VS,) to
semiconducting (MoS,, WS,, black phosphorus) to in-
sulating (e.g., h-BN) [20]. The surface chemistry of
two-dimensional materials can be modified via defect
engineering or functionalization, these tailored two-
dimensional materials can selectively respond to specific
target molecules with outstanding sensitivity [21-23].
The layer dependent band structure, combined with their
various properties, and the capability to synthesize
heterostructures (transfer process/direct growth), make
two-dimensional materials an emerging class of
nanomaterials for upcoming biosensors in future and
biomedical applications [24, 25]. Mainly, this review
will address some of the latest development in flexible
electrochemical sensors based on various two-
dimensional materials for next-generation electrochemi-
cal biosensors and other health care applications. We
present a discussion of target biomolecules, working
principles, fabrication approaches, and flexible electro-
chemical biosensors based on two-dimensional materials
integrated with stretchable materials and structures.
Besides, recent studies on flexible electrochemical bio-
sensors with two-dimensional materials are classified in-
to enzymatic/non-enzymatic biosensors and affinity bio-
sensors (immunosensors), and discussed based on the
substrates including polymeric and plastic substrates to
detect biologically relevant molecules. This analysis pro-
vides an insight into the recent development in research
that needs to be used with two-dimensional materials at
its core for the realization of next-generation electro-
chemical biosensors.

Wearable sensor types

The physiological parameters can be detected through two
types of sensors: invasive (in vivo) and non-invasive
(in vitro) given in Fig. 1. Invasive sensors (sometimes referred
to as intrusive sensors) require body fluids obtained by
injecting or incising into the body. Continuous monitoring
of the parameters using wearable monitors is of high signifi-
cance in some cases, such as glucose monitoring in diabetic
patients, athletes’ fitness monitoring, oxygen saturation mon-
itoring, cholesterol tracking in cardiac patients, and drug effi-
cacy monitoring for various diseases. In such cases, invasive
sensors that involve corporal fluids, including blood, serum,
etc., are not suitable for measuring and monitoring. Blood
contamination is also extremely probable, as needles have
been misused [26]. Non-invasive sensors need no human/
animal body fluids collected by the injection or incision to
enter the body, making it more enticing and less painful for
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Fig. 1 Classification of wearable
biosensors
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the user. Saliva, sweat, tears, or skin interstitial fluids may be
used by non-invasive sensors [26].

Enzymatic and nonenzymatic wearable/flexible bio-
sensors based on two-dimensional materials

Glucose

Glucose is an essential energy source for cellular function in
the human body [27]. Excess blood glucose induces a hyper-
glycemic condition that causes organ damage, dysfunction,
and failure of several organs such as the eyes, renal, nervous,
heart, and blood vessels in the long run [28]. Thus, glucose
detection in human blood is of medically critical importance
in diagnosing diabetes. In 1975, Yellow Spring Instrument
(YSI) commercialized the first electrochemical glucose sen-
sors [29]. The advantages of electrochemical biosensors are
broad-linear response ranges, low limit of detection, repeat-
ability, and optimal stability, resulting in greater use compared
to thermal biosensors [30]. Blood glucose (BG) and
perspiration-based glucose levels differ in diabetic patients
between 10 pM and 0.7 mM [31]. Different
electrochemical-glucose sensors have been developed for glu-
cose monitoring, such as enzymatic [32] and non-enzymatic.
Based on the mechanism, they are classified as (i) first-
generation sensors based on natural oxygen substrates and
the detection of the emissible hydrogen peroxide shown in
the following Eq. 1 [33, 34], (ii) second-generation based on
redox mediators [35] such as ferrocene [36] and ferricyanide
[37], and (iii) third-generation sensors that are allowing the
direct transfer of electrons between the enzyme and the elec-
trode without any natural or synthetic mediators. However,

these commonly produced glucose sensors depend on the glu-
cose oxidase (GOx) enzyme; they endure from thermal as well
as chemical GOx instability and GOy immobilization process-
es and a complex enzyme. The limitations mentioned above
are overcome by non-enzymatic sensors using functional
nanomaterials, with a variety of advantages of high stability,
low costs, ease of use, and various criteria for its use [38].

glucose + H,O + O, X gluconic acid + H,O,

(1)

Two-dimensional material-based wearable/flexible sensor
for the detection of glucose

The glucose sensors based on graphene can be categorized
into two categories: (i) invasive and (ii) non-invasive.

Invasive Zhao et al. prepared a flexible electrode based on a
three-dimensional (3D) monolithic nanoporous gold scaffold
(NPG) backed by graphene paper (GP), which was further
enhanced with the use of an efficient and straightforward ul-
trasonic electrodeposition method for the extremely compact,
well-scattered, and ultrasound binary platinum cobalt (PtCo)
alloy nano-particles. This non-enzymatic sensor showed a
broad linear range from 35 u M to 30 mM, 5 uM limit of
detection (LOD), and 7.84 pA cm > mM ', The proposed
roughness factor and larger surface area of this prepared elec-
trode greatly improved the electrochemical response of glu-
cose oxidation and reduced the intervention of substances,
including uric acid, dopamine, and ascorbic acid resulting in
increased sensitivity and selectivity for glucose detection. This
roughness factor is stated as the ratio of active surface area
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over the electrode, and this NPG/PtCo/GP electrode showing

a high roughness factor is responsible for large faradic cur-

rents for glucose oxidation and thus responsible for its excel-

lent electrochemical sensing. This flexible PtCo/NPG/GP
(Fig. 2a) electrode with excellent mechanical bending strength
allows it to be integrated into an implantable or a wearable
biomedical device. This flexible sensor ensures high selectiv-
ity, reproducibility, and stability, but has high production
costs due to the different materials used [39]. Another similar
research is recorded, proposing a non-enzymatic system based
on the graphene paper by He et al. [40]. In this work, the
electrode is prepared by printing a 3D porous graphene carbon

nanotube (CNT) assembly on a two-dimensional graphene
paper using ionic liquid (IL) as a binder (provides good adhe-
sion between two-dimensional graphene paper and 3D porous
graphene/CNT). Bimetallic platinum gold (PtAu) alloy nano-
particles were deposited on this freestanding composite by the
ultrasonic-electrochemical method. The step involved in the
fabrication of this sensor is shown in Fig. 2b. This bimetallic
nanoparticle shows increased electrochemical activity and the
ability to reduce the surface poisoning by two mechanisms for
glucose oxidation, (i) promoted mechanism and (ii) effect of
electronic charge transfer, resulting in increased glucose cata-
lytic activity. This sensor shows a linear range from 0.1 to
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Fig. 2 Different kinds of glucose sensors based on two-dimensional ma-
terials. a Freestanding, flexible PtCo/NPG/GP electrode nonenzymatic
invasive glucose biosensor [Source: reprinted from Anshun Zhao,
Zhaowei Zhang, Penghui Zhang, Shuang Xiao, Lu Wang, Yue Dong,
Hao Yuan, Peiwu Li, Yimin Sun, Xueliang Jiang, Fei Xiao, 3D
nanoporous gold scaffold supported on graphene paper: freestanding
and flexible electrode with high loading of ultrafine PtCo alloy nanopar-
ticles for electrochemical glucose sensing, Analytica Chimica Acta, 938
(2016) 63-71,, with permission from Elsevier]. b Steps involved in the
preparation of PtAu/graphene-CNT-IL/GP invasive glucose sensor devel-
oped by He et al. with inset figure amperometric response of PtAu/rGO-
CNT-IL/GP compared with other electrodes and SEM image (source:
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reprinted from Wenshan He, Yimin Sun, Jiangbo Xi, Abduraouf Alamer
Mohamed Abdurhman,Jinghua Ren, Hongwei Duan, Printing graphene-
carbon nanotube-ionic liquid gel on graphene paper: towards flexible
electrodes with efficient loading of PtAu alloy nanoparticles for electro-
chemical sensing of blood glucose, Analytica Chimica Acta, 903 (2016)
61-68, with permission from Elsevier). ¢ Diagram showing the design of
Pt-decorated graphite stretchable sensor developed by Abellan et al.
(source: reprinted from A. Abellan-Llobregat,Itthipon Jeerapan,A.
Bandodkar,L. Vidal A. Canals,J. Wang,E. Morallon- A stretchable and
screen-printed electrochemical sensor for glucose determination in hu-
man perspiration, Biosensors and Bioelectronics, 91 (2017) 7, with per-

mission from Elsevier)
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11.6 mM with a LOD of 8.0 uM and sensitivity around
0.19 mA cm > mM ' and has less sensitivity, but the method
of preparation is more straightforward [40].

Non-invasive Lee et al. fabricated a chemical vapor deposition
(CVD) grown gold-dried graphene biosensor, using Ag/AgCl
as a solid-state counterpart electrode that significantly en-
hances the electrical activity and can detect levels of glucose,
even at low concentrations [41]. Here, the gold-doped
graphene, as well as the gold mesh, enhanced the electrochem-
ical response over the bare graphene and created a wearable
sweat-focused patch for diabetes tracking and feedback ther-
apy. This extendable tool containing a serpentine bilayer of
gold mesh and gold-doped graphene provides a secure trans-
mission system for electrical signals. This patch also consists
of temperature, glucose, pH and humidity sensors, and heat-
activated microneedles for transcutaneous drug supply. This
sector is advanced by miniaturizing the biosensor and creating
ultra-thin stretchable equipment to make access to sweat more
comfortable [41]. Very recently, Abellan et al. reported (Fig.
2c) a very stretchable and cost-effective non-enzymatic and
enzymatic glucose sensor based on platinum graphite [42].
This sensor is produced using screen printing techniques on
the polyurethane (PU) substrate, and GOx was immobilized
with chitosan and phosphate buffer solution (PBS) used as an
enzyme stabilizer. The linear range of sensitivities was record-
ed from 0 mM to 0.9 Mm. This device can extend to 75% of'its
original length. This enzymatic device (using GOx), however,
achieves superior output compared with the non-enzymatic
device, thus placing the strain on the sensor’s cycle time.
The enzymatic detection improves sensibility and LOD con-
siderably compared to direct oxidation of glucose with the
electrode Pt-graphite. The GOx immobilization efficiency of
the double reciprocal plot could be found to be correlated with
the Lineweaver—Burk equation given below [42].

I/ISS = I/Imax + Kmapp/[maxcglucose (2)

Here, the steady-state current reached after the addition of
glucose is indicated as Iss, the concentration of glucose in
bulk as Cgjycose, and the maximum current observed at glucose
saturation as I,,.. The apparent Michaelis (K,,**) constant
was calculated to be around 1.2 mM. This result showed that
the K, low electrode value indicates its strong affinity to
the glucose substrate [42]. Zhihua et al. documented an
electrochemical sensor that can detect glucose levels in
the interstitial fluid (ISF). Here, the modified graphene
was printed onto the working electrode and electrode-
posited gold nanoparticles above graphene to improve
the efficiency of the sensor via electrochemical poly-
merization glucose oxidase was immobilized above the
working electrode surface for glucose-sensitive detec-
tion. Here, hydrogen peroxide (H,O,) can be directly

characterized without immobilized GOx and the electro-
chemical reaction is given below [43].

GOx,x + glucose + H;O—GOx,q + gluconic acid

+ H,0, (3)
GOXeq—GOXx¢x + ne~ (4)
H,0,—0, 4+ 2H" + 2e— (5)

To produce a compact and usable device with a linear range
of 0 mM-2.22 mM, 16.6-um LOD, the resulting glucose sen-
sor is embedded with the ISF extraction chip. However, as
glucose content in the ISF remains well below that of the
blood test, the accuracy of reading glucose using the ISF re-
mains under discussion [43]. Recently, many kinds of infrared
(IR) lasers have also been implemented for the fast and easy
processing of graphene-based materials [44]. These IR lasers
dramatically break, recombine, and release C—O, N-C, and
C=0 bonds in polyimides in the form of gases, generating
porous graphene nanosheets with structures made up of the
heptagon and hexagon lattice structures of more than 85%
carbon. For the first time, Zhang et al. used a substrate-
assisted electroless deposition (SAED) method for developing
a copper nanoparticles-laser-induced graphene (Cu NPs-LIG)
enzyme-free glucose biosensor where Cu nanoparticles are
anchored to LIG. The linear range is from 1 uM to 6.0 mM,
with a LOD of 0.39 pM and a sensitivity of
495 uA mM ' cm 2. Electron transfers occur after redox re-
actions among Cu NPs and glucose molecules, while the Cu/
graphene system can accelerate the transfer of electron and
allow excellent glucose-sensing efficiency. This sensor am-
perometric response for the determination of glucose is shown
in Fig. 3a. Here, the continuous addition of glucose results in a
current response in a stepwise manner. This sensor’s response
is speedy and it takes just 0.49 s to achieve a steady-state
current. The enhanced surface area of this composite contrib-
utes to the rapid diffusion of glucose molecules [45]. Later,
Hyosang et al. proposed a surface modification method for
this LIG using acetic acid and thereby increased the conduc-
tivity and sheet resistance of LIG. Pt nanoparticles were then
electrodeposited on this acid-modified LIG electrode to fabri-
cate a sweat-based glucose sensor and immobilized GOx by
chitosan. The current response of this sensor to a rise in the
concentration of glucose was examined amperometrically. It
has been shown that the amperometric response of glucose
oxidation through linear regression analysis is the direct func-
tion y = a + b*x, where a is the slope and b is the linear inter-
cept. This established glucose sensor possesses a very linear
behavior even in low glucose concentration, and LOD was
measured approximately 300 nM by the following equation,
which shows its excellent performance compared to Cu NPs-
LIG sensors. By testing blood glucose levels with
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Fig. 3 Different kinds of glucose sensors based on two-dimensional ma-
terials. a Fabrication process of Cu NPs-LIG composite with CV curves
and the amperometric response of Cu NPs-LIG composite (source:
reprinted from Yue Zhang Na Li, Yangjun Xiang, Debo Wang, Peng
Zhang, Yanyan Wang, Shan Lu, Rongqing Xu, Jiang Zhao, A flexible
non-enzymatic glucose sensor based on copper nanoparticles anchored
on laser-induced graphene, Carbon (2020) 506-513), with permission
from Elsevier). b Schematic diagram of the manufacture of GOx/gold/
MoS,/gold nanofilm on the polymer electrode (source: reprinted from
Jinho Yoona, Sang Nam Leeb, Min Kyu Shina, Hyun-Woong Kima, Hye

amperometry before and after meals, they showed the market
potential of this sweat-based sensor [46].

average levelyper subilization of reaction8Verage 1evelyegore giucose injection

3*double standard deviation
(6)

Cao et al. fabricated an electrochemical glucose sensor
based on 3D paper microfluid that could prevent the interac-
tion between the immobilization of biomolecules and the
modification of electrodes. Here, the aldehyde-
functionalized counter and reference electrode hydrophilic

LOD (% ratio) =3=
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Kyu Choia, Taek Leec, Jeong-Woo Choi- Flexible electrochemical glu-
cose biosensor based on GOx/gold/MoS2/gold nanofilm on the polymer
electrode, Biosensors and Bioelectronics, 140 (2019) 111343, with per-
mission from Elsevier). ¢ Diagrammatic illustration of Ti3;C,T,/PB based
glucose/lactate and pH sensor developed by Lei et al. (Source: reprinted
Sfrom Yongjiu Lei, Wenli Zhao, Yizhou Zhang, Qiu Jiang, Jr-Hau He,
Antje J. Baeumner, Otto S. Wolfbeis, Zhong Lin Wang, Khaled N.
Salama, and Husam N. Alshareef- A MXene-based wearable biosensor
systemfor high-performance in vitro perspiration analysis, Small 2019,
1,901,190, with permission from Elsevier)

zone were designed for glucose oxidase immobilization while
reduced graphene oxide-tetracthylenepentamine/Prussian
blue (rGO-TEPA/PB) modified paper was used as a working
electrode to detect and quantify H,O, prepared by depositing
Prussian blue over rGO-tetracthylenepentamine. The sug-
gested biosensor may be used to quantify glucose over a wide
linear range of 0.1~25 mM under optimum conditions and
with a LOD of 25 uM [47]. Xuan et al. reports a patch-
based flexible electrochemical glucose sensor that was suc-
cessfully micro-fabricated and patterned on a flexible polyim-
ide (PI) substrate; high-quality graphene oxide (rGO) compos-
ite working electrode was used. The electrodes are modeled
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with a technique of photolithography. The working electrode
is made from gold- and platinum-deposited rGO before the
immobilization of GOx with chitosan. The detection range is
from 0 to 2.4 mM and sensitivity around 48 uA mM ' cm?;
linearity is high at 0.99 and response time is fast at 12 s [48].

TMDs also show interesting properties for glucose oxida-
tion. Both enzymatic and non-enzymatic methods are repeat-
edly used for the construction of TMD-based glucose sensors.
Wang et al. developed a composite that is used to detect glu-
cose and lactate with MoS, graphene. It demonstrated rapid
response, good selectivity, super reproductiveness, and flexi-
bility, making it possible to apply the promising material in
glucose and human sweat lactate monitoring. This composite
showed linear ranges for glucose between 5 and 1775 uM and
lactate between 0.01 and 18.4 mM, with respective detection
limits of 500 nM and 0.1 uM [49].

Yoona et al. reported a MoS,/AuNPs/GOx hybrid
bioelectrode (Fig. 3b). This sensor showed an increased elec-
tronic signal with an average reduction peak current of
389.9 A compared to Au-deposited GOx polymer electrode
(125.8 pnA). This sensor improved amperometric glucose
sensing efficiency with a LOD of 10 nM, which suggested
an increased sensitivity. This biological sensor is more flexi-
ble than the traditional Au-coated silicon electrode (0.09 mm),
where this flexible polymer electrode has a flexural extension
of about 3.48 nm [50].

NiSe, has a prominent role among TMDs, as it shows
increased electrochemical activity due to the active site and
two metals’ synergistic effects. Besides this, it also shows
better efficiency in electron transfer, making it a promising
candidate as a biosensor. Vishnu et al. used a simple hydro-
thermal approach for direct NiSe, growth on cellulose paper,
which is an effective method for developing a disposable glu-
cose sensor. The redox reaction is given below.

Nise’"OH «>NiseOH + Se + ¢~ (7)

The following are the mechanisms of electrochemical oxi-
dations of glucose:

Ni** + glucose—Ni** + gluconolactone (8)

Se*™ + glucose—Se*™ + gluconolactone 9)

This sensor had excellent sensitivity (0.25 AM ' CM ) to
detect glucose at the potential of electrodes (£,, =0.55 V ver-
sus Ag/AgCl) and a low detection limit (24.8 uM). This sen-
sor is suitable for real-time applications as it successfully de-
tects glucose in biological fluids such as serum blood and
urine [51]. Liu and colleagues produced a flower-like two-
dimensional copper cobaltite (CuCo,0,) nanosheet anchored
on a flexible graphite paper by an easy hydrothermal method
following a post-annealing treatment. Due to the transport of
electrons with relatively low activation energy between

different transition metal cations, spinel cobaltites have higher
electrical conductivity and electrochemical properties than
monometallic oxides, thus enhancing storage efficiency at a
high rate. Graphite paper can also have extra active sites, and
electrode manufacturing is streamlined with the benefits of
low cost, durability, high mechanical strength, and light
weight desirable for flexible electrodes. These functionalized
graphite papers can be used as electrodes for non-enzymatic
glucose sensors with high selectivity, sensitivity, exceptional-
ly linear response, and low LODs of 5 pM. Furthermore, those
electrodes have excellent supercapacitative properties
(1131 F g " at 1 AG ™", superior high performance and excel-
lent long-term cycling stability), which have demonstrated
great success as a multifunctional platform for wearable bio-
medical devices [52].

Lactate

Lactate is the primary anaerobic metabolite. Accumulated lac-
tic acid levels result in lactic acidosis without adequate liver
and kidney clearance [53]. Thus, lactic acid in the blood is
detected for clinical hypoxia therapy, lactic acidosis, and other
acute heart disorders, as well as drug toxicity studies [33, 54].
The most widely used biological recognition factor in the
manufacture of L-lactate biosensors is L-lactate dehydrogenase
(LDH) and L-lactate oxidase (LOD) [55].

Two-dimensional material based wearable/flexible sensor for
detection of lactate For the first time in 2013, Labroo et al.
presented a flexible bio-nano sensor based on graphene for
lactate detection. It sensitively detected lactate in a quick,
steady-state 2 s, from 0.08 to 20 mM. Yet, the main drawback
of the sensor is that the bending angle and the number of
bending replicates increase, while the sensor response de-
creased [56]. These drawbacks may be due to the macroscopic
aggregation or re-stacking of graphene, which may reduce the
accessible surface area and reduce the efficiency of the sensor
[57]. Lin et al. recently showed a lower concentration sweat
lactate sensor that operates on passively expressed eccrine
sweat without redox molecules. They developed the mecha-
nism for lactate detection by creating charged ions in the
enzyme-substrate through LOD catalyzed reactions, resulting
in the efficient modification of the capacitance and resistive
behaviors and monitoring by electrochemical impedance
spectroscopy (EIS). Here, graphene oxide (GO) nanosheets
are dispersed through the pores of a polyamide (PA) mem-
brane, where these elements function as a transducer with an
affinity-based detector mechanism shown in Fig. 4b. 1-
Pyrenebutyric acid-N-hydroxysuccinimide ester 4 (PANHS)
linker was successfully used for glutamic acid dehydrogenase
and glucose oxidase immobilization. With a detection limit of
1 mM, the sensor revealed a dynamic range in both synthetic
sweat and human sweat that spiked with the lactate dose [58].
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Fig. 4 Lactate-sensing mechanism and sensors based on two-
dimensional materials. a Ti;C,T,/PB-based glucose/lactate and pH sen-
sor and its chronoamperometric response towards lactate sensing (source:
reprinted from Yongjiu Lei, Wenli Zhao, Yizhou Zhang, Qiu Jiang, Jr-
Hau He, Antje J. Baeumner,Otto S. Wolfbeis, Zhong Lin Wang, Khaled N.
Salama, and Husam N. Alshareef- A MXene-based wearable biosensor
system for high-performance in vitro perspiration analysis, Small 2019,
1,901,190, with permission from Elsevier). b Schematic representation of
GO nanosheets embedded between the references and working electrode
of the polyamide membrane. Lactate calibration dose-response in human

Wang et al. developed a new category of sweat sensors made
by depositing a Cu submicron bud with a monolayer of MoS,
nanocrystals, on stand-alone graphene paper (GP) for
biofunctional glucose and lactate detection given in Fig. 4c.
Here, Cu submicron buds are well packed in a short time with
an easy process for the immobilization of the enzymes and the
rapid transport of electrons. The sensor exhibited a linear
range from 5 to 1775 uM, with LOD of 500 nM and a sensi-
tivity of about 3.38 mAcm > mM . The positive interactions
between highly loaded 3D Cu-submicron buds on graphene
provided more active sites for electrochemical reactions and
improved the electrocatalytic efficiency of this sensor through
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sweat (source: reprinted from Kai-Chun Lin, Sriram Muthukumar,
Shalini Prasad, Flex-GO (Flexible graphene oxide) sensor for electro-
chemical monitoring lactate in low-volume passive perspired human
sweat, Talanta (2020), with permission from Elsevier). (c) Schematic
representation of fabrication of GP-MoS,-Cu-LOD electrode (source:
reprinted from Zhengyun Wang, Shuang Dong, Mengxi Gui,
Muhammad Asif, Wei Wang, Feng Wang, Hongfang Liu, Graphene pa-
per supported MoS, nanocrystals monolayer with Cu submicron-buds:
high-performance flexible platform for sensing in sweat, Analytical
Biochemistry (2018) 82—-89, with permission from Elsevier)

interfacial contact between graphene and monolayer MoS,.
The apparent Ky, value as per Eq. 6 was around 10.1 mM,
which is less than the reference value (16.7 mM), and this
shows a high affinity for lactate in the modified electrode
[49]. The first approach for the detection of glucose and lactate
using MXene was fabricated by Lei et al. and compared to
carbon nanotube (CNT)/Prussian blue (PB) and graphene/PB
composites for H,O, detection to overcome these hurdles.
Ti;C,T,/PB composites, as in Fig. 3c and Fig. 4a, showed
enhanced electrochemical performance due to their excellent
conductivity and electrochemical operation. All three active
sensors stand independently and can be replaced at any time,
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which is one of the outstanding properties of this biosensor.
This biosensor’s revolutionary architecture makes adequate
O, provision during the analysis. The working electrode was
prepared on porous and ultrathin electrodes by immobilizing
with GOx for glucose and lactate oxidase (LO) sensing.
Electrodes were then mounted in the sensor system; Ag/
AgCl inks and platinum films act as reference and counter
electrodes, respectively. The pH sensor’s working electrode
consists of polyaniline (PANI), and the reference electrode is
of Ag/AgCl. The glucose oxidase-modified electrode showed
a linear amperometric response to glucose in artificial sweat,
with a LOD of 0.33 x10°® M and a sensitivity of
35.3 uA mM ' m’. Similarly, modified lactate oxidase elec-
trodes had a linear relation to lactate rates ranging from 10 x

107 to 22x 107> M, with a LOD of 0.67 x 10°° M with a
sensitivity of 11.4 pA mM ' m? determined by
chronoamperometry shown in Fig. 4a, which also shows the
calibration plot of the corresponding sensor. This biosensor is
used to obtain sufficiently sweat and to calculate glucose,
lactate, and pH values independently in less than 2 min, re-
spectively [59].

Biologically relevant molecules

Small molecules, including adenine dynucleotides (NADH), hy-
drogen peroxide (H,0O,), nicotinamide, adenosine triphosphate
(ATP), and neurotransmitters, play essential roles in living or-
ganisms. These small molecules’ abnormal levels frequently re-
sult in physiological disorders and illnesses. Hence, it is neces-
sary to recognize these small in vivo and in vitro molecules [60].
Neurotransmitters are a variety of physiologically crucial com-
pounds in the living body’s metabolic system, including ascorbic
acid (AA) [61], dopamine (DA, 26-40 nmol L") [62], serotonin,
uric acid (UA) [63], NADH, and so on. They are essential in
human metabolism as they affect the co-existence between the
central nervous system and the serum.

The electrochemical intervention of AA and its high concen-
trations is a significant problem in the biological determination
of UA [64]. The following reaction reveals uricase enzyme
procedures based on H,O, amperometric detection [33]:

Uric acid + O, + 2H,0 —allantoin + H,0, + CO, (10)

Other enzymatic methods rely on the electron transfer me-
diators and the reactions are as follows [33]:

uricas

Uric acid + mediator ) + 2H,0 © allantoin

+ mediator (seq) + CO, + 2H™ (11)

mediator .q) —mediator oy + 2 e~ (12)

Hydrogen peroxide analyte plays a major role in biochem-
ical pathways, and a large number of researchers have been
drawn into the production of a biosensor to detect its level [60,
65]. H,0, is identified as a possible biomarker for many forms
of cancer cell types, and it is critical to creating a responsive
and accurate method to reliably detect HO, concentration in
physiological conditions for early cancer screening and diag-
nosis [66]. The electrochemical detection of H,O, can be per-
formed either with enzymatic [67, 68] or non-enzymatic ap-
proaches [65, 68] similar to glucose sensing approaches [65,
68]. This section gives a detailed explanation of the biosensors
based on two-dimensional materials to detect these biological-
ly relevant molecules [69].

Flexible electrochemical sensors based on two-dimensional
materials for the detection of biologically relevant molecules
Flexible fiber made of graphene was an excellent choice as a
biosensor (i) due to its conductivity; (ii) because the
flexible and robust nature of the fibers allow it to be
used in electrochemical tests directly as a working elec-
trode; and (iii) because it could be further functionalized
by chemical deposition to enhance the efficiency. For
the first time, using these properties, Cai and his group
reported a flexible biosensor (Fig. 5a) based on GF-
functionalized NiCo,0O,4 nanowires (GF/NiCo,0,). This
sensor showed a detection limit of 50 uM, 0.2 uM,
and 0.1 uM for AA, UA, and DA, respectively [70].
This gives rise to the idea of using flexible fiber-based
sensors for wearable applications.

Molybdenum disulfide (MoS,) is considered to be a suitable
two-dimensional material for electrochemical sensing applica-
tions among transition metal dichalcogenides (TMDs) due to
the high mobility of electrons and exposed active sites, bandgap
characteristics, and higher conductivity [71]. Rinky et al. first
documented the use of MoS, for a flexible and low-cost UA
electronic sensor, while MoS, was developed using hydrother-
mal synthesis directly on an aluminum foil. Their method of
synthesis shown in Fig. 5b resulted in the formation of higher
1T phase content in MoS,, increasing its sensitivity. This syn-
thesized MoS, micro-flower contains a large number of inter-
connected nanosheets, which improved the MoS, surface area,
making it simple for the electrolyte to penetrate the electrode as
well as the oxidation reaction of ions. This sensor showed a
detection limit of 1.169 uM, quick response time, excellent
selectivity, reproducibility, and sensitivity of 98.3 +
1 nA uM ! in a dynamic range between 10 and
400 uA mM . Cyclic voltammetry and amperometry were
investigated for the electrochemical characteristics of folic acid
(FA) on this prepared electrode, where this flexible paper sensor
showed a sensitivity of approximately 229.07 yA mM ' cm >
and a detection limit of nearly 3.68 3 10°% M [72].

@ Springer



736

Mathew M. et al.

(a)
Graphene Fibers
(GF)

—

GF / NiCo,0,

precursor
GF / NiCo,0,

~ -

Electrochemical cell

UA
DA

AA

Aluminum (Al) foil Hydrothermal process

MoS, grown Al foil

0 "
N JE[E% :—«J
0)\N N
H H
J
i N\ ,
0+2H+2¢
o)\Ni’?: e
H

Fig. 5 Flexible as well as a wearable sensor for detection of small
molecules like ascorbic acid, uric acid, and so on. a Fiber-based GF/
NiCo,04 sensor for the detection of AA, DA, and UA (source: reprinted
from Weihua Cai, Jianwei Lai, Ting Lai, Haoting Xie, Jianshan Ye-
Controlled functionalization of flexible graphene fibers for the simulta-
neous determination of ascorbic acid, dopamine and uric acid, Sensors
and Actuators B: Chemical, 224 (2016)225-232, with permission from

A three-electrode laser scribed graphene (LSG) structure
on cheap paperboards shown in Fig. 6a (silver ink is coated
to enhance electrochemical stability) has been demonstrated
by Araujo et al. The price for every unit is only US$ 0.025
(including paper board, CO, laser tube, and silver ink), and all
caffeic acid, ascorbic acid, and picric acid can be analyzed
using this sensor [73]. Nayak et al. also produced a modified
Pt three-clectrode laser scribed graphene structure on the PI
(Fig. 6b). This sensor is capable of detecting biomarkers such
as UA, AA, and DA and with a high sensmVlty of
250.69 pA Mm , 6995.6 pA Mm ' cm 2, and
8289 A Mm ' cm “at a Wlde range of concentrations [74].
A different approach, i.e., 3D printing-fused deposition
modeling (FDM), was used by Rafel et al. recently for the
manufacture of a biosensor to track nitric acid and uric acid
from saliva and urine, as well as for blood plasma glucose
sensing. Here, the carboxylic acid oxygenate group present
with 3D-printed G-PLA provides an ideal condition for the
immobilization of the enzyme by cross-linking glutaraldehyde
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Elsevier). b Schematic fabrication procedure for preparation of MoS,
grown on Al foil for detection of UA. (Source: reprinted from Rinky
Sha,Nandimalla Vishnu, Sushmee Badhulika-MoS> based ultra-low-cost,
flexible, non-enzymatic and non-invasive electrochemical sensor for
highly selective detection of uric acid in human urine samples, Sensors
and Actuators B: Chemical, 279 (2019) 53—60, with permission from
Elsevier)

to a plasma glucose sensor construction. The combined me-
chanical polishing and solvent immersion treatment enhance
the electrochemical performance of the sensor for uric acid
(UA) and nitric acid (NIT) detection. For monitoring UA
and NIT, they used differential-pulse voltammetry and
multiple-pulse amperometry. Where this sensor showed
LODs of 0.02 and 0.03 pumol L™, a linear range from 0.5 to
250 wmol L™'for both analytes, this is the first study in which
3D-printed sensors and biosensors have been reported for the
evaluation of real biological fluids [75]. In addition to the
Rafel group approach, the Yang group came up with the idea
of a laser-engraved wearable bio-sensor capable of being
manufactured on a large scale for the tracking of uric acid
(UA) and tyrosine (TYR). This device comprises a laser-
engraved graphene chemical sensor (LEG-CS) on polyimide
for tracking the low level of UA and TYR, a laser-engraved
multi-inlet micro-fluidic module for dynamic sweat sampling,
and a laser-engraved physical sensor (LEG-PS) for monitor-
ing temperature and breathing. Two laser engraving modes are
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Fig. 6 Flexible as well as wearable sensor for detection of small
molecules like ascorbic acid, uric acid, and so on. a Manufacturing of
laser scribed paper board (source: reprinted from Thiago R. L. C. Paixdo,
Liicio Angnes, José R. Silva, et al, Single-step reagentless laser scribing
fabrication of electrochemical paper-based analytical devices,
Angewandte Chemie, 129 (2017) 5, with permission from Elsevier). b
LSG and Pt/LSG electrode patterns on PI sheet (Source: Reprinted from
Pranati Nayak, Narendra Kurra, Chuan Xia, and Husam N. Alshareef.-
Highly efficient laser scribed graphene electrodes for on-chip electro-
chemical sensing application, Advanced Electronic Materials, 2 (2016)

in place: raster mode for electrochemical sensors and vector
mode for physical and micro-fluidic sensors. The sensitivity
of this sensor for UA and Tyr was 3.50 and
0.61 uA uM " cm ™2, and limits for low detection were 0.74
and 3.6 uM, respectively. This sensor based on LEG showed
excellent selectivity compared to other sweat analyses at phys-
iologically appropriate levels. Additional studies may very
well assess its performance in the monitoring of gout, cardio-
vascular disease, type 2, and kidney disease [63]. Zan et al.
demonstrated Fig. 6¢ the development of a unique nanohybrid
electrode by cooperating two-dimensional dendritic Pt nano-
particles (PtNPs) on free-standing and versatile GPs via a
simple dip-coating approach, demonstrating high perfor-
mance in DA detection produced from living cells (LOD,
5 nM) [76].

A flexible rGO-based microelectrode array (MEA) was
proposed by Nag et al. using the modified nanoimprint lithog-
raphy (NIL) technique to track DA. GO was initially prepared

1-11, with permission from Elsevier). ¢ Diagrammatic representation of
Pt/rGO sensor fabricated by Zan et al. for detection of DA secreted by live
PC 12 cells (source: reprinted from Xiaoli Zan Hongwei Bai, Chenxu
Wang, Fagiong Zhao, and Hongwei Dua - Graphene paper decorated
with a 2D array of dendritic platinum nanoparticles for ultrasensitive
electrochemical detection of dopamine secreted by live cells-,
Chemsitry, 22 (2016) 5240-5210,https://creativecommons.org/licenses/
by-nc-nd/4.0/, https://chemistryeurope.onlinelibrary.wiley.com/doi/full/
10.1002/chem.201504454

by the modified hummer’s process and spin-coated on a con-
ductive indium tin oxide/polyethylene terephthalate (ITO
PET) layer. This NIL process is accompanied by an electro-
chemical reduction to acquire the final MEA based r-GO sen-
sor. In DA sensing, as well as in tyrosine and H,O,, the as-
prepared MEA showed a high signal-to-noise ratio (SNR).
When the MEA-based rGO was integrated into a microfluidic
system, the sensitivity was virtually unchanged in a
continuous-flow environment [77]. This sensor also exhibits
good wearability due to its excellent mechanical stability.
There are numerous reports, particularly in two-
dimensional materials like graphene, on the paper-based flex-
ible substratum [40, 78, 79]. Usually, the combination of
graphene with other inorganic nanomaterials like Pt helps to
enhance signals from the electrochemical sensor. Here,
Duan’s group decorated rGO with Pt to facilitate the electron
transmission reactions of H>O,. Sheets of metal-metal oxide
nanostructures were incorporated into the graphene structures
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to improve the sensitivity of this sensor. The sensitivity was
substantially increased to 129.5 pA cm 2 mM ' depending on
the metal-metal oxide architecture combined with the me-
chanical and electrical characteristics of the rGO system and
the large surface area of the MnO, networks as well as the
well-distributed catalytic activity of the Pt nanoparticles.
This sensor exhibited a linear dynamic range of 2.0 uM
to 13.33 mM and detection limit down to 1.0 puM.
Figure 7 shows the fabrication procedure involved in
the fabrication of this sensor with cyclic voltammetry
(CV) curve and amperometric responses, where the CV
curve shows a well-described oxidation/reduction peak
associated with the H,O, oxidation and reduction. The
sensitivity of this H,O, sensor remained the same, even
after 180° bending. They used the sensor to detect H,O,
secreted by live cells in real-time studies [80]. Similar
to this research, a nonenzymatic bio-sensor based on
free-standing rGO paper altered with Pt nanoparticles
(PtNPs) is reported by Song et al. The sensor showed
a linear range of 0.2 to 8.5 mmol/L with a detection
limit of around 100 n/mol [81]. Another versatile paper-
based sensor was developed by the Duans group based
on a simple and cost-effective dip-coating method
shown to detect H,O, secreted by live cells. This ver-
satile sensor consists of a two-dimensional array of gold
nanoparticles transferred to a freestanding graphene ox-
ide paper at oil-water interfaces, resulting in a single
layer of thick, uniformly packed gold nanoparticles
mounted on graphene oxide. This sensor also proved
to be an effective glucose sensor that shows a linear
range of 0.01-46 mM in glucose concentration with a
sensitivity of 52.36 pA cm “mM ' and a detection limit
of 5 uM. Such a sensor was also used for real-time
H,0O, monitoring of live cells in a linear range of
0.005-8.6 mM, with a sensitivity of 236.8 pA cm > mM '
and a detection limit up to 2 M. This sensor’s amperometric
response, with the subsequent addition of H,O,, is given in
Fig. 8. This simple strategy may help to develop flexible bio-
nano-electronics and energy storage systems for the next gen-
eration [82]. Liu et al. reported a flexible non-enzymatic
graphene electrode-based sensor for monitoring H,O, secre-
tion of live cells. They reported a simple green approach to
produce a new form of MnO, nanowire—graphene hybrid pa-
per using an electrochemical method. This flexible electrode
demonstrated strong electrocatalytic behavior towards the re-
dox response of H,O,. This fabricated sensor showed a linear
response to H,O, concentration from 0.1 to 45.4 mM, with a
LOD of 10 uM and a sensitivity of 59.0 pA cm > mM . The
efficiency of this sensor can be credited to the excellent inter-
action and excellent interfacial contact between the graphene
and the MnO, nanowires, thus providing a more active center
for its electrochemical reactions as well as for the rapid trans-
port of electrons. Thanks to its inherent flexibility,
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customizable shapes, and versatile properties, this graphene-
based nanohybrid paper electrode can be used to produce a
high-performance flexible electrode for clinical studies and
environmental monitoring purposes [83]. Similar to
those observations made by Liu et al., another group
reported a non-enzymatic MnO,/graphene microelec-
trode sensor for tracking the concentration of H,O,.
They fabricated an Au/MnO,/graphene-coated carbon fi-
ber (CF) (Au/MnO,/ERGO/CF) nanostructure by in situ
electrochemical synthesis, which provided a high level
of catalytic efficiency and sustainability, making it use-
ful to detect biologically essential molecules effectively
and ultra-sensitively [66]. lonic liquid molecules can
interact with nanosheets of graphene by bonding cova-
lently and non-covalently; the resulting IL-modified
nanohybrid materials can effectively enhance electro-
chemical and hydrophilic properties and make them ap-
propriate electrical materials for light weight and versa-
tile supercapacitors [84]. Based on these concepts, Sun
et al. manufactured a flexible nanohybrid electrode pa-
per with the help of an ultrasonic electrodeposition
where PtPd alloy nanoparticles are deposited on a
freestanding imidazolium-based IL-functional graphene
paper for the detection of H,O,. This manufactured sen-
sor possesses a large electrochemical active surface area
(ECSA) with an excellent electrocatalytic performance.
This sensor showed a linear range from 0.1 to 37.6 uM
and a detection limit of about 0.01 uM [85]. Compared
to research carried out by Cai et al., Peng and the group
reported another fiber-based graphene/gold nanosheet
composite (GF/AuNS) microelectrode (Fig. 9a) for
non-enzymatic glucose and H,0, detection. A high
H,O, and glucose sensing with a low detection limit
of 1.62 and 1.15 uM, and a high sensitivity of 378.1
and 1045.9 pA mM ' cm 2, respectively, were observed
with this sensor. This sensor also exhibited strong bio-
compatibility that is desirable for several practical appli-
cations, including wearable and implantable sensing
[86]. Kiransan et al. reported another flexible and self-
contained Cat-Fe;Oy4/reduced graphene oxide (rGO) hy-
brid paper as an amperometric HO, sensor and its fab-
rication procedure as well as H,O, electrocatalytic re-
duction given in Fig. 9b. This electrode showed long-
term stability, quick response time, physical deformation
tolerance, flexibility, and reproducibility [87]. In addi-
tion to these commonly used two-dimensional materials,
Ling et al. came up with a flexible biosensor based on a
metal-organic framework (MOF) for the detection of
small molecules like L-histidine and ascorbic acid
(AA), as well as H,O,. This novel Cu-based MOF is
formulated through a coordination bond between two
adjacent cupric ions (Cu**) and carboxylic oxygen
groups, which leads to a layered structure that is
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Table 1 Performance comparison of enzymatic and non-enzymatic biosensors based on two-dimensional materials
Electrode Linear range Sensitivity Limit of detection Ref
Glucose sensors
Pt/Co/NPG/Go 35 uM=30 mM 7.84 pA cm > Mm ' 5 uM [39]
PtAu/graphene—CNT-IL/GP 0.1-11.6 mM 0.19 mA cm 2 Mm™' 80 uM [40]
GO,/PB/graphene hybrid 0.01-0.7 mM 1 uA Mm! 10 uM [41]
Pt-decorated graphite 0-9 mM 0.69+0.06 pA cm > Mm ' 6.6 mM [42]
Au/graphene/ AuNPs/GOD 0-40 mg/dL 667 nA/mM 0.3 mg/dL [43]
LIG electrode 2.1 mM 4.622 uA Mm'! 300 nm [46]
rGO/AuPtNP 0-2.4 mM 48 pA cm 2 Mm'! 5 uM [48]
MoS,/AuNPs/glucose oxidase (GOx) 500-100 nM 10 nM [50]
NiSe,-based glucose sensors 0.1-1 mM 025 AM ' cm™? 24.8 uM [51]
CuCo,04/graphite 0-320 uM 3.625 uA uM ! cm 2 5 uM [52]
Lactate sensors
GP-MoS,~Cu-LOD 5-1775 uM 3.38 mA cm > Mm'™ 500 nM [49]
CNTs/Ti;C,T,/PB/CFM 10x10°22%x10° M 11.4 pA mM ! 0.67x10°M [59]
Cu NPs-LIG 1 uM—6 mM 495 uA Mm ' cm > 0.39 uM [63]
Biologically relevant molecules
GF/NiCo,0, 200-750 puM AA 50 uM AA [70]
1-13 pM DA 0.1 uM DA
10-26 uM UA 02 uM UA
PY/LSG 10-890 x 10° M AA 25069 pAmM ' em™  AA 61x10°M AA [74]
0.5-56x10°M DA 6995.6 hA mM 'em 2 DA 007x10°M DA
1-63x10°M UA 8289 pAmM ! cm UA 022x10°M  UA
G-PLA 05250 pA L umol ! UA 0.1332 pA L pumol ! UA 0.02 pmol ! UA [75]
0.5-250 pA L pmol”'  NIT  0.0922 pA L pmol ! NIT  0.03 pmol ' NIT
LEG-CS 3.50 pA uM~ cm> UA 074 uM UA [63]
0.61 pA UM~ cm > Tyr 3.6 uM Tyr
Pt/ rGO paper 87 nm—100 uM DA 2 pA cm ? mm ! DA 5 nm DA [76]
rGO MEA device DA 12.7 nA pM ! DA 0.1 uM DA [77]
Tyro  0.34 nA uM ' Tyro 3.7 uM Tyro
MoS,/1GO 0.1-240 uM FA 230 uA mM ! FA 368310°M  FA [78]
Co-MOF 10-2400 puM AA 2.94 uM AA [88]
H,0, sensing
Au/MnO,/graphene-coated CF 0.05-14.2 mM 0.167 mA cm > mM ' 2 uM [66]
Pt/MnO,/rGOP 2.0 pM-13.33 mM 129.5 pA cm 2 mM ! 1 uM [80]
MnOy/ERGO 0.1-45.4 mM 59 pA cm > mM ! 10 uM [83]
Au-Rgo paper 0.05-8.6 mM 236.8 A cm 2 mM ! 2 uM [82]
Cat-Fe;0,/rGO 3.30 uM—5.56 mM 1.84 mA cm 2 mM ! 110 nM [87]
IL1GO 0.1-37.6 uM 0.01 pM [85]
GF/AuNS 9.4 uM-13 mM 1045.9 uA cmi 2 mM! 1.62 uM [86]
1GO MEA device 23 nA pM! 0.35 uM [77]
Cu-MOF 10-1000, 14006800 M 4.1 uM [88]

interlinked with H, bonding. The MOF sensing mechanism is
based on the Cu?*/Cu’* redox capability. The electrode surface
of this MOF sensor absorbs the analytes and then oxidizes by
active metal Cu®" sites which resulted in a visible oxidation
current that is a measure of the analyte concentration. This

sensor also showed excellent bending distortion, therefore
compliant with the complex human body surroundings [88].
Table 1 shows the performance comparison of enzymatic/
non-enzymatic flexible and wearable biosensors based on
two-dimensional materials so far reported.
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Fig. 7 Two-dimensional material-based flexible/wearable sensor for
H,0, detection. Diagrammatic representation of metal-metal oxide nano-
structures developed on a freestanding graphene paper developed by
Duan et al. and the corresponding amperometric response of the sensor
(source: reprinted from Fei Xiao, Yuanging Li, Xiaoli Zan, Kin Liao,

pH sensors

The pH values represent the behavior of a variety of physio-
logical, biological, and medical processes, such as enzymes
responses, tumor metastases, wound healing, cell growth, etc.
The pH levels of bio-fluids such as urine, tears, sweat, and
saliva could, therefore, be assessed in situ to detect certain
diseases in advance [89].

Two-dimensional material based wearable/flexible sensor for
the measurement of pH Various materials, like carbohydrate
materials, metals or their oxides, biological enzymes, etc., can
produce a chemical reaction by hydrogen ions and there is a
greater abundance of sensing electrode materials in pH sen-
sors that make pH sensors more focused [90]. Meali et al.
developed a GO-based pH sensor to monitor wound healing.
This sensor’s sensitivity was found to be around 31.8 mV/pH,
with a precision of 0.3 pH. Yet this sensor must be further
adjusted to achieve the goals of miniaturization, reliability,
sensitivity, and reversibility for use in human body treatment
[91]. Daniel et al. reported a low-cost potential sensor array
made of polymethylmethacrylate (PMMA) polymer,
graphene plates, and ruthenium oxide (RuO,) sub-microns.
This sensor consists of three layers, an ultraviolet (UV)-cur-
able dielectric paste, a low-temperature-curable conductive
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Rong Xu, and Hongwei Duan- Growth of metal-metal oxide nanostruc-
tures on freestanding graphene paper for flexible biosensor, Advanced
Functional Materials 22, (2012)2487-2494,, with permission from
Elsevier)

silver paste, and a pH-sensitive PMMA/graphene/ruthenium
oxide paste produced above flexible polyester shown in
Fig. 10a with its calibration curve. After 10,000 cycles of
perpendicular bending, the sensor’s flexibility and fatigue test
show a significant decrease in performance, indicating good
durability of the sensor. The sensing mechanism of graphene
is given by Lei et al. The equation shown below gives the
catalytic reaction of the graphene-based pH sensor. The sens-
ing mechanism is explained by these adsorbed ions, i.e., H;O"
and OH [92].

H, + H20—>H3OJr +e
O, + 2H,0 + 4e —40H"

(13)
(14)

The adsorption of hydroxonium (H30") and hydroxyl ions
(OH") is non-faradic (capacitive) to prevent charge transfer
through the graphene/solution interface. Consequently, the
hydroxonium (H;0") makes graphene N-doped, and hydroxyl
ions (OH ) make graphene P-doped depending on the pH of
the solution according to the double-layer configuration of the
interface graphene/solution [93]. Here, the performance of the
pH sensing array is affected by additional ions present in
sweat, such as Ca®*, Na*, K*, etc. [94]. The sensor developed
by Lei et al. was briefly given in “Invasive,” which can
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based on the hybrid electrode of 2D Au particles on graphene paper and
corresponding amperometric response of the fabricated sensor (source:
reprinted from Fei Xiao, Jibin Song, Hongcai Gao, Xiaoli Zan, Rong Xu,

simultaneously detect pH, glucose, and lactate; here, the pH-
sensing part is made up of polyaniline. The sensitivity of this
pH sensor is around — 70 mV pH ' with good linearity. But
the main drawback of this sensor as a pH sensor is that the pH
range was fairly small because of its enzymatic activity [59].
Tehrani et al. recently manufactured a novel electrochemical
pH sensor based on pigment melanin functionalized with di-
methyl sulfoxide (DMSO) pigment melanin (PGM) and
graphene developed using a screen printing technique given
in Fig. 10b. Here, the binary compound used, i.e., melanin, is a
useful electrochemical sensing compound with a recorded
sensitivity of approximately — 50 mV/p and has a feature of
pH [95] that helps to increase the sensitivity of graphene. This
sensor showed high sensitivity (62 mV/pH +7), with a pH
range of 5 to 8, which is also very stable and highly efficient
compared to several existing equipment [96].

Among the TMDs, nickel diselenide (NiSe,) is identified
as abundantly present on earth, with most of the NiSe, reports
based on electrochemical applications, and there are rare stud-
ies of the use of NiSe, for electronic sensors. Sushmitha et al.
proposed portable wireless, a wearable multi-functional

and Hongwei Duan- Coating graphene paper with 2D-assembly of elec-
trocatalytic nanoparticles: a modular approach towards high-
performance flexible electrode, ACS Nano, 6 (2012) 100-110,
Copyright (2020) American Chemical Society)

sensor for both physio-chemical stimuli (breath and pH) with
a single-step growth of nickel diselenide on a paper substrate.
This non-invasive saliva pH sensor of NiSe, can be used to
detect periodontal and gum problems. NiSe,, due to its metal-
lic nature, has free electrons in the conduction band. Since the
acidic solutions have more H' ions, it accepts an electron from
NiSe, and the resistance is increased. In comparison, an alka-
line solution with OH™ ions gives electrons to NiSe,, which
enhances the electron free flow and reduces the pH sensor
resistance. The sensor was attached to a microcontroller, and
the collected data was transferred to the mobile device via the
Bluetooth module. This cheap disposable sensor can easily be
used to test the unknown solution’s pH (acidic or basic) when
an advanced pH meter is not usable [97]. Similar to the Meali
et al. research, several other reports are available on this type
of flexible pH sensor such as amino-functionalized graphene
fragments and polyaniline (NH,-G/PANI) composite film de-
veloped by Su et al. [98], layered ReS, field-effect transistors
(FETs) developed by Liao et al., and so on, but these also need
to be further modified to meet miniaturization goals for the
practical use of human body diagnosis [99].
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Fig. 9 Two-dimensional material-based flexible/wearable sensor for
H,0, detection. a Flexible microelectrode based on graphene developed
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Affinity biosensors: immunosensors

Biosensors based on the antigen—antibody interactions on a
transducer surface are described as immunosensors.
Immunosensors constitute the most important classes of affin-
ity biosensors (devices based on the irreversible binding of
receptor molecules to the analyte molecules, detectable phys-
iochemical change is produced) depending on the specific
recognition of antigens by antibodies to generate a stable com-
plex, similar to immunoassay [100]. Immunoreactions are
characterized by high specificity and selectivity. In
immunoreactions, the strong binding forces between the bio-
molecules allow high sensitivity and specificity. This makes
immunosensors a prominent sensing approach in clinical anal-
ysis. Most of the immune techniques are characterized by
enzyme-linked immunosorbent assay (ELISA), which de-
pends on a solid-state sandwich immunoassay [101].

Principles of immunosensors
Antibodies are also known as immunoglobulins (Ig), and they

constitute a large group of glycoproteins that can specifically
recognize the antigens. They comprise single or multiple

@ Springer

permission from Elsevier). b Diagrammatic representation of the
manufacturing of paper-based Cat-Fe;04/rGO electrode and
H,O,electrocatalytic reduction. (Source: reprinted from Kader Dagci
Kiransan, Mine Aksoy, Ezgi Topgu- Flexible and freestanding catalase-
Fe;0 /reduced graphene oxide paper: enzymatic hydrogen peroxide sen-
sor applications, Materials Research Bulletin, 106(2018) 57—6

copies of characteristic units with a “Y”” shape. The structure
of Y contains four polypeptide chains in which two are iden-
tical light chains and two are identical heavy chains. Each pair
of heavy and light chains is connected by single disulfide
bonds [102, 103]. The antibodies are classified into monoclo-
nal (specific to a single epitope) and polyclonal (bind to mul-
tiple epitopes and exhibit an immunological response to mul-
tiple analytes) Ab based on the epitope, which indicates the
region of antigen—antibody interaction [104, 105]. The
slighter chemical modification in the molecular structure of
the antigen can affect the affinity of Ab. This affinity is used
to measure the binding forces in the Ag—Ab complex. The
association or affinity constant can be of 10" under normal
temperature, pH, and buffer solution [106, 107]. ELISA can
be explained as the immobilization of Ag on solid support
followed by the transfer of specific enzyme-linked Ab over
the support to connect the Ag, and at the end, a solution of the
enzyme’s substrate is added. Commonly, a color change is
produced in the reaction, which can be detected optically
[108]. Sandwich-type immunosensors contain primary anti-
bodies that are immobilized on the surface of the working
electrode, and a sandwiched immunocomplex is produced in
between the primary Ab (immobilized) and the secondary Ab
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Journal of Sensors (2017)1-7, Copyright © 2017 Daniel Janczak et al. b
Flexible PGM based sensor, its pH sensing performance and stability

with multiple detections [109]. Sandwich-type immunoassay
is a common strategy of immunosensor, and it relies on the
separation of unbounded materials without any participation
in the binding process. The immunosensor-based detection of
analytes is reversible, selective, and continuous due to the
higher affinity constants of Ag—Ab interactions, which is not
reversible immediately [110].

In electrochemical transducers (potentiometric, ampero-
metric, and impedimetric), the immunoreactions can produce
changes in potential, current, capacitance, or impedance. The
electrochemical transducers are characterized by cost-effec-
tiveness, robustness, fast response time, and fewer analyte
volumes, and can be widely used as immunosensors for sev-
eral applications [101]. A variety of analytes from the clinical

(reproduced with permission from Z. Tehranil, S.P. Whelanl, A B
Mostert, J 'V Paulin, M Alil, E. Daghigh Ahmadil, C F O Graeff, O J
Guy and D T Gethin- Printable and flexible graphene pH sensors utiliz-
ing thin film melanin for physiological applications, 2D Mater. In
(2020),https://doi.org/10.1088/2053-1583/ab72d5, https://
creativecommons.org/licences/by/3.0

field can be effectively detected by the coupling between im-
munological reactions and amperometric electrodes. The po-
tentiometric immunosensors are based on the measurement of
change in potential before and after the Ag—Ab interaction.
The net electric charge polarity of either antibodies or antigen
is correlated with the ionic composition of the solution and the
isoelectric points of components. The impedimetric
immunosensors rely on the impedance changes of the elec-
trode before and after the immunoreactions, which is to cor-
relate the concentration of Ag or Ab in the analyte sample
solution. Currently, the onsite analysis of target molecules
can be possible by the exploration of simple, flexible, and
miniaturized biosensors based on the sensing platform of elec-
troanalytical techniques [101].
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Flexible electrochemical immunosensors based on
two-dimensional materials for clinical analysis

Polymer-based immunosensors

Graphene is an important material for the development of
sensor devices owing to high reactivity, biocompatibility, high
Young’s modulus, high surface area, distinctive optical and
electrical properties, and the possibility of surface
functionalization with biomolecules [111]. Moreover, it is an
excellent material candidate to fabricate cost-effective sensors
on flexible substrates. The chemical vapor deposition tech-
niques for the fabrication of traditional graphene devices are
too expensive for electrochemical sensor applications; low-
cost alternative methods including inkjet and screen printing
do not have adequate control over the geometry of the elec-
trode to attain the convenient electrochemical sensing perfor-
mance. Kshama et al. fabricated interdigitated electrodes
(IDEs) of graphene with high resolution of 40 pm line width
on a flexible polyimide (Kapton) substrate for the sensing of

histamine in contaminated food through the aerosol jet print-
ing (AJP) method. This IDE pattern of graphene is converted
to histamine sensors through covalent binding of antibodies
(monoclonal) to oxygen species produced on the graphene
surface via the thermal annealing process of CO, at 400 °C.
The thermal annealing process is explored to functionalize
graphene surface using carbonyl and carboxyl groups, to im-
prove the antibody binding on graphene IDEs. The AJP meth-
od is a high resolution and high yield direct-write printing
method, which do not require any additional fabrication steps
to create high resolution features for sensing device without
auxiliary patterning (Fig. 11a) [112]. Moreover, the sensing
activity was not affected by blocking agents such as protein
molecules that are usually seen in food samples (Fig. 11b).
The Nyquist plots for the various histamine concentrations in
the fish broth sample are shown in Fig. 11c. Histamine present
in the tuna fish broth sample was monitored by measuring the
variation in charge transfer resistance of the graphene IDE
sensor as a function of histamine concentration Fig. 11d.
The synthesized electrochemical sensor showed enhanced
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Fig. 11 a Fabrication and functionalization of AJP graphene IDE sensor,
which includes aerosol jet printing of graphene in PI substrate, thermal
annealing process to generate oxygen-rich species on the graphene IDE
sensor, immobilization of desired antibodies on the graphene surface, and
covering of unfunctionalized areas of the graphene IDE sensor using a
blocking agent to maintain the selectivity. b Non-specific adsorption test
of AJP graphene IDE modified with histamine antibody against other
interfering protein molecules usually present in food samples, which
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can be used as blocking agents that can interfere with the antibody activ-
ity. ¢ Nyquist plots for different concentrations of histamine in fish broth
sample and d calibration plot of change in charge transfer resistance v/s
histamine concentrations in fish broth sample. (Source: reprinted from
Parate K, Pola CC, Rangnekar S V., Mendivelso-Perez DL, Smith EA,
Hersam MC. Aerosol-jet-printed graphene electrochemical histamine
sensors for food safety monitoring. 2D Mater. 2020(1-13);7)
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sensing performance to histamine in a range of 56.25-1.8 uM
(6.25-200 ppm) with a low detection limit of 30.7 uM
(3.41 ppm) and response time of 33 min in samples of tuna
broth without any pre-treatment and pre-labeling. Histamine
levels above 50 ppm in a fish sample can cause severe allergic
reactions (scromboid food poisoning). The graphene-based
histamine sensor (histamine-biogenic amine found in spoiled
fish products and seafood allergies) is appropriate for the in-
field monitoring. Apart from the histamine sensing, the AJP
and functionalization can be popularized to various sensing
applications like food toxin detection, flexible and wearable
health-monitoring devices, environmental toxins, and health
care diagnostics. Additionally, this rapid immunosensor can
be used for applications including food processing, food trans-
portation, and supermarkets where the regular on-site analysis
of food samples is needed to confirm and maintain the food
quality. This on-site analysis of food items will avoid the need
for laboratory food testing because the lab-testing protocols
are needed additional handling steps, which is time consum-
ing and costly, and increases the possibility of food wastage
and foodborne diseases [113].

Nowadays, the spoilage of food due to the presence of
microorganisms like bacteria and viruses is becoming a global

concern all over the world. Most of the microorganisms like
bacteria, fungi, viruses, bio-toxins, and other microspecies are
unsusceptible to environmental conditions. On the contrary,
humans are quite prone to most common infectious diseases
caused by foodborne pathogens or microorganisms such as
Escherichia coli, Salmonella sp., and Bacillus cereus are still
higher in many countries. Another successful flexible and
highly sensitive electrochemical immunosensor was fabricat-
ed by Liu et al. using conductive graphene film with the free-
standing ability for the detection of the rotavirus (Fig. 12a).
They fabricated graphene film using the centrifugal evapora-
tion method, and the construction process of immunosensor
based on a three-electrode CV system with free-standing
graphene film as the working electrode is shown in Fig. 12b.

Moreover, this free-standing film of graphene exhibited a
highly dense packing of graphene sheets with a characteristic
ripple structure on the surface, and showed fast electron trans-
fer and high conductivity property, making it advantageous to
be applied as a working electrode in electrochemical analyti-
cal techniques. The graphene film was modified with pyrene
derivatives to covalently bind with the rotavirus-specific anti-
bodies, which is immobilized on the electrode surface, as
shown in Fig. 12c. The entire sensing process was monitored
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Fig. 12 Photographs of the a fabrication of graphene films using the
centrifugal vacuum evaporation and b fabrication of a three-electrode
system of CV with graphene film as a working electrode. ¢ Schematic
image of the fabricated immunosensor based on graphene film for the
detection of rotavirus. d CV of the bare graphene electrode, G/Ab, G/Ab/

rotavirus (10° pfu/mL) and G/Ab/variola virus used as a negative control.
(Source: reprinted from Liu F, Choi K S, Park T J, Lee S Y, Seo T S.
Graphene-based electrochemical biosensor for pathogenic virus detec-
tion. Biochip J. 2011;5:123-128)
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by cyclic voltammetry, and the rotavirus is adsorbed on the
graphene film via antigen—antibody interaction. The fabricat-
ed electrochemical immunosensor showed a high sensitivity
of 30.7% to rotavirus (10° to 10° pfu/mL) with a detection
limit of 10° pfu/mL (1.3%) (Fig. 12d). This free-standing
graphene film can be suitably modified to be applied as flex-
ible immunobiosensor devices in food safety measurement,
clinical analysis, and environmental monitoring [114].
Recently, Kshama et al. fabricated an immunosensor based
on graphene coated on a flexible PI substrate in the IDE pat-
tern for the detection of cytokines (interleukin 10 (1L-10) and
interferon-gamma (IFN-y)). In this work, the GO/PI hybrid
was fabricated through aerosol jet printing, as shown in
Fig. 13a. The interdigitated electrodes with a high resolution
of 40 um line widths were printed using the graphene—
nitrocellulose ink on a flexible Kapton (polyimide) substrate
in the IDE pattern. They reported the first AJP flexible

graphene IDE for the electrochemical immunosensing. The
IDEs were thermally annealed in CO, to generate highly re-
active oxygen groups such as hydroxyl and carboxyl groups
on the graphene surface, which enable the covalent binding of
the appropriate antibody on the functionalized graphene sur-
face for the monitoring of cytokines while maintaining the
highly oriented structure of graphite underneath. The detec-
tion of desired antigens using the fabricated sensor was per-
formed by monitoring the charge transfer resistance as a func-
tion of antigen concentration in bovine serum, and a higher
sensitivity was observed for the sensing of IFN-y (Fig. 13¢)
and IL-10 (Fig. 13b) in a wide range of 0.1-5 ng/mL and 0.1—
2 ng/mL respectively. The resultant graphene-based
immunosensors can detect cytokines in bovine implant serum
with higher selectivity and a low detection limit. A low detec-
tion limit was observed at 25 pg/mL and 46 pg/mL of IFN-y
and IL-10, respectively. The high selectivity is observed due
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Fig. 13 a Schematic image of the fabrication and functionalization of the
AJP graphene in IDE pattern, which includes the formulation of graphene
ink for aerosol printing, printing of graphene ink on PI substrate,
immobilization of antibodies on the functionalized graphene surface,
and the covering of a surface with blocking agent to prevent non-
specific adsorption during biosensing. The detection of b IL-10 and ¢
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IFN-y using the AJP graphene IDE sensors, the photograph of the bend-
able graphene IDE sensor, is shown in the inset of ¢ (source: reprinted
from Parate K, Rangnekar S'V, Jing D, Mendivelso-P D L, Ding S, Secor
EB, et al. Aerosol-jet-printed graphene immunosensor for label-free cy-
tokine monitoring in serum. ACS Appl Mater Interfaces. 2020,12:8592—
603, Copyright @2020,ACS)
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to a minimum cross-reaction of antibodies with each other and
similar IL-6 cytokines. The flexibility of the functionalized
IDE was investigated by monitoring the electrochemical im-
pedance and electrical characteristics as a function of bending
cycles; hence, it could be executed in an implantable or wear-
able design such as a tiny hypodermic bovine implant.
Besides, the variation in electrical resistance of the device
due to mechanical flexing cycles is almost negligible
(< 1%). The photographs of the bending test setup using IL-
10 functionalized biosensor (AJP graphene IDE) are shown in
the inset of Fig. 13b. The flexible biosensors exhibited a stable
response even after 250 bending cycles (@ (curvature)
— 5 mm) with a response time of 33 min. The advantage of
the AJP graphene immunosensor is their ability to detect the
biomarkers in the range of 0.1-10 ng/mL, which is suitable for
the early monitoring of cytokine-related diseases such as
paratuberculosis in humans and Johne’s disease commonly
found in cattle’s [115]. This point-of-care diagnostic sensor
will minimize the difficulties in handling, transportation time,
and sample degradation and storage for the rapid and accurate
treatment of diseases. The rapidly functionalized surface of
graphene and the generality of antibody functionalization cus-
tom allow the selective sensing of interested analytes without
the requirement of any sample pretreatment. This flexible
graphene circuits are applicable for the sweat-based analysis
of ion and protein, for heavy metal monitoring through skin-
integrated devices, and in solar cells, organic LEDs, and pres-
sure sensors [116—118].

The fabrication of biosensors based on TMDs such as
WSe, and MoS, has been widely reported because of charac-
teristic semiconducting and electric charge effect property.
Specifically, the MoS,-based biosensor has some unique ad-
vantages such as biocompatibility, high surface area, and elec-
trochemical property [50]. Nevertheless, the flexible biosen-
sors comprised of nanomaterials have been fabricated through
a complicated procedure. The PET can be explored as an
excellent flexible substrate for the fabrication of flexible
immunosensor because of its low cost, chemical resistance,
dimensional stability, and good thermal conductivity com-
pared to the flexible PI substrate [119]. Various diseases such
as influenza, severe acute respiratory syndrome (SARS), and
acquired immune deficiency syndrome (AIDS) are created by
tiny microbial agents known as viruses. Among the fatal dis-
eases caused by viruses, human immunodeficiency virus
(HIV) has gotten intensive attention since it gives rise to
AIDS, which affects the human immune system, ultimately
leading to death. HIV is known to have a long incubation
period with an ability to transmit throughout this incubation
period, and the precise diagnosis is a significant problem in
clinical assays [120]. The HIV surface is comprised of a gly-
coprotein envelope, which contains non-covalently bonded
GP120 (gp120) glycoprotein and GP41 (gp41) glycoprotein.
Various methods such as polymerase chain reaction (PCR)

and ELISA have been explored for HIV detection.
Nevertheless, these methods are restricted due to less sensitiv-
ity, time consumption, and intricate sample treatment. To con-
quer these restrictions, electrochemical immunosensors have
emerged for the highly sensitive and instantaneous detection
of HIV. To account for all these points, Minkyu et al. present-
ed a highly sensitive and flexible immunosensor using Au/
MoS,/Au nanolayer deposited on a flexible PET substrate to
detect the HIV protein gp120 using polyvinyl pyrrolidine
(PVP)-modified MoS, NPs deposited on the PET substrate.
This PVP modification of MoS, nanoparticles was done to
obstruct the agglomeration of MoS, nanoparticles to ease their
dispersion on the flexible PET substrate. This particular
immunosensor was made by the sputter coating of Au on the
PET substrate, followed by the sputter coating of MoS, nano-
particles on Au, which is then coated again using Au NPs. The
nanolayer of Au/MoS,/Au is modified with cysteamine (Cys)
to bind with the gp120 antibody, which is immobilized to the
flexible electrode surface (Fig. 14a). The SEM image of the
sputter-coated Au/MoS,/Au on the PET substrate is given in
Fig. 14b. As illustrated in Fig. 14 c, the selective detection of
the gp120 antigen was performed by square wave voltamme-
try. The fabricated electrochemical immunosensor showed a
highly sensitive response to gp120 antigen (0.1 pg/mL to
10 ng/mL) in human serum with a detection limit of
0.066 pg/mL compared to other antigens such as Mb, Trx,
PSA, and Hb (Fig. 14d). A micro-fatigue tester was used to
investigate the flexibility of the immunosensor. Both the Au/
MoS,/Au nanolayer on PET and Au sputter-coated PET
showed good flexibility compared to the conventional gold
electrodes as illustrated in Fig. 14e. The fabricated sensor
exhibited magnificent flexibility and flexure extension (1.54
mm) compared to other conventional Au electrodes and stable
detection even after bending. Besides, the proposed
immunosensor can be commercialized as a flexible sensing
platform to design highly efficient wearable sensor devices
for the treatment of HIV infected patients [121]. Table 2
shows the performance of flexible polymer-based electro-
chemical immunosensors based on 2D materials so far
reported.

Paper-based immunosensors

For the first time, Wu et al. reported the integration of a signal
amplification strategy into a paper-based microfluidic device
for the highly sensitive multiplexed detection of various can-
cer biomarkers, including alfa-fetoprotein, cancer antigen 125
(CA125), carbohydrate antigen 153 (CA153) and
carcinoembryonic antigen (CEA). The signal amplification
strategy was realized by the modification of the immune de-
vice surface using graphene to promote the electron transfer
and thereby magnified the detection signal. Further amplifica-
tion was attained through the reduction in physical adsorption
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Table 2 Overview of flexible

electrochemical immunosensors Electrode Analyte Linear range Limit of detection References
based on two-dimensional mate-
rials for clinical analysis AJP graphene IDE/PI IFN-y 0.1-5 ng/mL 25 pg/mL [115]
IL-10 0.1-2 ng/mL 46 pg/mL
AJP graphene IDE/PI Histamine 56.25 uM-1.8 mM 30.7 uM [113]
GO film Rotavirus 10°-10° pfu/mL 10® pfu/mL [114]
. Auw/MoS,/Aw/PET gp 120 0.1 pg/mL-10 mg/mL 0.066 pg/mL [121]

using silica NPs with immobilization of horseradish peroxi-
dase (HRP) and antibody. The fabrication of the proposed
sensor system consists of various steps, such as the

impregnation of photoresist on a Whatman chromatography
paper and spin coating to make uniform distribution over the
paper (Fig. 15a). The area of filter paper coated by the
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Fig. 14 a Schematic representation of the fabrication of flexible
immunosensor (gp120 Ab/Cys/Au/MoS,/Au) nanolayer deposited on
the PET substrate through spin coating for the detection of gp120
antigen. b SEM image of the Au/MoS,/Au nanolayer on PET. ¢
Selectivity bar diagram of gp120 (Ab)/Cys/Au/MoS,/Au nanolayer on
flexible PET substrate to different types of antigens and proteins such as
Hb, Mb, PSA, and Trx in PBS solution. d Square wave voltammetry
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(SWV) results from the detection of gp120 antigen in human serum with
concentration range between 0.1 and 10 pg/mL. e Flexure plots of Au
sputter-coated PET, Au/MoS,/Au on the flexible PET substrate, conven-
tional electrode (source: reprinted from Shin M, Yoon J, Yi C, Lee T, Choi
JW. Flexible HIV-1 biosensor based on the au/MoS, nanoparticles/au
nanolayer on the PET substrate. Nanomaterials.2019; 9:1—12)
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Fig. 15 a Schematic representation for the fabrication of nanobioprobes
via the coimmobilization of antibody and HRP on to monodispersed
silica NPs and assay procedure utilized to synthesize microfluidic
paper-based electrochemical immunodevice (AFP was given as an exam-
ple) and b electrocatalytic currents detected for the different antigens on

photoresist was hydrophobic, and the remaining region was
kept as hydrophilic. The counter electrode and reference elec-
trodes were constructed by the screen printing of Ag/AgCl ink
and carbon ink, respectively, on the predetermined zones of
paper B. Similarly, the particular area of paper A was screen
printed by eight working electrode zones with carbon ink.
Then the electrochemical work station was connected to the
paper-based microfluidic device through conductive pads
made of silver paints. Finally, graphene was deposited on
the working electrode and the antibodies were immobilized
on the corresponding working electrodes. They synthesized
four kinds of nanobioprobes including HRP/anti-
carcinoembryonic antigen (CEA)/SiO,, HRP/anti- alpha-
fetoprotein (AFP)/SiO,, HRP/anti-cancer antigen (CA)-153/
Si0,, and HRP/CA-125/S10,, which comprised silica NPs
with antibodies and HRP alpha-fetoprotein co-immobilized
on the probe surface against the corresponding analyte
(Fig. 15a). The detection signal was produced in the presence
of H,0O, and O-phenylenediamine. The analytical perfor-
mance of the fabricated immunodevice to the biomarkers
was monitored through differential pulse voltammetry
(DPV), the electrocatalytic currents detected for the different
antigens on the different working electrodes, as illustrated in
Fig. 15b. Experimental results confirmed that with the in-
crease in concentrations of AFP, CA125, CA153, and CEA,
well correlations between the DPV current response and the
concentrations of tumor biomarkers with similar dynamic
working ranges (0.001-100 ng mL™', 0.001-100 ng mL ™",
0.005-100 ng mL™", 0.005-100 ng mL™",), which analogs to
the level of the biomarker that was found naturally in human

the different working electrodes (source: reprinted from Wu Y, Xue P,
Kang Y, Hui KM. Paper-based microfluidic electrochemical
immunodevice integrated with nanobioprobes onto graphene film for
ultrasensitive multiplexed detection of cancer biomarkers. Anal Chem.
2013,85:8661-8, copyright@2013,ACS)

serum and plasma samples. The limit of detections for the four
cancer biomarkers was observed to be at 0.001 ng mL !,
0.001 ng mL™", 0.005 ng mL"', and 0.005 ng mL"', much
lower compared to the previously reported studies. This pro-
posed system offers several advantages such as disposability,
simplicity, portability, and cost-effective paper strips with the
ability for multifold analyte detection [122]. In recent years,
lung cancer is known as a malignant tumor with the highest
mortality rate, whose proper cure has not yet been possible,
and even now, there is a perennial rising trend. Endeavoring
for early diagnosis, premature detection, and premature treat-
ment are the main standards to reduce the mortality rate of
lung cancer. In clinical assays, the blood serum of cancer
patients is characterized by higher levels of tumor markers.
Certain types of carcinomas such as gastric, pancreatic, colo-
rectal, and cervical could be diagnosed using
carcinoembryonic antigen (CEA), a widely used tumor mark-
er in the clinical analysis [123]. Meantime, the levels of CEA
in blood serums are connected to the various stages of the
tumor; hence, it can be explored as a tumor marker to directly
monitor therapeutic effects, recovery, and metastasis [124].
So, highly sensitive and precise clinical assays for detecting
CEA with a low level in biological samples are required for
effective premature diagnosis and treatment of cancer [125].
There are various assays, such as chemiluminescence assay,
radioimmunoassay, and so forth, to detect CEA in tumor pa-
tients [126]. However, these assays are sensitive, they normal-
ly needed large instruments, and these kinds of assay process-
es are more difficult and time-consuming. Since the founda-
tion of the ELISA test, it has become a commonly used
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technique for cancer diagnosis, but the need for highly expen-
sive tool kits limits ELISA’s practicality for point-of-care-
testing (POCT) [127]. On the contrary, label-free electro-
chemical immune assay has become the most prominent re-
search hot spots to achieve the requirements of POCT. The
combination of label-free electrochemical technique and
nanotechnology constitutes an important approach for the can-
cer diagnosis, which permits highly sensitive, cost-effective,
fast and highly specific electrochemical nano-devices for the
monitoring of tumor biomarkers and dispenses superior pre-
cision in cancer diagnosis. Wang et al. fabricated a novel
label-free electrochemical immunosensor on a microfluidic
paper device utilizing a screen-printed carbon working elec-
trode (SPWE) for the detection of CEA. The SPWE was

modified using NH,-G (amino-functional graphene)/Thi (thi-
onine)/Au NP (gold nanoparticle) nanocomposites coating for
the immobilization of anti-CEA and improvement in the de-
tection sensitivity (Fig. 16a). Graphene has been known as a
promising material for the fabrication of electrochemical
immunosensor due to is unique physical and chemical prop-
erties. They used two pieces of Whatman No. 1 cellulose filter
paper that is selectively patterned to fabricate the microfluidic
paper-based devices. In the initial step, the immunodevice
structure was designed using Adobe Illustrator CS5 on the
computer. A three-electrode system is used for the detection
of CEA, which includes the counter electrode, working elec-
trode, and reference electrode. The design of the patterned
working electrode, a reference electrode, and the counter
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Fig. 16 Schematic representation for the preparation of NH,-G/Thi/
AuNPs nanocomposites and immune assay protocol for a antigen CEA
and b CA125; ¢ DPV responses of immunosensor for the detection of
CEA in clinical serum sample with different concentrations; d
photographs of the WE, REF, and counter electrode after cutting
(source: reprinted from Wang Y, Xu H, Luo J, Liu J, Wang L, Fan YA.
novel label-free microfluidic paper-based immunosensor for highly sen-
sitive electrochemical detection of carcinoembryonic antigen. Biosens
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Bioelectron.2016,83:319-26, with permission from Elsevier). e DPV
responses of immunosensor for the detection of CA 125 with different
concentrations. f Photograph of immunosensor with silver pad for the
detection of CA 125 (source: reprinted from Fan Y, Shi S, Ma J, Guo
Y. A paper-based electrochemical immunosensor with reduced graphene
oxide/thionine/gold nanoparticles nanocomposites modification for the
detection of cancer antigen 125. Biosens Bioelectron. 2019;135:1-7,
with permission from Elsevier)
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electrode is in Fig. 16d; the pattern is designed given the
operational convenience of the immunosensor device.
Besides, they adopted a second approach in which the
immunosensor device was patterned and then fabricated via
wax printing on a cellulose paper. The porous structure of the
paper allows the penetration of wax through the paper to form
the insulating and hydrophobic patterns; meanwhile, the
unpatterned area of the paper contains a sample zone and
auxiliary zone maintains its flexibility, porous structure, and
hydrophilicity. After this, the wax-coated paper sheet was or-
ganized for the electrodes screen printing on the correspond-
ing zone. During the third approach, they explored a fast and
cost-effective screen printing technique for the printing of
three electrodes on the corresponding tab. As described in
Fig. 16d, the sample tab includes the carbon working elec-
trode (Acheson carbon ink) while the auxiliary tab contains
both counter electrode (Acheson carbon ink) and a reference
electrode (Ag/AgCl ink). Eventually, the paper sheet was
made into the origami device for the additional modifications.
In the final stage, the two pads were blended together using
double-sided adhesive tapes. They fabricated a portable elec-
trochemical measuring instrument and then inserted an
immunosensor device at the interface which can directly be
connected to the instrument, as shown in inset of Fig. 16¢. The
basis of the immunosensor detection was depending on the
fact that the reduction in the current response of thionine was
proportional to the corresponding antigen (CEA) concentra-
tion due to the formation of hydrophobic immunocomplex by
the interaction of CEA antibody and antigen. The faster and
simpler detection of CEA was done through a new label-free
electrochemical method, which ignores the labeling of either
antibodies or antigens. These fully functionalized uPADs
have emerged as an effective tool for CEA detection, which
can be used for point-of-care testing. The fabricated
immunosensor showed high sensitivity to CEA in a range of
50 pg mL ™' to 500 ng mL ' with a low detection limit of
10 pg mL™". Moreover, the sensor could be explored to detect
large numbers of clinical serum samples and relative errors
were calculated for the reference concentrations and measured
values. The concentration of clinical serum samples is in the
range between 1.75 and 64.20 ng mL ™", as shown in Fig. 16c.
The current of DPV response is different from the standard
CEA solutions due to other chemical substances, which could
affect the specific antigen—antibody interactions. The sensitiv-
ity of the fabricated system towards the standard CEA solu-
tions was about 1.04 times higher than that of clinical serum
samples. The results confirmed that the fabricated electro-
chemical immunosensor can be explored as an emerging plat-
form for highly sensitive, cost-effective, and point-of-care di-
agnostics [127]. Similarly, Fan et al. presented a paper-based
electrochemical immunosensor for the detection of CA125
antigen using a screen printing method. The nanocomposites
based on r-GO/Thi/Au NPs were combined and then coated

on the working electrode of the sensor for the immobilization
of'the corresponding antibody (anti-CA125) and amplification
of the detection signal (Fig. 16b). Graphene is a potential
nanomaterial in the biomedical domain owing to biocompat-
ibility, conductivity, and high surface area. Au metal nanopar-
ticles are a good choice for the signal amplification in electro-
chemical measurement due to its high surface area and better
electrical properties. Thionine was employed as an
electroactive material for producing redox current response
at the time of testing. The nanocomposites of r-GO/Thi was
formed through the 7t-7t stacking interaction, in which the
benzene ring of thionine molecules can non-covalently bind
to r-GO. Then Au NPs were immobilized on the r-GO/Thi
through the interaction of its amino groups with the Au NPs
(Fig. 16b). The detection principle of the immunosensor relied
on the fact that the decrease in current response of thionine
was proportional to the corresponding CA125 antigen concen-
tration owing to the formation of immunocomplex by the
interaction of CA125 antibody and antigen, as shown in
Fig. 16e. The analytical performance of the proposed
immunosensor is shown in Fig. 16e; the decrease in current
response corresponding to the increase in CA125 antigen con-
centration was observed due to the immunocomplex forma-
tion between the CA125 antibody and antigen. The reason
might be because of the complex, which creates a barrier in
the electron transfer towards the electrode surface by blocking
the electron transfer tunnel. The photograph of the single elec-
trochemical immunosensor fabricated on a cellulose paper is
shown in Fig. 16f. The experimental results of immunoassay
showed the detection of standard CA125 solutions with linear
working ranges of 0.1 to 200 U mL™", and the limit of detec-
tions for standard CA125 is 0.01 UmL ™" (S/N=3). The pro-
posed electrochemical immunosensor was used to monitor
clinical serum samples; the results showed a justifiable agree-
ment with the classic EISA test, and the relative error was
observed to be less than 8.05% during clinical diagnosis.
The fabricated immunosensor showed good electrochemical
response with high precision, stability, accuracy, and reliabil-
ity. This proposed sensor can emerge as a potential tumor
biomarker for the point-of-care diagnosis of other tumors
[128]. Ruecha et al. recently developed a novel label-free
electrochemical impedance immunosensor coupled with a
paper-based microfluidic device for the highly sensitive detec-
tion of human interferon y (IFN-y), which is a cytokine gen-
erated mainly by natural killer cells and T lymphocytes with
regard to antigen stimulation; it can be used as a biomarker
during tuberculosis diagnosis. They used cyclic voltammetry
to deposit polyaniline on the paper electrode with screen-
printed graphene. This modified electrode allows high surface
area for the immobilization of antibody and high electrochem-
ical conductivity which is suitable for enhancing the sensitiv-
ity. The synthesized electrochemical sensor was showed en-
hanced sensing performance to human IFN-y in a range of 5—
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1000 pg mL ™" with a low detection limit of 3.4 pg mL™". The
PANI-graphene-modified electrode exhibited a sensitivity of
about 31 times higher than that of PANI-modified electrodes.
This enhanced performance was observed due to the incorpo-
ration of graphene with PANI into the sensor system, which
offered highly functional amino groups on PANI and high
electrochemical sensitivity. Graphene accelerated the electron
transfer kinetics of the device and improved the electrochem-
ical conductivity of the sensor. This PANI-G electrode was
effectively applied for the detection of IFN-y in human serum
samples with better reproducibility. Besides, the fabricated
sensor system offers various advantages such as the require-
ment of low-volume samples, cost-effectiveness, disposabili-
ty, and fast analysis compared to classic traditional methods,
allowing this sensing platform to be explored as an effective
analytical tool for antigen IFN-y screening [129].

Iron is an essential mineral in the human body, plays a
pivotal role in the functioning of different organ systems, in-
cluding the immune system, blood circulation, and metabo-
lism. The WHO has been reported iron deficiency as a global
health issue, hence additional care is needed at the time of
blood donation to ensure the safety of recipients, and a useful
screening test is crucial and necessary in clinical diagnosis
[130, 131]. Ferritin is an iron-containing protein responsible
for the metabolic process of Fe stored in the blood cells, which
can be explored as a pivotal biomarker to monitor the riskiness
of ironic deficiency anemia [132]. In males and females, the
normal concentrations of ferritin should be in a range of 30—
300 ng mL ™" and 15-200 ng mL™", respectively [133]. The
fluctuation in the levels of ferritin can lead to several health
issues such as infection, obesity, cancer, ironic deficiency,
hemochromatosis, and nephritis [134]. Electrochemical tech-
niques meet the requirements of point-of-care devices due to
their high sensitivity, fastness, portability, and the capability
to execute real-time analysis [135]. The electrodes can be
miniaturized into an accessible device due to the requirement
of low sample volume. Electrochemical monitoring of crucial
biomarkers depending on sandwich-type format utilizing dif-
ferent labeling with bio- and/or nanomaterials has been stud-
ied. Boonkaew et al. fabricated a highly sensitive label-free
paper-based electrochemical immunosensor using an inkjet-
printed working electrode for the detection of ferritin. The
pattern of the device was traditionally designed on a filter
paper for the successful realization of immunosensor. The
fabrication of ePAD includes various steps such as printing
of device pattern on the Whatman no. 1 filter paper via wax
printing to realize hydrophobic and hydrophilic areas and in-
house screen printing of three-electrode systems on the pat-
terned paper (Fig. 17a). The screen printing of graphene inks
on the hydrophilic portion of the board was done to form the
working electrode and counter electrode, the printing of Ag/
AgCl inks to create the conductive pads and reference elec-
trode. The inkjet printing technique was employed to modify
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the working electrode surface by the drop-casting of the
graphene oxide solution. Then the electrode was activated
via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/
N-hydroxysulfosuccinimide (sulfo-NHS) chemistry for the
covalent immobilization of anti-ferritin antibodies on the
amine-functionalized ester surface of the electrode
(Fig. 17b). The electrochemical current response of the bovine
serum albumin (BSA)/anti-ferritin (anti-FTH)/graphene oxide
(GO)/screen-printed graphene electrode (SPGE) electrode
was monitored with and without ferritin in Fig. 17b to confirm
detection of ferritin. The reduction in the signal response
shows the formation of the antigen—antibody barrier on the
electrode surface that impedes the redox couple diffusion to
the electrode. On the contrary, there was no significant change
in current response observed in the absence of biomarkers.
The selectivity of the proposed sensor was confirmed through
the testing of immunosensor with various interfering species
that can be usually found in a real sample. The experimental
results of immunoassay showed the detection of ferritin with
linear working ranges of 1 to 1000 ng mL™"; the limit of
detection was observed to be 0.19 ng mL™' (S/N=3). The
proposed handmade paper-based sensor showed high sensi-
tivity, selectivity, and reproducibility; it can be utilized as an
alternative device for the anemia diagnosis [136].

E. coli constitute a large group of rod-shaped gram-nega-
tive bacteria usually found in the intestinal areas of animals
and humans. But particular strains of E. coli can result in
urinary tract infection (UTI) and food poisoning. It is reported
that 90% of urinary infections are due to the growth of E. coli.
This situation demands the development of efficient and cost-
effective sensors to detect £. coli bacteria. The E. coli
O157:H7 bacterium is regarded as a hazardous foodborne
pathogen that can cause hemolytic—uremic syndrome (HUS),
hemorrhagic colitis, and other complicated diseases. In litera-
ture, many reports are available on immunosensors for the
electrochemical detection of the E. coli bacterium. Still, fewer
reports are available on flexible electrochemical
immunosensors based on two-dimensional materials for the
selective detection of bacteria. Several reports are available
on the development of sensors on hard substrates to detect
E. coli, utilizing functionalized graphene or CNT channel.
Akhavan et al. had done several experiments to explain the
sensing response of graphene and graphene oxide. They re-
ported that the GOS (graphene oxide nanosheet) with oxygen-
ated functional groups could trap the bacteria better than
graphene nanosheet (GS), which is characterized by reduced
functional groups [137]. In many reports, a linker/antibody
was functionalized on graphene for the selective detection of
E. coli bacteria.

There are various sensors available for the detection of
E. coli bacteria; among them, impedimetric immunosensors
got a huge attraction for detecting E. coli 0157:H7 because of
their fast, label-free, and portable characteristics. But large-



Flexible and wearable electrochemical biosensors based on two-dimensional materials: Recent developments 753

(a)

1.8
—em—
]- Drop redox
19 solution
T > 1 —)
I Board B
Board A

Folding

@ Asscmbly Rcduclmn Flcctrodcpcsmon 2
J A, &

rGOP rGOPE/
Streptavidin x
N\ 7
RE CE \WE Biotin-Antibody
Ny v

- o

Measurement cell

Antibodies
—>

1h

GO/SPGE

BSA
® blockingﬂ 1h

©)

~ 100 }
)
2 80 }
2
2 60 |
™
@V
Z 40}
=
Y
& 20

300

0 50 100 200

Bending numbers

400 500

g Ferrllln
40 min W
02
1000
S 800
<
@ 600
=
o
= 400
-7
200
- == | .

E. coli O157:H7 E. coli DH 5a 8. aureus L. monocytogenes

® -

Rn anHge

0.01 0.1 1 10 100 200
Concentration of anti-IgG (ug/ml)

Fig. 17 Schematic demonstration for a the design and fabrication of
ePAD, b overall preparation of impedimetric immunosensor including
immobilization step for the detection of ferritin and DPV response of
sensor with and without ferritin. (Source: reprinted from Boonkaew S,
Teengam P, Jampasa S, Rengpipat S, Siangproh W, Chailapakul O.
Cost-effective paper-based electrochemical immunosensor using a
label-free assay for sensitive detection of ferritin. Analyst.
2020,;145:5019-5026, with permission from RSC). b The complete
fabrication process including rGOP fabrication, AuNP deposition, and
modification using biotin—streptavidin, antibody immobilization, and
E. coli detection of the rGOP-based impedimetricimmunosensor, d plot
for the relative response of E. coli against various bacteria with a

scale applications are often limited due to the highly expen-
sive gold electrodes. Graphene paper was first reported in
2007 and received a lot of attention for the fabrication of
sensor devices due to good conductivity, high flexibility,
and light weight. Graphene paper as a derivative of graphene
or GO-supported building blocks was presented by Ruoff
etal. in 2007 [138]. The development of new-generation flex-
ible electrodes with sufficient physiochemical properties is
getting promoted by the use of graphene paper owing to their
characteristic mechanical property, variable functionality, and
tunable conductivity. It is possible to control the periodic ar-
rangement of graphene nanosheets while making into two-

photograph of rGOP in the inset, e the impedance response of rGOP-
based immunosensor v/s bending numbers for the detection of E. coli
O157:H7 (1.5 x 10° cfu mL™"). (Source: reprinted from Wang Y, Ping
J, Ye Z, Wu J, Ying Y. Impedimetric immunosensor based on gold nano-
particles modified graphene paper for label-free detection of Escherichia
coli O157: H7. Biosens Bioelectron. 2013,;49:492—498,with permission
from Elsevier). f Impedimetric response of TR-GO modified DEP elec-
trode surface for the detection of IgG (signal as Ry ani-1e) (Source:
reprinted from Loo AH, Bonanni A, Ambrosi A, Poh HL, Pumera M
(2012) Impedimetric immunoglobulin G immunosensor based on chem-
ically modified graphenes. Nanoscale 4:921-925, with permiion from
RSC)

dimensional graphene films/paper membranes via hydropho-
bic effect, ionic interaction, 77 stacking, and/or hydrogen
bonding, and generate new properties resulting from its char-
acteristic structure. Wang et al. presented cost-effective and
robust electrochemical impedimetric immunosensors based
on Au NP-modified free-standing graphene paper for the
highly sensitive detection of E. coli 0157:H7, where the
graphene paper was prepared through the chemical reduction
of graphene oxide paper constructed from the vacuum filtra-
tion method. The electrodeposition approach was explored for
the growth of Au NPs on the graphene paper surface. Au
nanoparticles were used to ensure an appropriate environment
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for the immobilization of biomolecules and promote the elec-
tron transfer between the electrode and the immobilized bio-
molecules. A biotin—streptavidin system was used for the im-
mobilization of antibodies such as anti- E. coli 0157:H7 on the
surface of the paper electrode. A schematic illustration of the
complete fabrication process of the proposed impedimetric
immunosensor is given in Fig. 17c. The photograph of bend-
able r-GOP (reduced graphene oxide paper) with a shiny me-
tallic luster is given in the inset of Fig. 17d. The E. coli bac-
teria trapped on the electrode surface were monitored via elec-
trochemical impedance spectroscopy. The real matrix includ-
ing cucumber and ground beef, the most common contami-
nated foods, was used for the monitoring of E. coli bacteria to
confirm the feasibility of the rGOP-based immunosensor and
the low detection limit was found to be 1.5 x 10* cfumL ™" and
1.5%10° cfu mL™" for ground beef samples and cucumber
samples, respectively. The experimental results of immunoas-
say showed the detection of E. coli with linear working ranges
of 1.5x10% to 1.5 x 107 cfu mLfl; the limit of detection was
observed to be 1.5x 10° cfu mL™" (S/N=3) with excellent
specificity. The system specificity for the detection of E. coli
0157:H7 was monitored by testing with other microorgan-
isms, such as S. aureus, E. coli DH 5a, and
L. monocytogenes, as shown in Fig. 17d. No marked interfer-
ence was observed from these non-target bacteria
(107 cfu mL™"), suggesting a new feasible sensing platform
based on flexible rGOP for the specific detection of E. coli
0157:H7. The proposed sensor was tested for flexibility, and
the results confirmed the high tolerance level of the graphene
paper-based sensing device to mechanical stress. At the same
time, the impedance response of the sensor to E. coli (1.5 x
10? cfu mL ") decreased to less than 5% after a 90° inward
bending of the paper electrode for 500 bending cycles
(Fig. 17¢). The system could be used at least 24 times without
any significant loss in sensing response. Flexibility is a crucial
factor while developing the lab-on-a-chip devices and im-
plantable immunodevices based on the paper substrate for
the in vivo and in vitro analysis of real-life samples in the
clinical field. The proposed sensor has provided a new insight
into the fabrication of flexible immunosensors by adopting an
advanced strategy of structural integration using biomole-
cules, graphene paper, and metal NPs for the sensing applica-
tions [79]. Recently, Loo et al. presented a label-free electro-
chemical impedimetric immunosensor to detect immunoglob-
ulin G (IgG) using chemically modified graphene surfaces,
including graphene oxide, graphite oxide, electrochemically
reduced graphene oxide and thermally reduced graphene ox-
ide. The anti-IgG corresponding to IgG was immobilized on
the disposable electrochemical printed electrodes (DEP) mod-
ified with chemically modified graphene surfaces. The detec-
tion of IgG was based on the changes in impedance spectra
due to the interaction of IgG towards the immobilized anti-
IgG, and the TR-GO gave the best performance for the
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detection of IgG with a linear range of detection from 0.3 to
7 ug mL™"; the LOD was about 10 ug mL™" (Fig. 17f) [139].
Table 3 shows the performance of flexible paper-based elec-
trochemical immunosensors based on 2D materials so far
reported.

Cortisol plays a central role in managing many physiolog-
ical processes in human physiology, including carbohydrate
and amino acid metabolism, glucose optimization, and blood
pressure control [ 140, 141]. Kinnamon et al. have developed a
portable biological sensor for tracking the usual stress bio-
marker, cortisol, given in Fig. 18. The specificity of this sensor
was attained by an affinity assay that uses nanosheets of MoS,
with the cortisol antibody as a sensing device. The sensing
was performed by electrochemical impedance spectroscopy
by measuring cortisol binding changes in MoS, interfaces.
Impedance responses to cyclic bending have been tested to
determine the effect of mechanical stress, showing a minimum
signal loss concerning relevant stress. This is the first time
such a portable cortisol-monitoring biosensor was reported
using non-faradaic impedance spectroscopy with high speci-
ficity and sensitivity (1 ng mL™") [142].

More recently, Rebeca et al. fabricated a highly sensitive,
selective, and powerful cortisol, versatile sensor array,
leveraging the amazing performance of laser-induced
graphene. The diurnal cycle of cortisol and a complex sweat
stress reaction profile was investigated for the first time via an
integrated sensing device. During sweat analyses, this sensor
showed sensitivity around 1 ng/mL with a detection limit of
around 0.08 ng/mL and was also capable of being close to
real-time sweat analysis of cortisol at the nanogram per milli-
liter level. This lightweight, micro-fluidic patch is mechani-
cally stable and can be laminated in conformity with the skin
[143].

Powering wearable/flexible sensors based
on two-dimensional materials

One of the significant challenges faced by wearable/flexible
biosensors is finding an appropriate power source. The bio-
sensor power requirement comes from three sources, firstly
for identifying biomarkers, secondly for complex data pro-
cessing, and finally, for the operation of wireless signal trans-
ceivers and multiple sensors [144, 145]. To address these
power needs, multiple methods, such as the development of
wearable energy sources, energy-efficient sensing devices,
and adaptive algorithms, are required [145, 146].

Advances in wearable energy systems could not cope with
the pace of advancement in wearable sensor technology. A
common route block for efficient adaptation of wearable sen-
sors is the limitation of inadequate wearable energy sources.
Wearable power sources near the wearable electronic device
should therefore be produced to eliminate the need for long
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Table 3 Overview of paper-based electrochemical immunosensors for clinical analysis
Electrode Analyte Linear range Limit of detection References
anti-AFP/chitosan/r-GO AFP 0.001-100 ng mL™" 0.001 ng mL™" [122]
anti-CA125/chitosan/r-GO CA125 0.001-100 ng mL™" 0.001 ng mL™"
anti-CA153/chitosan/r-GO CAI153 0.005-100 ng mL™" 0.005 ng mL™"
anti-CEA/chitosan/r-GO CEA 0.005-100 ng mL™" 0.005 ng mL™"
(NH,-G)/thionine (Thi)/Au NPs CEA standard 50 pg mL™'-500 ng mL™"' 10 pg mL™" [127]
Clinical serum samples 1.75-64.20 ng mL"" 1.75 ng mL™'
rGO/Thi/Au NPs CAI25 0.1-200 U mL™" 0.01 UmL™' [128]
BSA/ANTI-FTH/GO/SPGE Ferritin 1-1000 ng mL™" 0.19 ng mL™" [136]
PANV/graphene IFN-y 5-1000 pg mL™" 34 pgmL™! [129]
rGO/Au NPs E. coli 1.5%x10*-1.5x 107 cfu mL ™! 1.5%10% ¢fu mL™! [79]
TR-GO Anti-IgG 0.3-7 ug mL™ 10 uyg mL™! [139]

cables and allow for complete system integration with the
body [147]. In this respect, researchers have explored many
ways of developing wearable power devices, such as wearable
batteries, wearable energy storage devices (supercapacitors
[148] and Li-ion batteries [149]), energy conversion devices
(piezoelectric/triboelectric nanogenerators [150] which

harvest energy from human body motions, thermoelectric
supercapacitors [151], solar cells [152], biofuel cells (BFC)
[153]), hybrid power supplies which combine both energy
conversion and energy storage devices together, and wireless
energy transfer systems like RF antennas [147]. Choosing the
best energy-harvesting option depends on how the sensor is
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Fig. 18 a Illustration for the presumed cortisol transdermal sweat
monitoring prototype device. b SEM images of polyamide substrate
before and after MoS, coating. ¢ Schematic representation of the
prepared MoS,-based cortisol sensor d EDAX spectra. Source:
Kinnamon, David, Ghanta, Ramesh Lin, Kai Chun Muthukumar,

Sriram Prasad, Shalini- Portable biosensor for monitoring cortisol in
low-volume perspired human sweat, Scientific Reports,7(2017),1—
13, https://doi.org/10.1038/s41598-017-13684-7, http://
creativecommons.org/licenses/by/4.0/
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going to be used or worn. Alternative energy-harvesting
approaches—which eliminate the need to modify or recharge
a battery—have gained significant recent attention though bat-
teries remain the most typical power sources for wearable
devices. Self-powered energy harvesters based on biofuel
cells, thermoelectric generator, solar cells, and triboelectric
and piezoelectric nanogenerators have recently attracted great
attention [150, 153].

The advantages of self-powered biosensor over batteries
are compact size, low cost, light weight, limitless endurance,
and environment-friendliness. Several studies have already
reviewed self-powered biosensors for medical applications.
Among these, Fu et al. and Chen et al. reviewed the advance-
ment in the biofuel cell-based self-powered electrochemical
biosensors and their practical application in biochemical de-
tection. Choi et al. reported a self-powered BFC-based non-
invasive glucose biosensor, which was integrated on a stan-
dard Band-Aid adhesive patch to detect glucose in human
sweat. This biosensor was made up of graphene/chitosan/
GOx-based bioanaode and Ni/activate carbon (AC)-based
cathode and polystyrene sulfonate:poly(3,4-
ethylenedioxythiophene) (PSS:PEDOT) as conductive reser-
voir. This system, which can be connected to the skin, can
directly absorb sweat through capillary forces into a conduc-
tive reservoir that transforms chemical energy into electrical
energy and measures glucose without any external power
source [154]. Many teams are currently working on the prob-
lems for low-power wearable electrochemical devices of the
next decade.

Conclusion and future perspective

This paper offers a brief analysis of some of the leading works
on flexible/wearable electrical biosensors based on two-
dimensional materials. These electrochemical sensors based
on two-dimensional materials demonstrate excellent prospects
of biosensing in the field of healthcare. For these purposes,
various types of flexible/wearable sensors manufactured on
different substrates, such as polymer, textile, and paper with
suitable reagents, modified with appropriate two-dimensional
materials, either in the presence or absence of specific
bioreceptors, have been suggested. The resulting devices take
advantage of electrochemical detection and exploit the fasci-
nating features that two-dimensional materials have, such as
high surface area, biocompatibility, high selectivity, and elec-
trocatalytic properties. Using these characteristics, the sensors
mentioned above have been used to determine a broad range
of biomolecules, including glucose, lactate, ascorbic acid,
H,0,, and cancer-relevant biomarker proteomics.
Remarkable achievements in paper-based electrochemical
sensors based on two-dimensional materials include the de-
velopment of electrochemical PADs for clinical analysis,

@ Springer

which exhibit outstanding characteristics in terms of low cost,
disposability, reliability, easier monitoring of complicated ma-
trix such as blood, and eco-friendless. Graphene remains one
of the most frequently used two-dimensional material for gen-
eral sensory purposes and also serves as a substrate suitable
for coupling with other chemical or biochemical substances to
increase the sensor’s selectivity; the other two-dimensional
materials discussed in this paper have demonstrated better
properties such as enhanced LOD and sensitivity. In the past
few years, graphene with inorganic materials has become very
popular. These inorganic hybrid materials incur an additional
electrochemical catalytic capacity as well as functionalization
ability [155]. In Tables 1, 2, and 3 are shown several reports of
graphene with metal nanoparticles that have been published to
date. These flexible/wearable electrochemical sensors made of
graphene-doped metal nanoparticle increase the rate of trans-
mission of electrons between the centers of enzyme activity
and the electrode, thus improving the sensitivity of the sensor
[43]. An efficient way to amplify electrochemical signals was
also demonstrated by the decoration of TMD with these metal
nanoparticles, which is evident from the literature review.
Another major thing which we learn from the study of litera-
ture is that real specimens, and in particular biological sam-
ples, including blood, are still not well studied and most real
specimens are artificial laboratory samples such as human
serum samples. So the development of flexible/wearable elec-
trochemical sensors with application in bio-analytical samples
could be an interesting area to explore.

Though considerable effort has been made, the use of two-
dimensional nanosheets for electrochemical biosensing appli-
cations poses many challenges. A cost-effective yet tunable
material synthesis process is a crucial issue for any two-
dimensional electrochemical biosensor, especially in compe-
tition with available technology. The second challenge is that
most of the studies focus on graphene and MoS,, while other
two-dimensional nanomaterials have been neglected, al-
though this may indicate the possibility of using them as sen-
sor platforms. Thirdly, it is essential to investigate the mech-
anisms of electron transfer between two-dimensional
nanomaterials and biomaterials thoroughly. Improved under-
standing of how two-dimensional materials interact with dif-
ferent substances can provide more excellent opportunities for
exploring sensor applications outside current target libraries
and increasing sensitivity far beyond the actual detection
threshold. The next challenge is to achieve desirable mechan-
ical stability, which is a peculiar feature of the flexible and
wearable sensor. Also, two-dimensional materials must be
thoroughly assessed for their biocompatibility, environmental
stability, and long-term toxicity. The next issue, biofouling,
has been resolved to some degree by changing the electrode
with a polymer coating or by certain chemical amendments.
But it is complicated to achieve such a mechanically stable
interference-preventing and biofouling layer. The risk of
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detecting extremely low rates of a biomolecule is also a severe
problem in developing a suitable wearable bio affinity sensor.
Another big problem is charging the wearable sensors. In ad-
dition to the impressive progress made in the manufacture of
different electrochemical biosensors, more work and innova-
tions are required to create a robust and fully automated bio-
sensor based on two-dimensional materials. The development
of user-free and calibration-free wearable electrochemical sen-
sors and storage and stability issues should also be considered.
However, additional efforts are underway to expand method-
ologies and functions, and to reach the next goals in these
fields of analysis, and some remaining problems need to be
addressed.
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